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Preface

According to the latest data, wolf domestication commenced more than
100,000 years ago and there were several independent cases of domestication.
No other domesticated animal has had such a long history of close relationship
with humans as the dog. It should also be noted that no other species has
shown such an enormous range of phenotypic and genetic variation. Ancient,
multiple domestication events certainly contributed to this phenomenon, but
other factors such as intensive selection have led to a degree of variation
unsurpassed in other species. Since Darwin, it has become apparent that
the dog is the best species for studying domestication. Hopefully this book
provides readers with comprehensive information about different aspects of
domestication. Nevertheless, this fundamental problem still requires significant
attention.

Tremendous progress in mammalian genetics, caused by both the
genomic and biotechnological revolution, during the last decade has
immensely accelerated dog genetics. This newly generated knowledge is very
important from many points of view including breeding, selection, health,
breeds differentiation and better understanding of the history of dog domesti-
cation. Just a few years ago the locations of only a few genes on dog
chromosomes were known. At the time of publication of this book this
number has reached several hundred mapped loci.

Previously separated, quantitative and molecular genetics are now taking
a united approach toward identification of loci underlying important traits in
domestic and laboratory animals. The dog is no exception and we shall
witness progress in this field sooner rather than later.

The main purpose of this volume is to collect the available data
concerning dog genetics and bring together previously separate areas of
research. The book covers all major directions in dog genetics. The first five
chapters discuss systematics and phylogeny of the dog, domestication and
single gene traits. Chapters 6-12 present information about biochemical
polymorphism, molecular genetics, immunogenetics and genetic aspects of
disease, genome structure and gene mapping. The next section covers genetic
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aspects of behaviour, reproduction and development. Finally, chapters 16-19
are devoted to genotype testing, pedigree analysis, quantitative genetics and
the application of dog genetics in medical and forensic fields. Standard genetic
nomenclature, a list of kennel clubs and some additional information are
presented in the Appendix.

The authors of this book have made every attempt to highlight the most
important publications in the area of dog genetics in recent decades with
emphasis on the most up-to-date papers, reviews and books. However, we
realize that omissions and errors are unavoidable and apologize for any
possible mistakes. This book is addressed to a broad audience, which includes
researchers, lecturers, students, dog breeders, veterinarians and all those who
are interested in the dog’s biology and genetics. The Genetics of the Dog is
the fifth publication in the series on mammalian genetics published by
CAB International. Four previous books, The Genetics of Sheep (1997),
The Genetics of the Pig (1998), The Genetics of Cattle (1999) and The
Genetics of the Horse (2000) are based on similar ideas and structure
(http://ansc.une.edu.au/genpub/).

This book is a result of truly international cooperation. Scientists from
several European countries, the USA and Australia contributed to this project.
The editors are very grateful to all of them. Tt is our pleasure and debt to thank
the people who helped in reviewing the book: M. Harvey, G. Montgomery,
B. Tier, M. Willis, E. Bailey, M. Goddard, P. Thomas, M. Allen and K. Fowler.

It is our hope that the book will be useful for those who are interested in
dog genetics. Possibly it will support consolidation and further progress in this
field of science.

Anatoly Ruvinsky
Jeff Sampson
25 May 2001
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Introduction

The domestic dog (Canis familiaris) is the most phenotypically diverse mam-
mal species known and ranges in size and conformation from the diminutive
Chihuahua to the gargantuan Great Dane. The difference in size and confor-
mation among dog breeds exceeds that among species in the dog family
Canidae (Wayne, 1986a,b; see Chapter 3). Differences in behaviour and
physiology are also considerable (Hart, 1995). An obvious question therefore
is whether this diversity reflects a diverse ancestry. Darwin suggested that
considering that great diversity of dogs, they were probably founded from
more than one species (Darwin, 1871). This sentiment has been periodically
revisited by researchers (e.g. Lorenz, 1954; Coppinger and Schneider, 1995).
Knowledge of the evolutionary history of domestic dogs and of their relation-
ships to wild canids provides insight into the mechanisms that have generated
the extraordinary diversity of form and function in the dog. In this chapter,
we discuss the evolutionary history of dogs and their relationship to other
carnivores inferred from molecular genetic studies. Dogs belong to a unique

©CAB International 2001. The Genetics of the Dog (eds A. Ruvinsky and J. Sampson) 1



2 R.K. Wayne and C. Vila

and long distinct genetic lineage. Genetic data suggest that dogs were domesti-
cated from wolves (Canis lupus) multiple times, beginning over 100,000 years
ago.

Evolutionary Relationships of the Domestic Dog

The modern carnivore families originated over 40-50 million years ago (Flynn
and Galiano, 1982). The domestic dog belongs to the family Canidae which,
in turn, is classified within the superfamily Canoidea and order Carnivora.
Therefore, seals, bears, weasels and raccoon-like carnivores are more closely
related to canids than are cats, hyenas and mongooses (Fig. 1.1). The Canidae
is the most phylogenetically ancient lineage within the superfamily Canoidea,
diverging from other carnivores over 50 million years ago. The canine karyo-
type has little similarity to those in any other carnivore families (Wurster-Hill
and Centerwall, 1982; Wayne et al., 1987) suggesting that large chromosome
blocks and linkage groups may not be conserved (but see O’'Brien et al., 1997,
Lyons et al., 1999). Because of the ancient divergence of canids from other car-
nivores, generalizations about gene structure and function from one carnivore
family to another may be a questionable extrapolation (Wayne, 1993).

Three subfamilies of canids have been recognized. The subfamily
Hesperocyoninae includes the oldest and most primitive members of the
family (Wang, 1994). This Oligocene to Miocene Age subfamily includes small
to medium sized predators and lasted for over 20 million years. In the Middle
Miocene, the Hesperocyoninae were replaced by Borophaginae, large bone-
crushing dogs, that are often the most common predators in late Tertiary
deposits but were extinct by the mid-Pliocene, about 4 million years
ago (Wang et al, 1999). The third subfamily, Caninae, includes all living
representatives of the family and first appears in the late Miocene.

Although canids belong to an ancient lineage, the 36 extant species (Table
1.1), are all very closely related and diverged only about 12—-15 million years
ago (Fig. 1.2). Based on mitochondrial DNA sequences, three distinct groups
can be identified within the extant Canidae, including the red fox-like canids
(e.g. red, kit and Arctic fox, among others), the South American foxes (e.g.
grey and pampas foxes), and the wolf-like canids (the domestic dog, grey
wolf, coyote, African hunting dog, dhole, Ethiopian wolf and jackals). Bush
dog and maned wolf are two very divergent South American canids that cluster
with wolf-like canids in some analyses (Fig. 1.2; Wayne et al., 1997). The grey
fox, raccoon dog and bat-eared fox represent long distinct lineages. Evolution-
ary relationships are also suggested by chromosome similarity. Chromosome
number and structure vary widely among canid species, from 36 metacentric
chromosomes in the red fox to 78 acrocentric chromosomes in wolves, coyotes
and jackals (Fig. 1.2). However, the closely related wolf-like canids and South
American canids all have high diploid numbers and acrocentric chromosomes
(Fig. 1.2). Similarly, the closely related fox-like canids have low diploid num-
bers and metacentric chromosomes and share a common ancestry (Fig. 1.2).
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Dog

Canidae Jacka

Arctic fox

Mephitidae Spotted skunk

Striped skunk
Mink

T4

Weasel

Mustelidae

Ferret

Otter

Raccoon
—{Procyonidae

Red panda

L Brown bear

Canoidea Malayan sun bear

Ursidae Spectacled bear

S L——— Giant panda

Phocidae — Harbour seal
Otariidae

Sealion

Odobenidae ‘——————on Walrus

Feloidea Spotted genet

Civet

Viverridale "
— Palm civet

Mongoose

Hyaenidae Spotted hyena

Striped hyena

Domestic cat
Jungle cat
Ocelot

Felidae Geoffroy’s cat

Lion

L LA

Leopard

——— Cheetah

Fig. 1.1.  Evolutionary tree of carnivores based on similarity in single copy DNA sequences as
deduced by DNA hybridization (Wayne et al., 1989). Family and superfamily groupings are
indicated.
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Table 1.1.  Extant species of the family Canidae based on Nowak (1999)

Taxon Common name

Family Canidae
Subfamily Caninae
Genus: Vulpes

V. bengalensis Bengal fox

V. cana Blanford’s fox

V. chama Cape fox

V. corsac Corsac fox

V. ferrilata Tibetan sand fox

V. macrotis Kit fox

V. pallida Pale fox

V. rueppellii Sand fox

V. velox Swift fox

V. vulpes Red fox
Genus: Fennecus

F. zerda Fennec fox
Genus: Alopex

A. lagopus Arctic fox
Genus: Urocyon

U. cinereoargenteus Grey fox

U. littoralis

Island grey fox

Genus: Lycalopex

L. vetulus Hoary fox
Genus: Pseudalopex

P. culpaeus Culpeo fox

P. fulvipes Darwin’s fox

P. griseus Argentine grey fox

P. gymnocercus Pampas fox

P. sechurae Sechuran fox
Genus: Cerdocyon

C. thous Crab-eating fox
Genus: Nyctereutes

N. procyonoides Raccoon dog
Genus: Atelocynus

A. microtis Small-eared dog
Genus: Speothos

S. venaticus Bush dog
Genus: Canis

C. adustus Side-striped jackal

C. aureus Golden jackal

C. familiaris Domestic dog

C. latrans Coyote

C. lupus Grey wolf

C. mesomelas Black-backed jackal

C. rufus Red wolf

C. simensis Ethiopian wolf
Genus: Chrysocyon

C. brachyurus

Maned wolf
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Table 1.1.  Continued

Taxon Common name

Genus: Otocyon

0. megalotis Bat-eared fox
Genus: Cuon

C. alpinus Dhole
Genus: Lycaon

L. pictus African hunting dog

The raccoon dog appears to have the most primitive chromosome comple-
ment and may have some chromosome blocks that are homologous to those in
cats (Wayne et al., 1987). This high degree of variation contrasts with most
other carnivore families in which chromosome number and structure are well
conserved (Wurster-Hill and Centerwall, 1982).

Origin of the Domestic Dog

The origin of domesticated species is seldom well documented. The number,
timing and geographic origin of founding events may be difficult to determine
from the patchy archaeological record (Vila et al, 1997a,b). This problem is
well exemplified by the domestic dog for which data are consistent with both
single and multiple origins from the grey wolf alone or, additionally, the
golden jackal, Canis aureus (Olsen, 1985; Clutton-Brock, 1995). However, the
only criterion used to differentiate between dog and wolf remains from
archaeological sites is skeletal morphology. Most modern dogs are morpho-
logically differentiated from both wolves and jackals (Olsen, 1985). These
differences were used to discriminate between species in archaeological
sites, but consequently, only morphologically differentiated dogs could be
distinguished and the initial stages of dog domestication, when the morpho-
logical differentiation was small, might have passed unnoticed. Even for the
several hundred extant dog breeds that have been developed in the last few
hundred years, the specific crosses that led to their establishment are often not
known (Dennis-Bryan and Clutton-Brock, 1988). The genetic diversity of the
founding population is essential knowledge for understanding the immense
phenotypic diversity of dogs. A heterogeneous origin would suggest that
gene diversity is critical to phenotypic evolution, whereas a limited founder
population would imply that developmental variation is more important in
breed diversity (e.g. Wayne, 1986a,b; see Chapter 3).

The ancestor of the dog

Molecular genetic data consistently support the origin of dogs from wolves.
Dogs have allozyme alleles in common with wolves (Ferrell et al., 1978;
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Harbour seal
[ Island grey fox (66)
Grey fox (66)

Raccoon dog (42+)

Bat-eared fox (72)

Fennec fox

e 320 fOX Red fox-like

—E Kit fox canids (36—64)
Arctic fox

——————— Bush dog (74)

Maned wolf (76)

African hunting dog

Grey wolf
r— Coyote
— Wolf-like
Ethiopian wolf canids (78)
Golden jackal
— : Black-backed jackal
Dhole

Side-striped jackal

Crab-eating fox

Argentine grey fox

Darwin’s fox
Culpeo fox
Hoary fox South American
foxes (74)
Pampas fox

Sechuran fox

—— Small-eared dog

Fig. 1.2. Maximum parsimony tree of canids based on analysis of 2001 base pairs of protein coding
mitochondrial DNA sequence (cytochrome b, cytochrome ¢ oxidase | and cytochrome ¢ oxidase Il)
from 27 canid species (Wayne et al., 1997). The harbour seal sequence is used as outgroup to root
the tree. Diploid chromosome numbers are indicated in parentheses for species or groupings of canids
(Wurster-Hill and Centerwall, 1982; Wayne et al., 1987).
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Wayne and O’Brien, 1987), share highly polymorphic microsatellite alleles
(Garcia-Moreno et al., 1996) and have mitochondrial DNA sequences similar or
identical to those found in grey wolves (Wayne et al., 1992; Gottelli et al.,
1994). An extensive survey of several hundred grey wolves and dogs found
that the two species had only slightly divergent mitochondrial DNA control
region sequences (Vila et al, 1997a). For example, the average divergence
between dogs and wolves was about 2% compared with 7.5% between dogs
and coyotes, their next closest kin. The average divergence between dogs and
wolves is inside the range of genetic variability observed for wild wolves (Vila
et al., 1997a, 19992).

The domestication process

More controversial is the exact number of domestication events, their timing
and location. The archaeological record suggests that the first domestic dogs
were found in the Middle East about 12,000-14,000 years ago (Olsen, 1985;
Clutton-Brock, 1995). However, very old remains are known also from North
America and Europe (Nobis, 1979; Olsen, 1985; Pferd, 1987; Clutton-Brock,
1995; Schwartz, 1997) and morphological comparisons suggest that dogs are
closest to Chinese wolves (Olsen and Olsen, 1977; Olsen, 1985). Moreover, the
first appearance in the fossil record of domestic dogs, as indicated by their
morphological divergence from wolves, may be misleading. Early dogs may
have been morphologically similar to wolves for a considerable period of time
(Vila et al., 1997a,b). Consequently, the appearance of distinct-looking dogs
in the archaeological record may be due to a change in artificial selection
associated with a cultural change in human societies (Vila et al., 1997a,b).

A genetic assessment of dog domestication based on mitochondrial
control region sequence data finds four divergent sequence clades (Fig. 1.3).
The most diverse of these clades contains sequences that differ by as much
as 1% in DNA sequence (Fig. 1.3, clade D). Consequently, because wolves
and coyotes diverged at least 1 million years ago and have control region
sequences that are 7.5% different, dogs and grey wolves may have diverged
1/7.5 this value or about 135,000 years ago. These molecular results imply an
ancient origin of domestic dogs from wolves. In fact, wolves and humans lived
in the same habitats for as much as 500,000 years (Clutton-Brock, 1995) and
domestication might not have been apparent until the nature of artificial selec-
tion and dog conformation changed with the shift from hunter—gatherer cul-
tures to more agrarian societies about 12,000 years ago (Clutton-Brock, 1995).
The role that dogs had in hunter—gatherer cultures was perhaps restricted more
to protection and hunting, and dogs may have lived less closely with humans,
resulting in more morphological similarity to their wild brethren.

At least four origination or interbreeding events are implied by the genetic
results because dog sequences are found in four distinct groupings or clades,
each with a unique ancestry to wolves (Fig. 1.3). In clade IV, a wolf sequence
is identical to a dog sequence, suggesting a very recent interbreeding or
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——

wa2
e Coyote

Fig. 1.3. Neighbour-joining relationship tree of wolf (W) and dog (D) mitochondrial DNA control
region sequences (261 base pairs in length; Vila et al., 1997a). Dog haplotypes are grouped in four
clades, I to IV. Boxes indicate haplotypes found in the 19 Xoloitzcuintlis (Vila et al., 1999b). Haplo-
types found in two Chinese crested dogs, a presumed close relative of the xolo, are indicated with
a black circle. Bold characters indicate haplotypes found in New World wolves (W20 to W25).
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origination event (haplotypes W6 and DO). Interbreeding and origination
events leave the same genetic signature, both transfer wolf mitochondrial DNA
to the gene pool of dogs. Finally, the number of origination/interbreeding
events is likely to be much more than that implied by the tree because of the
maternal inheritance of mitochondrial DNA and the likelihood of stochastic
loss of introgressed lineages (Vila et al., 1997a). The basic structure of the
sequence tree has been independently confirmed (Okumura er al, 1996;
Tsuda et al., 1997, Randi et al., 2000).

Origin of breeds

Within breeds, the genetic diversity is high. Most breeds for which several indi-
viduals were sampled have at least 3—6 distinct sequences (Vila et al., 1997a).
Because mitochondrial DNA is maternally inherited, this implies that multiple
females were involved in the development of dog breeds (Vila et al., 1997a,
1999b). Few breeds have unique sequences and the relationship of sequences
is not consistent with the genealogical relationships of breeds. The reason for
this is that most breeds have originated too recently, within the past few
hundred years, such that unique breed-defining control region mutations have
not occurred. Ample genetic diversity within breeds is also supported by anal-
ysis of protein alleles (Simonsen, 1976; Ferrell e al., 1978) and hypervariable
microsatellite loci. Microsatellite loci have heterozygosity values ranging from
36% to 55% within breeds (Holmes et al., 1993; Fredholm and Wintero, 1995;
Pihkanen et al., 1996; Zajc et al., 1997; Morera et al., 1999; Wilton et al., 1999;
Zajc and Sampson, 1999) whereas wild populations of wolves have an average
value of 53% (Roy et al., 1994; Garcia-Moreno et al., 1996). Consequently, the
moderate to high genetic diversity of dog breeds indicates that they were
derived from a diverse gene pool and generally are not severely inbred.

Ancient Dog Breeds

Molecular genetic studies suggest that the majority of breeds have moderate to
high levels of genetic variability and the differentiation between them is mostly
due to differences in the allelic frequencies (e.g. Pihkanen et al, 1996; Vila
et al., 1999b; Zajc and Sampson, 1999; but see Wilton et al, 1999). These
results reflect the recent origin of many breeds from a diverse founding stock
and subsequent interbreeding among breeds. The small differentiation bet-
ween breeds seems to be the result of their recent isolation in modern times.
However, ancient breeds, such as the dingo and the New Guinea singing dog
were developed when human populations and their domestic dogs were more
isolated and founding populations were potentially more inbred. Dingoes and
singing dogs were introduced into Australia and New Guinea by ancient
travellers as early as 6000 years ago (Corbett, 1995), and this long period of
isolation and small founding population size has translated into limited genetic
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differentiation (Wilton et al., 1999). The Romans were among the first to
develop breeds of dogs that differed dramatically in conformation and size
although some morphologically divergent dogs were depicted by the ancient
Egyptians and in western Asia 4000 years ago (Clutton-Brock, 1999). Mastiffs
and greyhounds were among these dogs; however, preliminary surveys fail
to show lower diversity (Morera et al., 1999; Zajc and Sampson, 1999). This
suggests that these breeds might not have been isolated from each other since
their origin. One control region clade (clade I, Fig. 1.3) was observed only in
some Scandinavian dogs (Norwegian elkhound and jamthund; Vila et al,
1997a) and could represent a lineage independently domesticated from wolves
and not extensively interbred with other dogs. In North America, the most
ancient living breed is the Mexican hairless, or Xoloitzcuintli (Xolo) which is a
hairless dog developed over 2000 years ago (Cordy-Collins, 1994). Because the
Xolo is a pre-Columbian breed, the progenitors of the Xolo either migrated
with the first Americans across the Bering land bridge over 10,000 years ago or
were domesticated independently from North American wolves. A survey of
19 Xolos showed that they contained sequences identical or very similar to
those found in Old World dog breeds rather than North American wolves (Vila
et al., 1999b). Additionally, representatives of three of the four sequence clades
were found in Xolos (Fig. 1.3), implying that the population of dogs that
migrated with humans into the New World was large and diverse.

Wolf-Dog Hybridization

Wolves may still influence the genetic diversity of dogs. In the USA, there
are thousands of wolf—-dog hybrids of various proportions of wolf ancestry
(Garcia-Moreno et al., 1996). Wolf-dog crosses are interbred with dogs and the
progeny of hybrids and, by having a lower proportion of wolf genes, may be
more docile. Consequently, wolf genes will diffuse into the dog gene pool.
Gene flow may occur from dogs to wild wolf populations as well. In Italy,
Israel and Spain, grey wolves interact and may interbreed with semi-feral
populations of domestic dogs (Boitani, 1983). Wolf-dog hybridization can
threaten the genetic integrity of wild wolf populations. Preliminary genetic
analysis indicates that the frequency of wild hybrids is lower than previously
thought (Vila and Wayne, 1999). However, the most endangered living canid,
the Ethiopian wolf, is clearly threatened by hybridization with domestic dogs
(Gottelli et al., 1994) and hybridization also occurs in eastern European wolves
(Randi et al., 2000).

Research Implications

Despite intense selection for phenotypic uniformity within breeds, the genetic
diversity within dog breeds is similar to or slightly lower than that in wild grey
wolf populations. Consequently, only breeds with a closely controlled history
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of inbreeding should be considered genetically uniform. In most breeds,
uniformity is likely only for genes affecting breed defining morphological,
physiological or behavioural traits. In this regard, some breeds are useful
genetic models for human inherited disorders (Wayne and Ostrander, 1999).
Conversely, because of the high diversity within and among dog breeds,
studies based on a limited sample of dogs will not adequately represent the
variation among breeds. Efforts are currently being made to better characterize
genetic differences between breeds (Pihkanen et al. 1996; Zajc et al., 1997;
Morera et al., 1999; Wayne and Ostrander, 1999; Zajc and Sampson, 1999)
Finally, because of the high degree of genetic similarity between dogs and
wolf-like canids (Fig. 1.3), crosses between dogs and wild canids may not
provide many new polymorphic loci for functional gene studies.

References

Boitani, L. (1983) Wolf and dog competition in Italy. Acta Zoologica Fennica 174,
259-264.

Clutton-Brock, J. (1995) Origins of the dog: domestication and early history. In: Serpell,
J. (ed.) The Domestic Dog, its Evolution, Bebaviour and Interactions with People.
Cambridge University Press, Cambridge, pp. 7-20.

Clutton-Brock, J. (1999) A Natural History of Domesticated Mammals, 2nd edn.
Cambridge University Press, Cambridge.

Coppinger, R. and Schneider, R. (1995) Evolution of working dogs. In: Serpell, J.
(ed.) The Domestic Dog: its Evolution, Behaviour and Interactions with People
Cambridge University Press, Cambridge, pp. 21-47.

Corbett, L. (1995) The Dingo in Australia and Asia. Comstock/Cornell, Ithaca,
New York.

Cordy-Collins, A. (1994) An unshaggy dog history. Natural History 2, 34—40.

Darwin, C. (1871) The Descent of Man and Selection in Relation to Sex. Murray, London.
Dennis-Bryan, K. and Clutton-Brock, J. (1988) Dogs of the Last Hundred Years at the
British Museum (Natural History). British Museum (Natural History), London.
Ferrell, R.E., Morizot, D.C., Horn, J. and Carley, C.J. (1978) Biochemical markers in spe-

cies endangered by introgression: the red wolf. Biochemical Genetics 18, 39-49.

Flynn, J.M. and Galiano H. (1982) Phylogeny of early Tertiary Carnivora, with a
description of a new species of Proticits from the middle Eocene of northwestern
Wyoming. American Museum Novitates 2632, 1-10.

Fredholm, M. and Wintero, A.K. (1995) Variation of short tandem repeats within and
between species belonging to the Canidae family. Animal Genetics 6, 11-18.
Garcia-Moreno, J., Matocq, M.D., Roy, M.S., Geffen, E. and Wayne, R.K. (1996) Relation-
ship and genetic purity of the endangered Mexican wolf based on analysis of

microsatellite loci. Conservation Biology 10, 376-389.

Gottelli, D., Sillero-Zubiri, C., Applebaum, G.D., Roy, M.S., Girman, D.J., Garcia-
Moreno, J., Ostrander, E.A. and Wayne, R.K. (1994) Molecular genetics of the most
endangered canid: the Ethiopian wolf, Canis simensis. Molecular Ecology 3,
301-312.

Hart, B.L. (1995) Analysing breed and gender differences in behaviour. In: Serpell, J.
(ed.) The Domestic Dog: its Evolution, Bebaviour and Interactions with People.
Cambridge University Press, Cambridge, pp. 65-77.



R.K. Wayne and C. Vila

Holmes, N.G., Mellersh, C.S., Humphreys, S.J., Binns, M.M., Holliman, A., Curtis, R. and
Sampson, J. (1993) Isolation and characterization of microsatellites from the canine
genome. Animal Genetics 24, 289-292.

Lorenz, K. (1954) Man Meets Dog. Methuen, London.

Lyons, L.A., Kehler, J.S. and O’Brien, S.J. (1999) Development of comparative anchor
tagged sequences (CATS) for canine genome mapping. Journal of Heredity 90,
15-26.

Morera, L., Barba, CJ, Garrido, J.J., Barbancho, M., and de Andres, D.F. (1999) Genetic
variation detected by microsatellites in five Spanish dog breeds. Journal of Heredity
90, 654-656.

Nobis, G. (1979) Der ilteste Haushund lebte vor 14,000 Jahren. Umschau 19, 610.

Nowak, RM. (1999) Walker’s Mammals of the World, 6th edn. The Johns Hopkins
University Press, Baltimore, Maryland.

O’Brien, S.J., Wienberg, J. and Lyons, L.A. (1997) Comparative genomics: lessons from
cats. Trends in Genetics 13, 393—399.

Okumura, N., Ishiguro, N., Nakano, M., Matsui, A. and Sahara, M. (1996) Intra- and
interbreed genetic variations of mitochondrial DNA major non-coding regions in
Japanese native dog breeds (Canis familiaris). Animal Genetics 27, 397-405.

Olsen, S.J. (1985) Origins of the Domestic Dog. University of Arizona Press, Tucson,
Arizona, 118 pp.

Olsen, SJ. and Olsen, J.W. (1977) The Chinese wolf ancestor of New World dogs.
Science 197, 533-535.

Pferd, W., 1II (1987) Dogs of the American Indians. Denlinger’s Publishers, Fairfax,
Virginia.

Pihkanen, S., Vainola, R. and Varvio, S. (1996) Characterizing dog breed differentiation
with microsatellite markers. Animal Genetics 27, 343-346.

Randi, E., Lucchini, V., Christensen, M.F., Mucci, N., Funk, S.M., Dolf, G. and
Loeschcke, V. (2000) Mitochondrial DNA variability in Italian and East European
wolves: detecting the consequences of small population size and hybridization.
Conservation Biology 14, 464—473.

Roy, M.S., Geffen, E., Smith, D., Ostrander, E. and Wayne, RK. (1994) Patterns of
differentiation and hybridization in North American wolf-like canids revealed by
analysis of microsatellite loci. Molecular Biology and Evolution 11, 553-570.

Simonsen, V. (1976) Electrophoretic studies on blood proteins of domestic dogs and
other Canidae. Hereditas 82, 7-18.

Schwartz, J. (1997) A History of Dogs in the Early Americas. Yale University Press,
New Haven, Connecticut.

Tsuda, K., Kikkawa, Y., Yonekawa, H. and Tanabe, Y. (1997) Extensive interbreeding
occurred among multiple matriarchal ancestors during the domestication of dogs:
evidence from inter- and intraspecies polymorphisms in the D-loop region of
mitochondrial DNA between dogs and wolves. Genes and Genetic Systems 72,
229-238.

Vila, C and Wayne, RK. (1999) Wolf-dog hybridization. Conservation Biology 13,
195-198.

Vila, C., Savolainen P., Maldonado, J.E., Amorim, L.R., Rice, J.E., Honeycutt, R.L.,
Crandall, K.A., Lundeberg, J. and Wayne, R.K. (1997a) Multiple and ancient origins
of the domestic dog. Science 276, 1687—-1689.

Vila, C., Maldonado, J., Amorim, L.R., Wayne, R.K., Crandall, K.A. and Honeycutt, R.L.
(1997b) Man and his dog — Reply. Science 278, 206-207.



Phylogeny and Origin of the Domestic Dog

Vila, C., Amorim, LR., Leonard, J.A., Posada, D., Castroviejo, J., Petrucci-Fonseca, F.,
Crandall, K.A., Ellegren, H. and Wayne, RK. (1999a) Mitochondrial DNA phylo-
geography and population history of the grey wolf Canis lupus. Molecular Ecology
8, 2089-2103.

Vila, C, Maldonado, J. and Wayne, RK. (1999b) Phylogenetic relationships, evolution
and genetic diversity of the domestic dog. Journal of Heredity 90, 71-77.

Wang, X. (1994) Phylogenetic systematics of the Hesperocyoninae (Carnivora:
Canidae). Bulletin of the American Museum of Natural History 221, 1-207.

Wang, X., Tedford, R.H. and Taylor, B.E. (1999) Phylogenetic systematics of the
Borophaginae (Carnivora: Canidae). Bulletin of the American Museum of Natural
History 243, 1-391.

Wayne, R.K. (1986a) Cranial morphology of domestic and wild canids: the influence of
development on morphological change. Evolution 4, 243-261.

Wayne, RK. (1986b) Limb morphology of domestic and wild canids: the influence of
development on morphologic change. Journal of Morphology 187, 301-319.

Wayne, RK. (1993) Molecular evolution of the dog family. Trends in Genetics 9,
218-224.

Wayne, RK. and O’Brien, S.J. (1987) Allozyme divergence within the Canidae.
Systematic Zoology 36, 339-355.

Wayne, R.K. and E.A. Ostrander. (1999) Origin, genetic diversity, and genome structure
of the domestic dog. BioEssays 21, 247-257

Wayne, RK., Nash, W.G. and O'Brien, SJ. (1987) Chromosomal evolution of the
Canidae: II. Divergence from the primitive carnivore karyotype. Cytogenetics and
Cell Genetics 44, 134-141.

Wayne, R.K., Benveniste, R.E. and O'Brien, S.J. (1989) Molecular and biochemical
evolution of the Carnivora. In: Gittleman, J.L. (ed.) Carnivore Behavior, Ecology
and Evolution. Cornell University Press, Ithaca, New York, pp. 465-494.

Wayne, R.K., Lehman, N., Allard, M.W. and Honeycutt, R.L. (1992) Mitochondrial DNA
variability of the gray wolf: genetic consequences of population decline and
habitat fragmentation. Conservation Biology 6, 559-569.

Wayne, R.K., Geffen, E., Girman, D.J., Koepfli, K.P., Lau, L.M. and Marshall, C. (1997)
Molecular systematics of the Canidae. Systematic Biology 4, 622-653.

Wilton, A.N., Steward, D.J. and Zafiris, K. (1999) Microsatellite variation in the
Australian dingo. Journal of Heredity 90, 108-111.

Wurster-Hill, D.H. and Centerwall, W.R. (1982) The interrelationships of chromosome
banding patterns in canids, mustelids, hyena, and felids. Cytogenetics and Cell
Genetics 34, 178-192.

Zajc, 1. and Sampson, J. (1999) Utility of canine microsatellites in revealing the relation-
ships of pure bred dogs. Journal of Heredity 90, 104—107.

Zajc, 1., Mellersh, C.S. and Sampson, J. (1997) Variability of canine microsatellites within
and between different dog breeds. Mammalian Genome 8, 182—185.






Experimental Studies
of Early Canid
Domestication

L.N. Trut
Institute of Cytology and Genetics, Siberian Branch of the Russian
Academy of Sciences, 630090, Novosibirsk-90, Russia

Introduction 15
The Domestic Fox in its Making During Selection 18
Phenotypic Novelties 22
Craniological Changes 28
Reorganization of the Seasonal Reproduction Pattern 31
Selection and Developmental Rates 31
Effect of Selection on the Hormonal and Neurotransmitter Systems 34
Implications for the Evolution of the Domestic Dog 36
Acknowledgements 38
References 38
Introduction

A major evolutionary-genetic aspect of domestication has long been a debat-
able issue. The question was, how might the contemporary domestic dogs, so
very diverse today, have evolved from a uniform wild-type ancestor? (Herre,
1959; Belyaev, 1969, 1979; Hemmer, 1990; Clutton-Brock, 1997; Coppinger
and Schneider, 1997; Wayne and Ostrander, 1999). It is well known that
certain dog breeds differ in body size and proportions much more than
species, even genera. Putting it another way, domestication has given rise
to drastic morphological and physiological changes in the dog at a rate
exceeding genetic predictions. Accepting the classic notion of mutations as
rare, small, chance alterations of individual genes, one casts serious doubt on
the idea that the changes, which took place in the dog during a short span of
time in evolutionary terms, were of a mutational nature. Even making allow-
ance for saltatory events, leaps (Eldredge and Gould, 1972), it is, indeed,
incomprehensible how all the mutations needed for the creation of the now
existing diversity could be accommodated during the millennia that have
elapsed since the time the earliest dog appeared (Coppinger and Schneider,
1997). It should be stipulated that mutations have been accumulating for
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hundreds of millennia: an assessment of canid divergence based on the data
for the highly polymorphic mitochondrial control region sequences suggests
that the early dogs might have originated about 100,000, not just 10,000-15,000
years ago (Vila et al., 1997). Furthermore, there are data in the literature
indicating that certain mutations, for example, those causing evolutionary
changes in characteristics, which are under the pressure of sexual selection
and which can eventually set up reproductive barriers, can possibly
accumulate very rapidly (Civetta and Singh, 1999; Gavrilets, 2000). Certainly,
new mutations have kept arising under conditions of domestication, too.
However, circumstantial evidence indicates that their accumulation is not
critical to morphological and physiological changes in dogs. In fact, an evolu-
tionary consequence of dog domestication is the fundamental reorganization
of the reproductive function, imperative for evolutionary survival. Dogs fulfil
the primary biological task — to reproduce — differently from their wild
counterparts. Dogs lost monoestricity and the seasonal breeding pattern,
having acquired the capacity to breed any time of the year, biannually and
more often. It appears that this change in the reproductive function, which
is the integral result of the complex interaction of many neuroendocrine
responses, might have occurred as a single mutation event. It is worth
remembering that not only dogs, but also other domestic animals, have lost
breeding seasonality. The parallelism of the morphological and physiological
variability patterns is nowhere more conspicuous than in conditions of domes-
tication. True, the species of domesticated animals are members of distant
taxonomic groups (not only genera and families, even orders); however,
variability in many of their characters is remarkably homologous. It appears
unlikely that this variability was caused by homologous mutations in homo-
logous genes in all the domesticates. There is more straightforward evidence
that mutations did not accumulate rapidly in domestication conditions. Studies
on the protein products of more than 50 loci have shown, for example, that
dogs and wolves share alleles in common (Wayne and O’Brien, 1987).

The role of founder effects has been emphasized with reference to the
evolutionary events occurring during domestication (Moray, 1994; Clutton-
Brock, 1997; Coppinger and Schneider, 1997; Wayne and Ostrander, 1999). It
has been suggested that there initially existed small founder groups, that they
inbred and were repeatedly subjected to genetic drift. However, the diversity
of the domestic dog is more often discussed in the light of neoteny as a major
trend of changes in development brought about by domestication. It was
frequently noted that many adult dogs are behaviourally and morphologically
similar to wolf puppies. It has been even thought that characters arrested in a
developmental stage may underlie the formation of breeds (Wayne, 1986;
Coppinger et al., 1987). In fact, it has been recognized that genetic variability
in developmental patterns is the source of rapid and extensive changes at the
organism level (Gould, 1982; Raff and Kaufman, 1983; McDonald, 1990;
Pennisi, 1998). Because this variability is of importance, there must be a
mechanism that safeguards it from the direct action of selection. For this
reason, it is difficult to reconcile with the thought that retarded development of
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the domestic dog is a consequence of selection for developmental rates. It has
been suggested that neoteny, or retention of juvenile traits into adulthood, may
be a sequel of direct selection for earlier sexual maturation (Clutton-Brock,
1997; Coppinger and Schneider, 1997; Wayne and Ostrander, 1999). However,
the efficiency of this selection is very doubtful: all the reproductive traits,
including sexual maturation timing, have minimum additive genetic variance
(Bronson, 1988). Neoteny, however, might have arisen as a result of selection
for traits that mark developmental rates. Such markers might have plausibly
been infantile behavioural traits that have facilitated adaptation of animals to
human company (Coppinger and Schneider, 1997). If this were the case, then,
it must be conceded that delayed development of social behaviour is corre-
lated with the developmental rates of other physiological and morphological
characters. This means that the concession must be made that selection
for traits of social behaviour is actually a case in point of selection for the
regulatory mechanisms of temporal developmental parameters at the level of
the whole organism.

The Russian geneticist-evolutionist, D. Belyaev, has pondered over the
nature and origin of changes brought about by domestication and over the role
of the regulatory developmental mechanisms in these changes (Belyaev, 1969,
1979). His vantage point for viewing evolutionary problems was out of
the ordinary at that time. Belyaev believed that the rates of evolutionary
transformations, in certain situations, depended not only on the force of
selection pressure, but as much on its directionality or vector, i.e. on the
intrinsic properties of the genetic systems on which the selection acts. When
the key regulatory loci coordinating the entire process of development
happened to be targeted by selection forces, selection perhaps became truly
mutagenic. This might have created specific conditions at the organism level
that gave rise to variability. The data in the literature supporting this idea
have partly been reviewed in the Russian journal Genetika (Trut, 1993). The
regulatory mechanisms were obviously subjected to the strongest selection
when conditions became extremely challenging and demanded high tension
of the general adaptive systems. The view was expressed that the genome, in
such conditions, functions as a specific responsive system and evolves toward
increasing genetic variability. The possible molecular mechanisms of this
behaviour of the genome have also been discussed (Lenski and Mitler, 1993;
Pennisi, 1998). Earliest domestication, when animals encountered a man-made
environment for the first time, has been a drastic replacement of the surround-
ings. It was, indeed, a violent upheaval that produced a host of variations,
such as the animal kingdom has never witnessed before. The historical start
of domestication was blurred in retrospective. The significant fact remains that
a new vector was brought into play — the combined action of natural and
unconscious, artificial selection for particular behavioural traits, favouring the
animals’ ability to coexist with human beings, and to tolerate their settlements.
Belyaev believed that the specificity of evolutionary events under these
conditions was determined by selection of this kind. And the morphological
and physiological transformations were primarily patterned by the genetic
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changes taking place during behavioural reorganization. His unified view of
the evolutionary past of the domestic dog needed experimental verification
and support. This prompted him with the idea of reproducing a documental
scenario of early domestication. The domestication experiment has been
carried out at the Institute of Cytology and Genetics of the Siberian Depart-
ment of the Russian Academy of Sciences for over 40 years. The species under
domestication was the silver fox (Vulpes vulpes), a taxonomically close relative
of the dog. The experiment recreated the evolutionary situation of strongest
selection acting on behavioural traits conditioning success of adaptation to
human beings.

The Domestic Fox in its Making During Selection

When the domestication experiment was started, the silver fox had been bred
in fur farms for more than 50 years. It may be thought that the silver fox had
overcome the barrier of natural selection during its alienation from nature and
natural companions, caging and breeding in captivity. Nevertheless, the fox
retained its standard phenotype, strict seasonality of biological functions and
the relatively wild behavioural paradigm (Fig. 2.1). A genetically determined
polymorphism for the expression of the aggressive and fear responses to
humans was revealed in the farm-fox populations. There might have been,
quite plausibly, such polymorphism for the type of defensive responses
to humans in the initial natural populations of wolves. Some of the foxes
manifested the responses particularly weakly. About 10% of the farm-bred
foxes were such individuals (Fig. 2.2). The weak responders were selected to
become the parental generation to start the experiment. The total number

Fig. 2.1. A strongly aggressive fox of the farm-bred population unselected for behaviour.
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Fig. 2.2.  This fox shows a weak aggressive response to attempts to touch it.

taken from fur farm populations to serve as the initial generation was 100
females and 30 males. The number of foxes of reproductive age was minimal
(93) in the second generation, and maximal (600) throughout the twentieth to
thirty-fifth generations. The selected foxes yielded more than 47,000 offspring
that were tested for amenability to domestication (tameability). The capacity
for domestication was tested at different times during development, from 2
weeks of age onwards. Pups interacted with humans for a scheduled time. The
experimenter handed food to pups, and attempted to handle and fondle them.
The behaviour of the tested pups was scored for parameters (Trut, 1999). The
score for tameability, or amenability to domestication, was the major criterion
for selecting animals. Selection was strict: only about 10% of females and not
more than 3-5% of males were taken from a preceding generation to produce
the next. The apparent effectiveness of selection, the selection process and
everything relevant to the establishment of the experimental population have
been dealt with elsewhere (Belyaev, 1979; Trut, 1980a, b, 1999). Selection was
ongoing for more than 40 generations. Behaviour changed in the course
of selection, illustrating its effectiveness. Most offspring of the selected
population were assigned to the domestication elite. They behaved in many
respects like domestic dogs. They did not flee from humans, they yearned for
human companionship. When begging human condescension, they whined,
wagged their tails and licked like dogs (Fig. 2.3). The early behaviour elites
appeared at the sixth generation selected for tameness. Elite in this context
means ‘impeccable’, tamed to the highest degree. Already 35% of offspring of
the 20th generation selected for tameness were elites. At this time elite pups
made up 70-80% of the experimental population. Many responded to their pet
names. When competing for human attention, they growled and snarled at
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each other (Fig. 2.4). When released from their cages for a while, they acted
dog-like and submissively towards their mistress (Fig. 2.5). Thus, a unique
population of silver foxes showing unusual, rather dog-like behaviour, was

Fig. 2.3. The dog-like behaviour of foxes is noteworthy. It is the result of breeding for tame
behaviour.

Fig. 2.4.  One fox driving another from its mistress and growling like a dog.
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established through long-standing selection for tameability. This was one of
the many effects of selection for domestication.

What could be the mechanisms of the domestication that made dogs and
foxes feel more ‘at home’ in the new social surroundings near man? It is
known that in dogs the sensitive period for this adaptation (or primary social-
ization) during postnatal development starts with the functional maturation
of the sensory systems and locomotor activity providing awareness of the
environment and response to it. The appearance of the fear response to
unknown stimuli is thought to be a factor that does not arrest exploration of
the environment and social adaptation, but rather complicates it (Scott, 1962;
Serpell and Jagoe, 1997). It was found that selection of foxes for domestication
accelerated full eye opening and the establishment of the early auditory
response (Fig. 2.6). This selection concomitantly retarded the formation of the
fear response during early postnatal development and, as a result, offspring of
the domesticated population showed no attenuation of exploratory activity
in an unfamiliar situation, as the offspring of the farm-bred population did
(Fig. 2.7). In fox pups of the population unselected for behaviour, the fear
response formed, on average, by 45 days of life. At this age, the parameters of
exploratory activity decreased considerably. This did not occur even in tame

L9

Fig. 2.5. When released from their cage, elite foxes follow their master/mistress faithfully.
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Fig. 2.6. Time appearance of certain characters during postnatal development.

pups aged 60 days because they did not exhibit the fear response at this age.
These alterations in the rates of receptor-behavioural development prolonged
the sensitive period of social adaptation and increased its efficiency (Belyaev
et al., 1984/1985). It is noteworthy that 45 days is not only when the sensitive
socialization period ends, it is the age when glucocorticoids in the peripheral
blood rise sharply in offspring of the farm-bred population (Fig. 2.7). In con-
trast, in offspring of the domesticated population not only the fear response
was, as yet, not manifested and exploration not reduced, glucocorticoids
also did not rise. Based on the above considerations, it may be inferred that
selection for tame behaviour affected the genes for developmental rate and
also that a function of genetic systems determining the activity of the pitiutary—
adrenal axis is involved in the regulation of the developmental rate. This
inference will be examined below.

Phenotypic Novelties

As indicated in the Introduction, the view was generally held that the dog has
been under domestication presumably from about 100,000 years ago (Vila
et al., 1997). But phenotypic changes started to appear only 10,000-15,000
years ago. However, the authorative conclusion of domestication researchers
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Fig. 2.7. Changes in exploratory activity (e) and plasma cortisol level (o) during the first 60
days of life in offspring of (a) farm-bred and (b) domesticated foxes.

(Herre, 1959; Zeuner, 1963) was that the primary increase in diversity was
achieved very rapidly. Then a stasis followed and no changes occurred in the
dog in the course of domestication history. The second step of increase in
diversity came in more recent times with the development of breeding
methods.

Morphological changes started to arise in foxes that had been subjected
to selection for tameness for 8-10 generations. Many changes in characters
were concordant with those not only of dogs, but also of other domestic
animals (Figs 2.8-2.12). Changes in standard coat colour, to variegated coat
colours, arose earliest, as in the dog (Hemmer, 1990). Seemingly distinct
elements of animal biology, such as behaviour and pigmentation, altered in
an integrated manner at the level of the organism. It is now known that
the genetic systems of pigmentogenesis are, indeed, involved in neuro-
endocrine physiology (Tsigas et al., 1995; Barsh, 1996). Thus, there is evidence
that the FE-locus (extension of black) in mice encodes the receptor for the
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Fig. 2.8.  Specific loss of pigmentation determined by the homozygous state (SS) of the
incompletely dominant autosomal Star (S) mutation. The Star is one of the earliest novelties.
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Fig. 2.9. Brown mottling (bm) is located on neck, shoulders, flank and hips. There is a phenotypic
similarity between bm in foxes and the colour trait in dogs possibly caused by the allele of the agouti
locus. The bm phenotype is determined by an autosomal recessive mutation.

melanocyte-stimulating hormone. There is reason to suggest that the A-locus
(agouti) codes for its binding antagonist which in turn binds to the receptor
(Jackson, 1993; Barsh, 1996). It is suggested that A-protein can act as an
antagonist in other hormone-receptor interactions, for example, with ACTH
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Fig. 2.10. Floppy ears. Ears remain floppy for the first months of life in some domestic foxes,
rarer through life. This aberrant character does not show clear Mendelian segregation, although
recurring in some lines.

(the adrenocorticotrophic hormone). It is also of interest that the melanocyte-
stimulating hormone, which is involved in the regulation of melanin synthesis,
has a receptor not only in the melanocytes. It has other kinds of receptors, one
of which expresses exclusively in the brain tissues, at high concentrations
in the hippocampus and the hypothalamus (Tsigas et al, 1995), i.e. in the
structures regulating exploratory and emotional behaviour. With this in mind,
it is not at all surprising that selection for behaviour gave rise to primarily
correlated changes in coat colour.

Aberrants with the Star white marking and curly tail were born at an
impressively high frequency of 1071-1072. Short-tailed pups and those with
floppy ears appeared at a frequency of a magnitude lower (1073). Some
phenotypic changes, such as curly tail and piebaldness, started to arise in the
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Fig. 2.11.  Short tail. The number of tail vertebrae is normally 14 in foxes; their number is
reduced to 8-9 in aberrant foxes. Its inheritance pattern is not clear.

Fig. 2.12. Tail carriage: tail rolled in a circle or a semicircle. Curly tail is the most frequently
arising aberration. It does not show Mendelian segregation. The genetic basis of the character is,
probably, different in different lines of domesticated foxes.

farm-bred fox populations some years later. It should be noted that, in farm
populations bred under human control for about 100 years, both natural and
artificial selection for domestication proceeded hand in hand. Surely, the
intensity of this selection was not commensurate with that the experimental
fox population was subjected to, nor were the occurrence frequencies of
aberrants in the two fox populations similar.
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What did the increased frequencies of phenotypic novelties in the
domesticated population reflect? The answers may provide important clues.
The increased frequency may be a consequence of stochastic processes
and inbreeding whose roles have been highlighted in discussions of early
canid domestication (Moray, 1994; Clutton-Brock, 1997; Wayne and Ostrander,
1999). In estimation of the role of inbreeding in the reorganizations brought
about by domestication in foxes, it should be emphasized that most, if not all,
the domesticated fox population from the start of its establishment was raised
in an outbreeding regime. Moreover, efficient population size did not reduce
to less than 93 individuals in the second selected generation, and it consider-
ably increased in the successive generations. At this size of the reproductive
part of the population, the occurrence probability of aberrant phenotypes
due to homozygotization of recessives of the same origin appeared to be low
(Falconer, 1981). The values of population inbreeding coefficients did not
exceed the range 0.02-0.07. However, several fox lines were deliberately
maintained in a regime of remote inbreeding. Homozygotization level in the
representatives of these lines rose to 40-60% (Trut, 1980a). An important factor
was that the occurrence frequencies of phenotypic changes in the offspring of
these foxes did not exceed those in the offspring of the outbred foxes. It
should be also noted that certain novel phenotypes (the Star white marking,
for example) are determined by incompletely dominant mutations and the
heterozygous phenotype is reliably marked (Belyaev et al., 1981). In other
words, there are grounds for believing that the emergence of phenotypic
novelties was unrelated to inbreeding and stochastic processes in the
domesticated fox population. In that case, may the changes that have arisen
be regarded as classic correlated consequences of selection for just any
quantitative character? In fact, it is known that strong selection pressure acting
on a quantitative character, especially on one of adaptive significance, makes
genetic systems less integrated (Falconer, 1981). The harmonious genetic
system created by stabilizing selection is set out of balance: any increase in the
value of the selected character is achieved at the expense of a breakdown of
genetic homeostasis — the stability fixed by evolution. For this reason, selection
for quantitative characters inevitably leads to the appearance of deviants from
the stabilized phenotypical norm. However, such classic correlated responses
to selection depend, as a rule, on the genetic pool of the starting population,
and this renders their prediction and reproduction difficult. Each selection
experiment is unique and none can be replicated in terms of the attendant
correlated responses. As to the morphological and physiological consequences
of domestication, their reproducibility is amazing. To illustrate, dogs and
many animals have been repeatedly domesticated at different times and sites
throughout their history. And each domestication event recurred and so did
the same domestication changes. The changes in foxes in the experimental
population are mirror reflections of the morphological novelties arising in
other animals under domestication. Taking the remarkable concordance of
evolutionary transformations into account, it is hard to regard the changes as
trivial cases of correlated responses to selection for just any character.
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Possibly, the specificities of the emergence of morphological and physio-
logical novelties in domesticated foxes may shed light on the nature of the
changes. Changes in various, more often unrelated, fox families arose, but
these families belonged, as a rule, to the domestication elite. Various aberrant
animals were recorded in the same litter of standard tame parents or parents
showing a certain morphological change occasionally had offspring exhibiting
quite different characters. These specificities are difficult to interpret, while
conceding that each morphological novelty resulted from a single specific
mutational change. The classic breeding studies also indicated that many of
the morphological novelties observed in domestic foxes were not due to
segregation in a simple Mendelian fashion. However, some morphological
novelties were determined by single mutational events, such as the Star
mutation, for example. However, this mutation showed peculiar behavioural
features, suggesting that the phenomenon of genetic activation—inactivation
was possibly behind its emergence and inheritance (Belyaev et al., 1981). In
the current literature, many cases of gene silencing, including the coat colour
genes, have been adduced. Silencing was thought to have possibly resulted
from the passage of a modified DNA methylation pattern through meiosis
(Henkoff and Matzke 1997; John and Surani, 1999; Morgan et al., 1999).

The phenomenon of inherited changes in genetic material activity might
also have been involved in the morphological and physiological reorganiza-
tions in the dog. Hall (1984) has described a pertinent case in his review. As is
known, the number of fingers on the foreleg typical for mammals is five; it
is four for the hindleg in all representatives of the Canidae. The fifth hindleg
finger has been lost some 10-15 million years ago. However, a result of wolf
domestication was that the fifth finger, once missing, is now well developed in
certain extant dog breeds. This is strongly suggestive that the phenotypic
changes in dogs, which have arisen in the course of domestication, might
have been due not only to specific mutational changes, but also (and to a
greater extent) to changes in regulatory embryonic interactions and gene
activity. The pattern of the genetic determination of phenotypic changes at the
contemporary step of dog evolution may not reflect the genetic nature of their
origination.

Craniological Changes

Changes in craniological dimensions shaping the skull may be assigned to a
particular group of changes arising in foxes during domestication. During the
past 20 years, developments in DNA-based research have contributed much to
studies on variability. However, the traditional stronghold of craniological
features in studies on evolution remains irrefutable (Hanken and Hall, 1993).
In some foxes, the shape and size of the skull sharply deviates from normal
(Fig. 2.13). In others, the upper jaw shortened and tooth bite became
abnormal (Fig. 2.14). Comparative analysis of the farm-bred and domesticated
populations revealed that changes in craniological dimensions were most
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Fig. 2.13.  The skulls of 8-month-old female foxes: normal (right), foxes with abnormally
shortened and widened skulls (left).

Jilc.

Fig. 2.14. The abnormal toothbite (underbite) in a fox with a shortened upper jaw.

prominent in males. The changes were associated with shortening and
widening of the face skull and a decrease in the width and height of the
cerebral skull. Moreover, tame males became smaller in almost all the cranial
proportions and, as a result, the sexual dimorphism existing in the farm-bred
population decreased in the domesticated foxes (Trut et al, 1991). Similar
changes in the sexual dimorphism pattern, judging by cranial measurements,
were revealed also in farm-bred minks when compared with the wild mink
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populations (Lynch and Hayden, 1995). Two mechanisms producing this effect
have been implicated: abolition of sexual selection in farm conditions and
enhancement of selection for increased total body size on males and females.
These mechanisms can hardly account for the decrease in sexual dimorphism
for craniological dimensions in the domesticated fox population. As to
sexual selection, its effect was also abolished in the population unselected
for behaviour (the control) with which the experimental population was
compared. And selection for increased total body size was abolished precisely
in the domesticated, not in the control, fox populations.

It is noteworthy that during early domestication the facial area of the skull
became shorter and wider in dogs, like in foxes (Clutton-Brock, 1997; Wayne
and Ostrander, 1999). Surely, evolutionary changes in craniological traits, as of
any others, should be discussed in a genetic context. However, it is extremely
difficult to relate the specific craniological to the specific genetic changes. To
begin with, too little is known about the genetics of the shape and size of
the skull. There are the traditional estimates of the heritability of certain
dimensions in rats and mice (Atchley et al., 1981). The quantitative genetics
of the mandible has been studied in mice (Atchley, 1993), and the effects of
certain pigmentation genes on the skull shape were identified in the American
mink (Lynch and Hayden, 1995). Secondly, questions arising when studying
craniological variability concern the developmental mechanisms even more
(Atchley and Hall, 1991; Hanken and Hall, 1993). Thus, it is known that one of
the sources of changes in the size and shape of the skull is alteration in the
allometric interactions between growth rates. This proved that some changes
in the craniological characters of foxes are explicable by precisely these
alterations (Trut et al, 1991). The genes controlling allometric interactions
determine either the time when a structure appears, or its growth rate.
Allometry changes during development. It seems its genetic determination also
changes at different stages. A crucial role was assigned to developmental rate
changes in surveys of the morphological evolution of the dog. In turn, the
important role of selection for decreased body size and reproductive timing
was recognized in discussions of the nature of changes in allometry (Moray,
1994; Clutton-Brock, 1997; Wayne and Ostrander, 1999). Possibly, the wolf
was selected naturally or artificially for smaller body size during early
domestication. But the sole selective criterion for modelling the domestication
of foxes was behaviour. Total body size was an irrelevant character. Body size
of domesticated foxes was compared with that of farm-bred foxes only at
certain steps of selection (the Fy5_17 and the F,5 55). The comparisons revealed
no correlated decrease in body size and, more than that, total body length
tended to increase in tame males. It is precisely in these males that the
decrease in craniological proportions and changes in the face skull were most
expressed. As for the effect of direct selection for reproductive timing on the
emergence of the described skull changes, its efficacy appeared very doubtful,
as noted above. However, changes in these characters occurred in foxes as
correlated responses to selection for behaviour (Logvinenko et al., 1978, 1979).
There is ample reason to believe that changes in the allometric interactions are



Early Canid Domestication 31

the correlated consequences of selection vectorized for domestication. This is
evidence that profound genetic changes have occurred in the developmental
regulatory processes under this selection.

Reorganization of the Seasonal Reproduction Pattern

It should be re-emphasized that a major evolutionary consequence of
domestication was a fundamental reorganization of the vital function of
reproduction. Dogs lost the reproduction seasonality pattern, and they became
able to reproduce in any season and more than once a year. It is of importance
that, in the domesticated fox population, the functional activity of the
reproductive system was recorded both in females and males at times beyond
the fox breeding season stabilized by natural selection (Belyaev and Trut,
1983). The mating season in foxes normally lasts from the beginning of
January to the end of March. Males are in a state of sexual activity during all
of this period. Mating entirely depends on when the females are in oestrus.
Variability in the mating time during the seasonal time interval is determined
mainly by environmental factors, and direct selection for this trait is ineffective.
It is very important that some vixens showed oestral activity both in the
autumn and spring, i.e. biannual oestricity tended to form. However, fertile
extra-seasonal matings were extremely rare (Fig. 2.15). Pedigree analysis
indicated that there indeed occurred an inherited reorganization of the
seasonal rhythm of breeding: 300 females in which extra-seasonal sexual
activity was recorded in the course of the experiment belonged to 20 unrelated
families, i.e. extra-seasonal breeding arose in 20 female founders. Two of
these, referred to the domestication elite, transmitted this ability to the numer-
ous offspring of different generations. Seventy females showing extra-seasonal
mating activity derived from one of the female founders and 49 came from
the other. It is a matter of some importance that analysis of the degree of
domestication in foxes tending to lose the strict seasonality of reproduction,
and of their ancestors, indicated that this tendency can be regarded as a
correlated response to selection for amenability to domestication.

Selection and Developmental Rates

Thus there are strong grounds for believing that the morphological and
physiological reorganizations in silver foxes are the mirror images of the
historical pathway of the domestic dog. As already noted, discussions on
the nature of the reorganizations brought about by dog domestication centred
on the developmental processes and their rates. Neoteny, the retention of
the juvenile traits of morphology and behaviour into adulthood, is widely
accepted as a mechanism by which the dogs became diversified. Neoteny as
an evolutionary trend is an appealing notion. Thus, it has been postulated that
certain breed-specific locomotor and behavioural features are actually retarded
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juvenile responses (Coppinger et al., 1987). Wayne (Wayne, 1986; Wayne and
Ostrander, 1999) extended the idea to craniological characters. Furthermore,
there is reason to suppose that some of the differences in the area distributions
and amount of brain neurotransmitters (dopamine, for example) between
breeds also reflect developmental differences in the neurotransmitter pattern
(Arons and Shoemaker, 1992). To reiterate the crucial question posed in the
Introduction: What genetic changes made domestic animals similar to the
juvenile forms of their ancestors? Or in other words, what evolutionary
processes have led to neoteny? Possibly the results obtained in the course
of fox domestication may shed light on the primary cause of changes in
developmental rates. The important fact was that changes in the rates of the
corresponding processes underlied the emergence of many new characters in
the domesticated foxes (Fig. 2.6). Thus, it has been suggested that reorganiza-
tion from the relatively wild to more docile behaviour during selection was
effected through changes in maturation timing that set the boundaries of the
sensitive period of socialization. As a result, the duration of the period in foxes
became prolonged and approached the one in dogs (Scott, 1962; Belyaev
et al, 1984/85). The developmental rates of certain morphological traits
changed, too. A typical dog-like characteristic, such as floppy ears, is nothing
else than a retained infantile feature. Ears are floppy during the early postnatal
period in all fox pups. They become upright at the age of 2-3 weeks in
offspring of the farm-bred population and at 3-4 weeks in that of the
domesticated population. However, in some pups, ears were still not erect by
the first 3-4 months of life and floppiness was lifelong in exceptional cases.
Even certain changes in coat colour were due to shifts in developmental rates.
As noted, the Star white marking was one of the earliest correlated responses
to selection. It was found that the Star mutation causes piebaldness, affecting
the developmental rate of the primary melanoblasts, the embryonic precursors
of the melanocytes. The mutation delays their migration as they travel from the
neural crest (the embryonic structure from which the melanoblasts derive) and
their proliferation. The earliest melanoblasts normally appear in the epidermis
of fox embryos on day 28 of development, while they appear on day 30 in car-
riers of the Star mutation (Prasolova and Trut, 1993). The melanoblasts arrive
too late to the potentially unpigmented areas so that they cannot enter the hair
follicle at the appropriate time. For this reason, there are no melanocytes
in the areas devoid of pigment. The described changes in craniological
dimensions in the domesticated foxes are also determined by shifts in the
temporal parameters of development. Analysis of the pattern of intracranial
allometry demonstrated that selection for behaviour shifts the time of the
appearance of the cranial structures and their growth rates (Trut et al., 1991).

The changes in the establishment rates of hormonal status in the experi-
mental foxes appeared to be of importance. Thus, the pattern of embryonic
and early postnatal establishment of the functional parameters of the
pituitary—adrenal axis was altered in the tame foxes (Plyusnina et al., 1991,
Oskina, 1996). As is now well known, hormones have multiple tissue and
function targets. A particular hormone at the right time and in the appropriate
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concentration are the conditions necessary for their development and function.
If all the conditions, or just one, are not met, a particular developmental
process and its rate can become destabilized.

Effect of Selection on the Hormonal and Neurotransmitter
Systems

Clearly, the rates of certain processes were shifted both during postnatal and
embryonic development in the tame foxes. The question was, what genetic
systems relevant to the regulation of development rate may possibly be
affected by selection for behaviour? The set of genes controlling the functional
state of the pitiutary—adrenal axis was probably implicated in the first place. An
earliest correlated response to selection for tameness was attenuated activity
of the axis. The common pool of circulating glucocorticoids, their in vitro
production, the basal level of the adrenocorticotrophic hormone (ACTH),
and the adrenal response to stress were all reduced in foxes subjected to
domestication (Fig. 2.16) (Oskina, 1996). As a consequence of these changes,
the entire development of the embryos of domesticated foxes enfolded at
a decreased level of maternal glucocorticoids (Fig. 2.17). Such correlated
changes in the activity of the pituitary—adrenal axis occurred not only in foxes.
In fact, selection of rats for high- and low-anxiety related behaviour was
also associated with changes in the functional state of the hypothalamic—
pituitary—adrenal axis (Liebsch et al, 1998; Neumann et al., 1998, Ramos
and Mormede, 1998). The role of these hormones in development is hard to
overestimate. It suffices to note that the genes for the glucocorticoid receptors
were found in the tissues of all the three germ layers (Kitraki et al., 1997). Of
particular concern presumably is that glucocorticoids have the functions
of coordinators of temporal parameters of development (Bares et al., 1994). In
in vitro conditions, glucocorticoids control the time of cell proliferation and
induce differentiation in the cells. The level of these hormones and the time of
their appearance in in vivo conditions may be involved in the regulation of the
duration of developmental processes.

The neurotransmitter genetic systems are primarily under the pressure of
selection for behaviour. The activities of the serotonin, noradrenaline and
dopamine transmitter systems in the specific brain regions, implicated in the
regulation of the selected emotional defensive responses, were also altered
in the tame foxes (Popova et al., 1991, 1997; Trut et al., 2000). This is most
consequential because neurotransmitters perform the functions of morpho-
genes (Buznikov, 1987; Lauder, 1988; Lesch and Mossner, 1998). Not just
early embryos, the reproductive cells contain the complete ‘assembly’ of the
transmitter systems (the transmitters, the enzymes providing their synthesis,
equivalents of their receptors). Each neurotransmitter has its own time
course of changes and functions that alter during the stages of embryonic
development. The serotonin transmitter system is thought to be the key in the
inhibition of aggressive responses and its activity rose considerably during
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Fig. 2.16. Parameters of the functional activity of the pituitary—adrenal axis in farm-bred (m) and
domesticated (o) foxes.

selection for domestication (Popova et al., 1991, 1997; Trut et al., 2000). This
system is involved in triggering and regulating cell division, as well as in the
migratory activity of embryonic cell material (Buznikov, 1987; Lesch and
Mossner, 1998). Later during development, serotonin may cause deviations, for
example, in the shape of the face and cerebral skull (Lauder, 1988). It is
remarkable that selection of foxes for domestication not only enhanced the
functioning of the serotonin system, but also, as described above, produced
changes in the skull structures. Thus, it has been compellingly demonstrated
that the neurohormonal and neurotransmitter systems are certainly involved
in the regulation of development from its earliest onset, particularly in the
regulation of its rate. Clearly, changes in the activities of these systems produce
a destabilization of the temporal parameters of development. This is true for
the experimental domesticated population of silver foxes.



36 LN. Trut

i —e— Farm-bred
14 o * i —s— Domesticated
\ /
12
5 oo
=~ 8F [—
3 § \§ §
£ 6k N g
8 S
1
2
0 | | | | | | |

2 9 18 27 36 45 2days

Days of pregnancy after delivery

Fig. 2.17. Plasma cortisol level in farm-bred (e) and domesticated (o) vixens during pregnancy.

Implications for the Evolution of the Domestic Dog

It will probably never be guessed what course the evolving dogs might have
followed. One can only come closer to a better understanding of the pathways
and factors guiding evolving dogs by using approximations. It is hoped that
the domestication experiments with foxes will shed some light on a long-
disputed issue. Surely, the conditions of experimental re-creation of domesti-
cation in our days do not, even in rough outline, truly bring out the start of
the ancient process. The task of the grand-scale experiment was to reproduce
the major, as initially suggested, factor in the first steps of domestication — the
strongest selection pressure on behaviour. All animals from the very start of
domestication were challenged by the same evolutionary situation of the
pressure of selection — primarily natural — on the specific behavioural traits
favouring adaptation to the novel social factor — human beings.

What are the lessons of the long-term selection of foxes for tameness
which are helping us to make clearer judgements about the evolutionary
genetic mechanisms of dog domestication? In the light of the results, Hemmer’s
view (Hemmer, 1990) on the reorganization of dog behaviour becomes hardly
tenable. He believed that selection for decreased sensitivity of the receptor sys-
tems, which started to act at the earliest stages of domestication, reorganized
dog behaviour. As a result of the ‘underreception’, exploratory behaviour,
stress responsiveness and the fear response all attenuated, and docility formed.
On the other hand, foxes selected for domestication were characterized by an
earlier establishment of the first auditory response, earlier opening of the eyes,
and a higher level of exploratory behaviour. Later development of the fear
response and, owing to this, lengthening of the sensitive period of socializa-
tion, were the mechanisms of adaptation to human and tame behaviour.
To put it in another way, reorganization of behaviour towards domesticity
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affected primarily the genes determining the rate of receptor-behavioural
development, not the reception level. It was a different matter when morpho-
logical mutations exerting a pleiotropic effect on the reception level arose, but
these were not the particular mutations that determined the formation of
domestic behaviour and the success of social adaptation to a man-made
environment.

The experiment with fox domestication demonstrated that, under condi-
tions of strong selection pressure on the behavioural genetic systems, there
occurred an increase, in the shortest time span (at the 8th—10th generations), in
morphological and physiological changes. This disagrees with the view that
the dog remained unaltered for a long time. This view was expressed when
examining the possibility of reconsidering the timing of dog domestication
(Vila et al., 1997). The data on fox domestication are consistent with the classic
view that the first increase in diversity occurred explosively from the earliest
step in the course of historical domestication of the dog (Herre, 1959; Zeuner,
1963). Our experimental data suggest that the accumulation of new chance
mutations and their homozygotization due to inbreeding did not play a major
role. Most probably, the phenotypic changes which have arisen in the course
of domestication were caused by changes in a few genes. However, these
genes have system effects. Their function (mission) was to integrate entire
development as a whole and, for this reason, they occupied the highest level
in the hierarchical structure of genome expression regulation. Even small
genetic changes at this high level of regulators could produce a cascade of
changes in gene activity and, as a consequence, rapid and extensive changes
in the phenotype. Many changes in fox phenotype, under conditions of their
experimental domestication, had resulted from shifts of the rates at which the
relevant developmental processes proceeded. Developmental shifts in tame
foxes, had, as in dogs, pedomorphic features: a trend to accelerated sexual
maturation against the background of retarded development of somatic
characters. The retarded development gave rise to adults showing characters
arrested in a developmental stage (neoteny). The role of direct selection for
accelerated sexual maturation as an evoluutionary mechanism of neoteny
emergence has often been examined. Our data strongly suggest that this
mechanism is selection for tameness, which affects the genetic systems with
the function of development rate regulators at the level of the whole organism.
As for acceleration of sexual maturation in foxes, it is also a correlated
response to such selection.

Taken together, all the evidence suggests that the concordant behavioural-
morphological and physiological reorganization in the fox and dog, as well
as the similar changes in their developmental timing, may result from the
same genetic changes provoked by addressed directional selection. Clearly,
the experiment with fox domestication demonstrated what tremendous
evolutionary potential may be released by selection for behaviour. Some
important milestones in the evolutionary pathway of dogs under domestication
were reproducible in the short span of 40 years by strongest selection for
the genetic systems of the specific behavioural trait tameability. This selection
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may be regarded as the key and universal mechanism of the evolutionary
reorganization of animals during their historical domestication.
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Introduction

Domestication commonly entails morphological divergence in size and confor-
mation from wild progenitors. The underlying changes in skeletal size and
proportion are the primary indicators of domestication in the archaeological
record (see Zuener, 1963; Epstein, 1971; Clutton-Brock, 1987, 1995) and may
indicate new modes of selection in captivity (Vila et al., 1997). Rather than
function or fancy, many morphological changes may be a by-product of selec-
tion for docility (see Chapter 2). Regardless of this, morphological change
under domestication often follows regular rules that are an expression of the
underlying complexity of genetic and developmental systems. These regular
rules are manifest by coordinated changes in proportion with a change in size.

Changes in proportion with size occur at a variety of levels from changes
during development (ontogenetic), among adults of different breeds (intra-
specific) and among adults of different species (interspecific). These levels of
relative growth may be connected mechanistically, for example, by retarding
growth rates in development, juvenilized adults may be formed, a process
called neoteny (Gould, 1977). Consequently, ontogenetic and intraspecific

©CAB International 2001. The Genetics of the Dog (eds A. Ruvinsky and J. Sampson) 43



44 R.K. Wayne

allometry may be related. Neoteny, as a mechanism for creating evolutionary
novelty and new species, extends this connection to interspecific scaling
among species as well (Gould, 1977). In this chapter, allometric patterns
among wild canids and among dogs will be reviewed to illustrate the morpho-
logical changes that have occurred under domestication. Similar changes
that occur during development of individual dogs will then be discussed. A
simple development model will be presented that attempts to account for the
allometric patterns among adult dogs. The unusual allometry of dog develop-
ment may explain, in part, the immense diversity in size and proportion of dog
breeds. We currently do not have an adequate understanding of the genetic
basis for differences in size and proportion between breeds despite extensive
past breeding experiments (e.g. Stockard, 1941; Belyaev, 1979; Chapter 2).
However, an understanding of the pattern of morphological differentiation
between breeds provides direction for future genetic studies.

Measurements and Methods

A variety of cranial and limb measurements have been used to characterize
proportional diversity in length and width of skeletal elements in wild and
domestic canids. These have been chosen so as to assess locomotor and dental
function in carnivores (e.g. Hildebrand, 1952; Radinsky, 1981; Van Valken-
burgh, 1989; Van Valkenburgh and Koepfli, 1993), to improve taxonomy and
systematics (e.g. Langguth, 1969; Clutton-Brock et al., 1976; Nowak, 1979) or
to understand the process of evolution and domestication (Wayne, 1986a,b,c;
Morey, 1992, 1994; Wayne and Ruff, 1993). By and large, many of the same
measurements are taken in all studies, although used to different ends, and
involve the measurement of tooth length and width, cranial and zygomatic
width, face length and width and limb bone length and mid-shaft width
(Fig. 3.1). Measurements are often standardized to an index of body size, such
as total skull length or femur length so that they can be compared among taxa
of different sizes. Measurements are usually made on skeletons in museum
collections and for multiple individuals from different sexes within each breed
and species. If the sexes are dimorphic, they may often be treated separately
or just one sex is examined (e.g. Gittleman and Van Valkenburgh, 1997). A
subset of these measurements may be made from radiographs to determine
proportions of living adults or developing juveniles (Wayne, 1986a,b).

The diversity in skeletal measurements can be portrayed by multivariate
techniques that attempt to summarize the most significant components of
variation in the data (Sokal and Rohlf, 1995). However, the interpretation of
changes in form often are most readily visualized with bivariate or allometric
plots expressing the change in one measure with that of another or with some
index of body size (e.g. Fig. 3.2). These plots are generally log/log so that
proportional change in a structure is indicated. If the slope of the relationship
is 1, then the ratio between the two measurements does not change (the effect
of photographic enlargement) and the relationship is isometric. If the slope is
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less than 1 (negative allometry), the independent variable is relatively smaller
with increasing size and if the slope is more than 1 (positive allometry), the
independent variable is relatively larger with an increase in size. Allometric

Fig. 3.1. Diagram of 21 cranial and dental measurements (this page) and 16 limb bone
measurements (next page) made on domestic dogs and wild canids. Mandible width (MW) is
not figured and is defined as the medial lateral width at the posterior end of the fourth premolar.
Abbreviations and descriptions: this page, total skull length (TSL), face length (FL), palatal length
(PL), basicranial length (BCL), upper premolar tooth row length (TRL), mandible length (ML),
palatal width (PW), maximum cranial width (MCD), zygomatic width (ZW), least cranial width
(LGW), cranial depth (CD), premaxilla depth (PD), mandible height (MH), P? length, (P3L), P*
length (P4L), M" length (ML), M? length (M2L), M width (M'W), M? width (M2W), and My length
(M4L); next page, femur length (LF), femur width (WF), metacarpal length (LMT), metacarpal
width (WMC), radius length (LR), radius width (WR), ulna length (LU), humerus length (LH), tibia
length (LT), tibia crest length (LTC), olecranon length (LO), metacarpal length (LMC), metacarpal
width (WML), scapula length (LS), scapula width (WS), and width infraspinous fossa (WFO). See
Wayne (1986a,b) for detailed descriptions of measurements and specimens.
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relationships are commonly interpreted in functional terms, for example, with
regard to biomechanical or physiological explanations of form and function
(Brody, 1945; Kleiber, 1961; Taylor, 1970; McMahon, 1975; Schmidt-Nielsen,
1984; Alexander, 1992; Van Valkenburgh and Koepfli, 1993). However, regular
changes in proportion with size (allometry) may also reveal developmental,
mechanical or phylogenetic constraints on the way in which structures can
change (Gould, 1977; Gould and Lewontin, 1979).

< \J Scapula

Femur

Radius
C—mie____ ) Metacarpal Limb
> —vMC bone
7 measurements
— WMT  <J{ Metatarsal
Humerus :  MT— 1

Fig. 3.1. Continued.

Fig. 3.2.

Log/log plots of face length (a), zygomatic width (b), palatal width (c), and P* length (d) against

skull length for domestic dogs (intraspecific) and wild canid species (interspecific). Measurement values
of domestic dogs are represented by points and values of wild canids are represented by numbers. The

position of

the ancestor of the domestic dog, the grey wolf is indicated. See Table 3.1 for regression

statistics. Measurements in centimetres. Numbers: 1, wolf-like canids, genus Canis, Cuon, Lycaon; 2,
fox-like canids, genus Vulpes and Alopex; 3, South American foxes, genus Cerdocyon and Dusicyon; 4, the
fennec, genus Fennecus; 5, the grey fox, genus Urocyon; 6 abberant canids, genus Speothos (bushdog),
Chrysocyon (maned wolf), Nyctereutes (raccoon dog), Otocyon (bat-eared fox) and Atelocynus (short-eared
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Morphological Diversity of Domestic Dogs

Multivariate analysis of 21 cranial and 16 limb bone measures on 202 domestic
dogs and 3-10 individuals from each of 27 wild canids showed that diversity in
dogs far exceeds that of their wild brethren (Fig. 3.3). However, taken
together, dogs do not overlap the multivariate position of fox-like wild canids
(numbers 2-5, Fig. 3.3). The variables on the cranial measurement axes are
primarily skull width and tooth length rather than skull length (Wayne, 1986a;
see also Morey, 1992). In limb bone measures, dogs and small wild canids are
distinct with regard to differences in olecranon, metapodial and scapula
morphology (Wayne, 1986b). These results show that, although dogs exceed
the diversity in size and conformation found among wild canid species, no
dogs have cranial or limb proportions similar to small fox-like wild canids.
These differences can be readily visualized on log/log plots with skull
length and femur length as independent variables for cranial-dental and limb
measurements, respectively. Both skull and femur length are well correlated
with body weight (Wayne and Ruff, 1993). With regard to cranial width, dogs
are negatively allometric with slopes much lower than wild canids (Table 3.1,
Fig. 3.2). In contrast, measures of skull length are nearly isometric (slopes near
1D in both wild canids and domestic dogs. Consequently, small dogs have a
wider cranium and face compared to large domestic dogs or wild canids of the
same skull length. For example, the ratio of cranial width to total skull length
in the Chihuahua is 0.59 whereas in the Great Dane it is 0.31. Small dogs and
small wild canids such as foxes are morphologically dissimilar because the
cranium and face of small foxes is more elongate and tapered (Wayne, 1986a).
Similar negative allometry is evident in dental measurements (Table 3.1).
Therefore, large dogs generally have smaller and less robust teeth than small
dogs and all dogs generally have smaller teeth than wild canids of the
same size. In fact, the generally smaller teeth of domestic dogs is one of
the distinguishing characters separating wild wolves from equivalently sized
domestic dogs and is one of the first indicators of domestication (Olsen, 1985;
Clutton-Brock, 1995). Other characters include a prominent stop, toothrow
crowding and a broad cranium and face (Epstein, 1971; Olsen, 1985; Clutton-
Brock, 1995). Finally, dogs show much more variability in cranial and dental
proportions than do wild canids. This conclusion is evidenced by the generally
larger standard error of the regression for dog allometry (Table 3.1). For
a given skull length, a great variety of proportions is found, supporting the
obvious conformation diversity evident among dogs of similar size (Fig. 3.2).
The allometric scaling of limb measurements in domestic dogs and wild
canids is more similar than that of cranial measurements (Tables 3.1, 3.2).
Here, femur length is the standard index for body size rather than skull length
(Fig. 3.4). In fact, the regressions for wild canids and domestic dogs are not
significantly different for measures of ulna and humerus length. The greatest
difference in regression lines of domestic dogs and wild canids occurs with
measures of metacarpal length, olecranon length, scapula length and long
bone width (Table 3.2, Fig. 3.4). With the latter three measurements, allometric
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slopes are smaller and intercepts greater in domestic dogs than in wild canids.
The reverse pattern is evident for metatarsal length. However, all allometric
lines generally converge at large size (e.g. Fig. 3.4). Consequently small dogs
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Fig. 3.3. Coordinate position of domestic dogs (dots) and wild canids (Nos 1-6) on the first two
axes of a discriminant analysis of cranial (top) and skeletal (bottorn) measurements. Numbers as
in Fig. 3.2.
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Table 3.1.  Standard errors of the regression, slope (b), and intercept (a) for the regression of
the log of the indicated variable on the log of total skull length

Wild canids Adult domestic dogs Developing domestic dogs
Dependent
variable SE b a SE b a SE b a
Cranial length
FL 0.012 1.04 -032 0.014 100 -025 0.017 094 -0.17
PL 0.021 1.02 -047 0.027 097 -040 0.011 095 -0.38
BCL® 0.021 083 -026 0034 083 -033 0.031 105 -0.48
TRL 0.034 102 -055 0.041 096 -0.48 - - -
ML 0.012 1.06 -0.16 0.022 09 -0.03 0.017 1.04 -0.11
Cranial width and depth
PWwab 0.033 110 -0.61 0.060 0.57 0.09 0029 069 -0.08
MCWwab 0.027  0.60 0.01 0.026 0.24 047 0025 0.38 0.35
ZWab 0.028 1.03 -0.26 0.050 0.59 0.30 0.030 0.81 0.00
LCwab 0.050 076 -0.41 0.059 0.19 034 0013 0.11 0.61
cDh? 0.031 085 -0.22 0037 052 0.24 0023 047 0.25
PD? 0.046 124 -113 0.065 094 -0.70 0.041 086 -0.67
Mwz 0.041 129 -160 0.064 078 -093 0.041 073 -0.83
MHab 0.047 139 -142 0.052 116 -1.08 0.069 095 -0.78
Dental length and width
p3La 0.042 109 -129 0.050 067 -0.77 - - -
p4La 0041 115 -118 0.035 0.58 -0.49 - - -
MTLa 0.062 084 -1.00 0.054 064 -0.74 - - -
M2La 0.072 054 -0.86 0.082 072 -1.07 - - -
M1wa 0.032 097 -096 0038 0.67 -0.60 - - -
M2w 0.048 074 -0.86 0.037 068 -0.82 - - -
MmiLe 0.042 117 -115 0.032 062 -0.46 - - -

aRegression lines of wild canids and adult domestic dogs are significantly different (P < 0.05).
bRegression lines of adult domestic dogs and developing domestic dogs are significantly different
(P < 0.05).

have shorter metatarsals, longer olecrana and scapulas and wider bones than
wild canids of equivalent femur length. In general, large dogs have similar
limb proportions to wild canids except for a tendency to have wider bones
(Wayne, 1986b). Finally, with the exception of olecranon, metapodial and
scapula length and width and measurements of bone width, most allometric
slopes approach 1. Hence, small dogs are similar in proportion to large ones
except with regard to these negatively allometric measurements for which they
are proportionally different.

In summary, the allometric scaling of cranial and dental length in dogs
differs dramatically from that in wild canids. Because the allometry is often
negative in dogs, small dogs have relatively larger measurement values and
are more distinct than large dogs from wild canids of the same size. There
is less divergence in limb bone allometry between wild and domestic canids,



Morphological Diversity 51

Table 3.2.  Standard errors of the regression, slope (b), and intercept (a) for the regression of
the log of the indicated variable on the log of femur length

Wild canids Adult domestic dogs Developing domestic dogs
Dependent
variable SE b a SE b a SE b a
Long bone length
LR? 0.029 108 -012 0.023 104 -007 0.012 1.00 -0.07
LUP 0.030 1.05 -0.02 0.017 1.02 0.02 0.024 0.98 0.04
LH 0.016  0.95 0.03 0014 095 0.02 0.018 095 0.01
LTab 0.026 0.95 0.09 0.020 1.01 0.09 0.023 106 -0.11
LTC? 0.037 098 -0.61 0.060 1.03 -0.63 - - -
LO® 0.052 099 -062 0045 083 -036 0.030 093 -0.31
LMC? 0.030 1.04 -045 0.032 090 -029 0.023 093 -0.27
LMT2 0.037 089 -0.21 0.207 093 -029 0.037 0.83 0.30
Long bone width
WMC? 0.103 100 -150 0120 0.85 -1.18 - - -
WH? 0.056 096 -1.10 0088 0.85 -0.89 0.871 082 -0.77
WMT? 0.060 091 -132 0.075 076 -1.05 - - -
WF2 0.043 088 -1.00 0.074 076 -078 0420 076 -0.73
WFE? 0.036 092 -059 0.066 089 -0.50 - - -

Relative width

WMC : WMT 0.081 1.08 -0.02 0.108 1.08 —0.01 - -
WH : WF 0.040 1.07 -0.02 0050 1.09 -0.01 0.381 1.07 0.02
WMC:WH 0.098 100 -030 0.108 0.92 -0.29 - - -
WMT : WF 0.055 100 -028 0.057 0.95 -0.26 - - -

Scapula length and width

LS2b 003 106 -021 0.037 087 008 0.029 092 -0.09
Wsp 004 089 -023 0.067 084 -017 0.053 093 -0.23
WFQ2 004 094 -048 0.070 0.82 -0.33 - - -

aRegression lines of wild canids and adult domestic dogs are significantly different (P < 0.05).
bRegression lines of adult domestic dogs and developing domestic dogs are significantly different
(P < 0.05).

but in all measures, the greatest dissimilarity is between small dogs and their
wild counterparts. This makes sense considering that dogs were domesticated
from wolves rather than small fox-size canids (Chapter 1). However, there
are developmental reasons why there is so little similarity as well, a topic
discussed next.

Ontogenetic Allometry of the Domestic Dog

Cranial and limb growth were measured in developing puppies from four dog
breeds that differed dramatically in adult size and conformation including a
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Lhasa Apso, Cocker Spaniel, Labrador Retriever and Great Dane (Wayne,
1986a,b). Additionally, data on cranial growth from a German Shepherd
obtained by Becker (1923) were used. In several measurements, allometric
scaling of juvenile domestic dogs of various ages (ontogenetic) is similar or not
significantly different from that among adults from different breeds (intra-
specific) (Table 3.1). Those measurements that do show significant differences
between ontogenetic and intraspecific allometry are generally those that
measure aspects of cranial width (e.g. PW, MCW, LCW) as opposed to length
(e.g. FL, PL, ML, TRL). However, these scaling differences are slight when com-
pared to those between wild and domestic canids (e.g. Fig. 3.2). Consequently,
there is a similarity between juveniles and adults of small breeds, many small
breeds are therefore ‘juvenilized’ or neotenic (retaining juvenile proportions).
In fact, some breeds are neotenic in the extreme, similar in proportion to
neonate dogs of large breeds (Fig. 3.5). However, all breeds lying about the
ontogenetic scaling line might be considered neotenic (Wayne, 1986a).

The allometric scaling similarly of growing dogs and of adults is more
apparent with measurements of limb bone length (Table 3.2). Ontogenetic and
intraspecific scaling does not differ for most measurements and those that
differ significantly do not differ to a large degree (e.g. Fig. 3.5). The greatest
differences are in measurements of limb bone width; puppies have propor-
tionally wider bones than adults of the same size (growth is negatively
allometric) (Table 3.2). In general, there is proportional similarity between
growing dogs and adults of the same size from small breeds. So as with cranial
measurements, dogs are neotenic.

Specific Growth Rates of Cranial and Limb Bone Measurements

The ratio of specific growth rates of measurements equals their allometric
slope (see Wayne and Ruff, 1993). Consequently, changes in the specific
growth rate of measurements will cause altered scaling coefficients and
influence intraspecific allometric patterns. For example, in the Lhasa Apso and
Great Dane, specific growth rates of zygomatic width are similar but skull
length rates are lower in the Lhasa Apso (Fig. 3.6). As a result, the adult Lhasa
Apso has a shorter and broader skull relative to the Great Dane. Such simple
alterations in relative growth rates may explain, in part, the great diversity in
the cranial conformation of dogs.

Postnatal limb bone growth appears more uniform in dogs (Wayne,
1986b). For example, specific growth rates do not differ for radius length of
four breeds that are divergent in adult size (Fig. 3.7). This may explain the

Fig. 3.4. (opposite) Log/log plots of metacarpal length (top), and humerus length (bottom)
against femur length for domestic dogs and wild canid species. Measurement values of domestic
dogs are represented by points and values of wild canids are represented by numbers. The
interspecific line is indicated for the regression of humerus length and femur length. See Table 3.2
for regression statistics. Measurements in centimetres. Numbers as in Fig. 3.2.
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general isometric scaling in dogs with respect to limb length (Table 3.2; Wayne
1986b,c; Wayne and Ruff, 1993). Differences in limb proportion among breeds
may therefore reflect proportional differences at birth more so than cranial
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Fig. 3.5. (A) Log/log plots of palatal width against total skull length for juvenile German Shep-
herds (triangles, Becker, 1923) and adult domestic dogs (solid circles). The isometric line repre-
sents the proportional enlargement of a neonate German Shepherd. (B) Log/log plots of humerus
length against femur length for juvenile dogs from four different breeds (circles) and adult domes-
tic dogs (solid circles). Measurements in centimetres.
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dimensions. Finally, when specific growth rates of measurements do not
correspond, their scaling will not be isometric; for example, the relative growth
rates of metatarsal and femur length change with age (Fig. 3.8). At first
metatarsal growth rates are higher than that of the femur but after about 100
days of age metatarsal growth rates are lower. Consequently, puppies have
larger feet than adults do and the allometric slope is negative (Table 3.2).
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Fig. 3.6.  Specific growth rates of zygomatic width (ZW, /eff) and total skull length (TSL, right) against

time for the Great Dane (open squares) and the Lhasa Apso (solid squares). Specific growth rates in units
of 1/day x1000.
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Fig. 3.7.  Specific growth rate of radius length vs. time for growing domestic dogs. Great Dane
(solid circles), Labrador Retriever (stars), Cocker Spaniel (triangles), and Lhasa Apso (solid
squares). Specific growth rates in units of 1/day x1000.
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Fig. 3.8. Specific growth rates of metatarsal (solid circles) and femur length (stars) vs. time for
the Lhasa Apso. Specific growth rates in units of 1/day x1000.

A Theory of Diversity in the Dog

The diversity in cranial conformation of dogs may stem from the profound
changes in size and form that occur during postnatal growth (Wayne, 1986a).
Neonatal dogs have an extremely broad and foreshortened cranium, whereas a
typical large dog, such as an adult German Shepherd, has a long tapered face
and cranium (Fig. 3.9). Developmental alterations that truncate, accelerate, or
retard aspects of this ontogenetic transformation create dramatically divergent
skull morphologies that can readily be selected by breeders. Puppy-like
morphological features in adult animals are often cultivated directly by
humans (Gould, 1979). Alternatively, selection for docility and puppy-like
behaviour may alter developmental processes affecting both morphology and
behaviour (see Chapter 2). For example, our preliminary results suggested
alterations of growth rate may explain the wider skulls of small breeds
(Fig. 3.6). Because dogs exhibit strong allometric scaling in development
(Table 3.1), dramatically new cranial proportions can evolve through simple
changes in the timing and rate of postnatal growth. However, such postnatal
growth rate changes are not apparent in limb bone measurements.

Postnatal allometric scaling in cranial growth is not as dramatic in other
domestic mammals and, consequently, simple alterations in timing and rates of
growth will not translate into dramatic differences among adults. For example,
neonatal and adult domestic cats vary little in proportion (Fig. 3.9) and
ontogenetic scaling in skull length and width is isometric, hence cat breeds
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Fig. 3.9. Dorsal view of a skull of (a) a domestic dog neonate and (b) an adult dog, contrasted with
that of (c) a domestic cat neonate and (d) an adult cat. All skulls are drawn to the same length.
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are relatively similar in cranial proportions. Cranial diversity among adults
from different breeds is reflected by ontogenetic diversity in other domestic
mammals as well (Wayne, 1986a). This result implies that the difference in
diversity between dogs and other domestic animals reflects the degree to
which neonates and adults differ in conformation. Because of the strong
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allometric scaling of cranial growth in dogs, the action of developmental genes
that prolong or truncate juvenile patterns of growth will cause more dramatic
change in adult dogs than in other domestic animals that have isometric
patterns of growth throughout development (e.g. Fig. 3.9). Consequently, a
focus of molecular genetic studies should be toward identifying genes that
influence growth rate and timing of skeletal development in breeds of differing
size and conformation. Molecular techniques that have been applied to bone
disorders might well be applied to understanding skeletal differences among
breeds (e.g. Everts et al., 2000).

These observations on scaling among developing dogs, adult domestic
dogs and wild canids suggest an explanation for the limits to diversity as well.
No small domestic dogs have cranial proportions similar to that of wild fox-like
canids of similar body size. The reason for this pattern of non-overlap may be
that dogs are born with extremely wide crania that through negative scaling
narrow in the typical adult dog skull (Fig. 3.9). A domestic dog neonate is
approximately 50% the length of an adult fox but has a skull 90% of the width.
Thus, the growth rate of skull width would need to be nearly nil to develop
into a fox-sized adult with the appropriate fox-like proportions. It has been
suggested that differences in neonate proportions of foxes and dogs may
explain the difference in proportion between adults foxes and small dogs
(Wayne, 1986a). This difference arises because foxes are born premature
relative to dogs, having a gestation time of only 52 days vs. 63 days in the
domestic dog. Consequently, neonate foxes are born with a different skull
conformation and begin postnatal patterns of scaling relatively earlier. To
bridge the morphological gap between the two species, artificial selection
needs to produce more precocial dogs (Wayne, 1986a,c).

Summary Comments

Domestic dogs are remarkably diverse in size and conformation. This diversity
exceeds that within the family Canidae. However, the overlap between wild
canids and dogs is restricted to the large canids, mostly from the genus Canis,
the close relatives of the domestic dog (Fig. 3.3; see Chapter 1). Small dogs
are evolutionarily unique in conformation and tend to have juvenilized or
puppy-like traits. This may be due to simple alterations of growth rate acting
on a strongly allometric pattern of ontogenetic growth. Artificial selection may
have been directed on the cranial traits themselves or on behaviour that also
alters development mechanisms affecting morphology (see Chapter 2). The
great diversity of domestic dogs may stem from postnatal ontogenetic diversity
which is lacking in other domestic species. However, the length of the gesta-
tion period may be a critical variable explaining morphological differences
between small dogs and small fox-like canids. Precise observations on pre-
and postnatal skeletal development in wild and domestic canids are needed to
test these hypotheses.
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Introduction

Dog colour variations have been studied for many decades, beginning with
early studies in the infancy of genetics as a science. Identification and study of
dog colour have been complicated by differences in terminology among
different breeders and also by various hair structure variants in many breeds
that can complicate accurate identification of colour phenotypes. The number
of well designed experiments to determine coat colour genetics has been few.
Only recently has the molecular biology underlying some coat colour mutants
been documented (generally in mice, but also in several livestock species),
and these details may ultimately help decipher the intricate genetic details
behind dog colour. Much of the work on dog coat colour genetics is published
in books rather than journal articles (Little, 1957, Burns and Fraser, 1966;
Whitney, 1980; Robinson, 1990). Some books include actual segregation data
on which some conclusions are based, while others are more speculative.
Attempts at standardizing genetic nomenclature have occurred relatively late,
and nomenclature may be different and incomplete in regard to homologies
with other species. A list of dog coat colour loci and alleles is given in
Table 4.1.

General Considerations of Pigmentation

Colour in mammals depends on the presence of melanins in skin and hair
(Searle, 1968). Melanins occur in cellular organelles called melanosomes that
are produced in melanocytes. Melanosomes reside in melanocyte cytoplasm
and are deposited into epidermis and hair by exocytosis which transfers
melanosomes from dendritic processes of the melanocytes into these other
(generally epidermal) cells. Melanocytes migrate from the neural crest during
embryological development, and have close ties to cells of the neurological
system. Pigmentation of skin and hair depends on melanocytes being present,
as well as on their relative level of melanogenic and exocytotic activity. The
two main mechanisms by which pigmentation is reduced or absent are
absence of melanocytes, or relative inactivity of melanocytes. Decrease or
elimination of pigment by either of these basic mechanisms can be regional, or
can involve the entire animal.

Melanins are large polymers that are formed of varying amounts of
tyrosine and cysteine (Prota, 1992; Jackson, 1994). Melanins occur as two
types: eumelanin and phaeomelanin. Eumelanin contains mainly tyrosine. It is
black or a derivative of black such as blue grey or chocolate brown (referred
to as ‘liver’ by most dog breeders, but as ‘red” by many). Phaecomelanin has
varying amounts of cysteine in addition to tyrosine and is generally reddish
brown or yellowish tan. The existence of two types of melanin is important
visually and genetically. These two are usually considered as two discrete
classes of pigment. Some overlap occurs between the two, but this overlap
usually plays only a minor role in understanding the genetic control of colour.
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Table 4.1. Loci and alleles affecting dog colour

Locus Symbol Allele Symbol
Agouti A solid black AS
sable A
grey A9
saddle As
black and tan Al
no pattern A
Albino C wild type Cc*
chinchilla cen
dondo c?
cornaz (0
Brindle Br brindle B
wild type Br*
Brown B wild type B*
brown B
Cyclic Neutropenia Cn wild type Cn*
cyclic neutropenia Cnen
Dilution D wild type D+
maltese dilution DY
Extension (MC1R) E dominant black EP
wild type E*
fawn Ee
Flecking F Flecked FF
nonflecked F
Grey G grey G
wild type G*
Grey Points Grp wild type Grp*
grey points Grp?
Harlequin H harlequin H
wild type H*
Intense Int cream Int¢
fawn Int
tan Intt
Mask Ma masked MaV
wild type Ma+
Merle M merle M
wild type M+
Piebald S wild type S+
irish S
piebald SP
extreme piebald S
Pink-Eyed Dilute P wild type P
pink eyed dilute PP
Powder Puff Pp wild type Pp+
powder puff Pprp
Slate Grey Sg slate grey Sg®
wild type Sg*

Continued
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Table 4.1. Continued

Locus Symbol Allele Symbol
Ticking T ticked T
wild type T*
Tweed Tw tweed wr
wild type Tw+
White Wh wild type Wh+
white Wwhv

Overlap can also occur visually, with very dark phaeomelanin resembling
lighter forms of eumelanin, but usually the two classes are distinct (Sponen-
berg et al., 1988a). Dark phaeomelanin and brown eumelanin are both likely
to be classed as ‘red’ by some dog breeders, contributing to confusion.

Melanins are formed from tyrosine and cysteine by catalysis, and the main
enzyme involved in this process is tyrosinase (Jackson, 1994). Tyrosinase
activity is essential for melanin synthesis. Two other proteins, tyrosinase-
related protein 1 (TRP-1) and tyrosinase-related protein 2 (TRP-2), are also
important for melanogenesis. The exact function of TRP-1 is uncertain, but it is
well documented to have an important role in the synthesis of eumelanin and
has little or no role in the synthesis of phaeomelanin. TRP-2 has dopachrome
tautomerase activity.

Melanocytes are capable of forming both eumelanin and phaeomelanin,
but they produce only one or the other at any one time. Dedication of
melanocytes for eumelanin production depends on the presence of alpha
melanocyte stimulating hormone (MSH) secreted by the pituitary gland
(Jackson, 1994). Melanocytes have surface receptors that bind this hormone.
When aMSH binds to these surface receptors a cascade of events is initiated
that eventually activates adenylate cyclase. This activation in turn stimulates
the melanocyte to produce eumelanin. In the absence of this signal, which is
dependent on aMSH as well as the surface receptors, melanocytes produce
phaeomelanin. The switch between eumelanogenesis and phaeomelanogensis
depends on the function of the receptors of oMSH.

Control of melanocyte function is intricate, and many loci have mutants
which affect different components of melanogenic control mechanisms
(Jackson, 1994). Some loci affect cell differentiation or migration from the
neural crest. Other loci affect morphology of the melanocyte or its ability to
deposit melanosomes in hair and epidermis. Other loci directly affect various
enzymes and related proteins that are responsible for melanogenesis. A few
loci have mutants that affect interaction of aMSH with the target melanocytes.
All of these loci interact to produce the final colour phenotype.

White, as distinct from colour, arises from either white spotting or dilution
(albino) mechanisms (Searle, 1968). White spotting in mammals occurs in
regions where skin or hair follicles lack melanocytes. This absence of
melanocytes can result from several mechanisms: failure of melanoblasts
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to differentiate from the neural crest, failure to migrate to skin regions, or
perishing once migration has taken place (Searle, 1968).

A second general mechanism for producing white is achieved through
dilution of pigment mediated by decreased effectiveness of melanin produc-
tion by melanocytes. Melanocytes are present, but are either ineffective
at forming melanins or placing them in hair fibres, or both. Ineffective
melanosome production or transfer results in unpigmented or weakly
pigmented hair and skin even though melanocytes are present. Multiple
mechanisms for dilution of colour, each under separate genetic control, are
common among mammalian species.

Wild type colour in dogs must be considered as the standard type if the
genetics of colour is to make sense. Wild type colour is that of wolves, whose
colours are unfortunately more variable than those of many other wild species.
Overall variation in wolf colour includes phenotypes varying from nearly black
to very pale silver. The most common wolf colour is a pale sable where basal
portions of most hairs are pale phaeomelanic, and distal portions are black
eumelanic. The facial region to behind the eyes, the belly, and the legs are
generally free of black pigment. The overall effect is of a silver colour with a
black overlay over the topline.

Control of Colour

The Agouti locus

Mechanism of action and overview

The Agouti locus is responsible for formation of a protein that acts to nullify
the action of aMSH on melanocytes (Jackson, 1994). In body regions where
this protein is present, hair follicle melanocytes fail to respond to oMSH and
therefore form phaeomelanin and not eumelanin. Melanocytes in regions
lacking this protein have full capability for stimulation by aMSH and therefore
form eumelanin (Jackson, 1994). In regions with a pulsatile formation of agouti
protein the result is banded hairs.

In mice the Agoutilocus has been extensively studied and implications of
homology suggest that its biology is similar in dogs, although the solid black
allele usually assigned as a dominant at the canine locus raises some questions
that are discussed below. The series of murine Agouti alleles is a consistent
array as it progresses from the most recessive to the most dominant allele
(Jackson, 1994). The most recessive murine Agouti allele allows for no agouti
protein production in the skin and hair follicles and therefore results in a
completely eumelanic phenotype. The more recessive alleles, above the one
coding for a completely eumelanic phenotype, allow for agouti protein in
ventral body regions; phaeomelanic phenotype results in these regions.
Successive alleles then add phaecomelanic colour to additional body regions
to those of lower alleles, such that phacomelanic areas of the coat are added
successively as the series of alleles progresses from more recessive to more
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dominant. In a few intermediate alleles, dorsal regions have pulsatile agouti
protein production; banded hairs typical of the wild pattern in mice result.
These hairs have a eumelanic tip and base, and a phaeomelanic middle.

Murine Agouti locus patterns exhibit no reversal of pigment type among
alleles, thus regions which have become phaeomelanic from the action of
more recessive alleles retain this pigment type in all patterns determined by
more dominant alleles. In this regard the murine Agouti locus acts as though
various alleles were simply shifting melanin production in an orderly stepwise
progression from one extreme to the other, adding phaeomelanic areas body
region by body region. More dominant alleles result in phenotypes that are
entirely phaeomelanic, while the most recessive alleles have phenotypes that
are entirely eumelanic. The stepwise progress of Agouti locus patterns gave
rise to early hypotheses that the locus was a complex of small loci that each
controlled pigment type in only a specific body region. Recent studies have
shown that the complex hypotheses are mistaken and that the locus is indeed
single and simple rather than an array of miniloci (Jackson, 1994).

Canine alleles

An allelic series at Agouti has long been postulated in dogs. This locus
certainly involves at least three alleles, and perhaps additional ones. The four
with most general acceptance are solid black (A5, sable (A), black and tan
(AY and no pattern (A%) (Little, 1957; Burns and Fraser, 1960).

The solid black phenotype is entirely eumelanic, giving black in most dogs
and liver or blue grey when conditioned by other loci. A dominant allele for
solid black is a very common allele in dogs and accounts for most black dogs
of most breeds. Considerations of homology raise questions that this allele
may not belong at the Agouti locus. Data tend to support that in some
instances a dominant black is indeed at Agouti, although other data suggest its
residence at other loci. This issue is discussed in more detail below. While
details of its action and location are somewhat unclear, dominant black has
long been considered as a legitimate Agouti allele and so is included here but
with some reservations. Whatever its locus, its dominance is very complete,
masking other Agouti alleles.

Sable phenotype is basically phacomelanic, with eumelanic tips on some
hairs (Little, 1957; Burns and Fraser, 1966). Generally these black tipped hairs
are on the body and ear tips. At one extreme, sables are almost entirely
phaeomelanic, with only eumelanic ear tips. At the other extreme, sables are
very dark with most body hairs heavily tipped in black. A distinctive mask
occurs on most dark sables; the black tips sparing the phaecomelanic facial
hairs and beginning abruptly a short distance behind the eyes and extend
forward on the midline to form a distinctive peak of dark colour. Lower
legs are usually entirely phacomelanic. Some authors point to incomplete
dominance of the sable (A”) allele over the black and tan (A) allele, with
heterozygotes being darker than homozygous sable dogs. Other authors have
found that at least some homozygous sable dogs are indeed very dark,
suggesting that incomplete dominance does not account for all dark sable
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dogs. Sable is common in Collies and German Shepherds and many other
breeds. Figure 4.1 illustrates a relatively pale sable phenotype.

Black and tan phenotype is very distinctive and repeatable and is
illustrated in Fig. 4.2. The body is eumelanic: phaeomelanic regions occur over
each eye, on sides of the muzzle, on the chest, belly, around the anus, and on
the lower legs. Black and tan is common among hounds and is the standard
phenotype of Doberman Pinschers and Rottweilers. Black and tan is also
common in herding breeds, including Australian Shepherds and German
Shepherds.

The ‘no pattern’ (A4949) phenotype, as suggested by the name, is entirely
eumelanic. This A% allele is fairly rare among dog breeds but does occur in
German Shepherds, Shetland Sheepdogs, and Australian Shepherds to name a
few (Carver, 1984). This is phenotypically entirely eumelanic (black in most
breeds) and is easily confused with dominant black.

Other suggested Agouti locus alleles include wild type (A* or A¥ in some
texts). This allele is similar to sable, but generally causes a pale phenotype
with moderate to minimal phaeomelanin expression, and a pronounced

residual eumelanin only on back, ears and tail.
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Fig. 4.2. Australian Shepherd Dog with black and tan, liver, spotted phenotype. This degree of
spotting segregates from the more usual Irish spotting in this breed.

eumelanic tip pattern similar to that on dark sables. Some workers referred to
this as grey, because this is the wild type of grey wolves (Little, 1957; Burns
and Fraser, 1966; Willis, 1976), and suggest it may be associated with the grey
in Schnauzers. This allele appears to be very rare and is easily confused with
sable. It does occur in Malamutes, Siberian Huskies, Borzois and German
Shepherds.

Another controversial allele is saddle (A% that results in more extensive tan
regions than does the black and tan pattern, as illustrated in Figs 4.3 and 4.4.
Saddle dogs are born with a black and tan pattern, but tan regions expand
until at maturity the eumelanic regions are limited to the back and sides
(hence the name, saddle). Some early workers proposed that this is merely
a modification of black and tan, and not a legitimate Agouti allele, although
other evidence supports that this is indeed a legitimate allele in this series
(Little, 1957; Burns and Fraser, 1966). Whatever the genetics behind this
phenotype, it is common in Airedale and Welsh Terriers, as well as Beagles.

Observations of tan pointed dogs with eumelanic bellies, instead of the
usual phaeomelanic bellies conditioned by the black and tan allele, suggest
that yet another Agouti locus allele does exist. Segregation data are not
available (D.P. Sponenberg, unpublished observation, 1992).

The Extension locus

Mechanism of action and overview

The Extension locus encodes one member of a group of seven oMSH
receptor proteins (Jackson, 1994) and has been established as identical to the
melanocortin 1 receptor locus (MCIR) (Newton et al, 2000). This protein,
when activated by aMSH, switches melanocytes from phaeomelanin produc-
tion to eumelanin production. Activated receptor protein results in increased
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Fig. 4.3. Treeing Walker Coonhound with saddle and piebald spotted phenotype. The tan and
black regions of the saddle pattern have been removed from body regions by white areas that are
typical of the piebald allele.
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Fig. 4.4. Catahoula Leopard Dog with the saddle pattern combined with brindle. The distinctive
brindle striping is only expressed in the regions that are phaeomelanic as conditioned by the
Agouti locus.
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cyclic adenosine monophosphate (cAMP) levels and increased protein kinase
activity. The wild type Extension locus allele in most species allows for control
of eumelanin and phaeomelanin production to be governed by the Agouti
locus as determined by the regional distribution of the agouti protein which
inhibits eumelanin formation.

Many species have dominant alleles at the Extension locus that act
to increase adenylate cyclase either spontaneously or in response to
oMSH. Specific mechanisms are different for different alleles in the mouse,
and involve either responsiveness to oMSH or autonomous adenylate
cyclase production (Jackson, 1994). Either mechanism results in an entirely
eumelanic phenotype, and these alleles are usually considered as ‘dominant
black’ regardless of the mechanism underlying the expression of this
phenotype.

Recessive alleles at the Extension locus consistently result in an
inactive receptor that is unresponsive to stimulation by aMSH (Robbins et al.,
1993). The result is a completely phaeomelanic phenotype. In this regard the
Extension locus acts opposite to the Agouti locus of most species in that the
more dominant phenotypes are completely eumelanic, and more recessive
ones are completely phaecomelanic.

While dominant and recessive Extension alleles are usually epistatic to the
Agoutilocus, in the fox the dominant alleles tend to be incompletely epistatic
so that the interactions of the two loci yield a number of distinct phenotypes
rather than the few expected of a completely epistatic system (Adalsteinsson
et al., 1987; Vage et al., 1997). Those homozygous for the dominant Extension
alleles are black, as are those homozygous for the recessive Agouti allele.
Animals heterozygous for the dominant Extension allele are intermediate
between red and black, as are those heterozygous for the recessive Agouti
allele although these two different intermediates are visually distinct. Such
an effect has not been noted in dogs, but does have implications for the
molecular biology of these loci.

Extension locus alleles tend to affect the entire hair coat, so that this locus
does not produce patterns as are typical of the Agouti alleles, with interplay
of the two pigment types. The Extension locus is usually responsible for
completely eumelanic or completely phaeomelanic phenotypes, although
exceptions do occur in some species such as rabbits (Searle, 1968). In
rabbits, an intermediate allele behaves as a mosaic of the recessive allele for
phaeomelanin production and the wild type allele. The result is generally a
striped, or brindle, interplay of phaeomelanic regions and eumelanic areas as
determined by the Agouti locus. These phenotypes tend to be mosaics of
eumelanic and phaeomelanic areas. The patterns are striped in nonspotted
animals but the colours tend to enlarge into discrete patches when combined
with white spotting patterns. Mosaic genotypes in dogs are rare, and resemble
those produced by the Merle locus (Fig. 4.5).

The Extension locus in dogs is linked to the plasma esterase locus (Es-1)
(Arnold and Bouw, 1990). The distance in dogs is 34.4 c¢M. This linkage is
homologous to other mammalian species.
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Fig. 4.5. Labrador Retriever that is a mosaic for Extension locus alleles. This dog reproduced as
if homozygous fawn at Extension, even though the phenotype is a mosaic of yellow (fawn) and
black areas. The merle pattern in some breeds is a similar mosaic, but conditioned by a single
allele rather than some accident of development as in this dog.

Canine alleles

The canine Extension locus has a few well-documented alleles and some
which are more controversial as to locus assignment (Little, 1957; Burns and
Fraser, 1966; Templeton et al., 1977; Carver, 1984).

The wild type allele, (EY), allows expression of the Agouti locus alleles.
The recessive allele (£9) is usually termed fawn (or yellow by phenotype) in
dogs, and results in an entirely phaeomelanic hair coat with dark skin and
eyes. These two alleles almost certainly belong to the Extension locus. Fawn
(yellow) phenotype varies from very dark to cream coloured, but consistently
lacks eumelanic hairs. This distinction makes it possible to distinguish between
fawn and very minimally eumelanic sable dogs in most cases.

A proposed dominant allele, mask (EM) results in a eumelanic mask over
the muzzle. The masking pattern can be superimposed over any of the Agouti
patterns, so the action of the allele is simply to supply a eumelanic mask over
any other pattern. Robinson (1990) puts the mask (Ma™) allele at its own locus,
independent of the Extension locus, although extensive data are not given for
this suggestion. Neither are data extant for including it at the Extension locus
as is assumed by most authors. While most authors have concluded it is
probably not at Extension, the exact location is unknown.

The brindle (E’") allele is assumed by most authors to be at the Extension
locus, but some investigators doubt this assignment. The canine brindle
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pattern consists of vertical stripes of eumelanin superimposed over any region
of phaeomelanin. Eumelanic regions of Agouti patterns remain completely
eumelanic. Combining brindle and black and tan, for example, results in a dog
in which the black areas remain black, but the tan points exhibit the brindle
striping. This is fundamentally different from brindling of cattle or rabbits in
which striping occurs only over regions destined to be eumelanic by the
Agoutilocus. Another distinction is that in cattle and rabbits brindling appears
to be a mosaic phenotype that organizes into larger patches when combined
with white spotting. In dogs this is not true, and white spotting does not
change the expression of brindling in any way.

The brindle pattern in dogs varies from extensively striped to minimally
striped. Extensively striped dogs are likely to be misclassified as black, as
frequently occurs in the Boston Terrier. Relatively lightly striped dogs are
likely to be misclassified as non-brindles, especially when the brindling is
superimposed over one of the darker Agouti locus patterns.

The brindle allele is unlikely to be an Extension allele. One litter of
purebred Labrador Retrievers sired by a black dog (E£7E°) and out of a yellow
bitch (£°E°) included four black pups, two brindle pups, and two yellow pups.
This cannot result from brindle being at Extension; it is likely to be at its
own locus as a separate modification lying over any phaeomelanic region as
conditioned by Agouti or Extension. Brindle is common in Mastiffs, Boxers,
Great Danes, Plott Hounds, Greyhounds, Boston Terriers and Whippets.

Dominant black in dogs

This dominant and completely eumelanic phenotype, which is very common
among dogs, is perplexing as to its locus of action. This allele has been
discussed above with the Agoutilocus, and also with Extension, but deserves
more discussion in light of the action of these two loci. Most workers assign
the canine allele responsible for dominant black to the Agoutilocus. This is at
variance with the Agouti alleles of other domesticated mammals (Little, 1957,
Burns and Fraser, 19606). It is difficult to imagine the mechanism of action of a
dominant Agouti allele resulting in a eumelanic phenotype, because dominant
expression at Agouti yields phaeomelanic phenotypes in all other species so
far studied (Searle, 1968).

In most other domesticates the dominant black allele is at the Extension
locus. This, however, is certainly not the case in all dogs. It is routine for
crosses of fawn dogs (F°F°) to either sable or black and tan dogs (£*-) to yield
litters of only black pups (E*E°). The fawn parent must therefore be supplying
the dominant black allele, and can only do this if the allele is not at Extension.
While it could be at Agouti, it could also be at some other locus, although
candidates are not readily apparent in other species. Regardless of its location,
dominant black is one of the most common alleles in dogs, to the extent that it
is nearly invariably present in fawn dogs, and is only certainly lacking in dogs
expressing intermediate Agouti alleles because these are unable to mask its
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presence. Recent work clearly demonstrates a dominant black at Extension in
the Labrador Retriever, but still leaves unexplained the results of the above
crosses (Newton et al., 2000). This suggests that multiple genetic mechanisms
in dogs can result in a black that masks the Agouti locus.

Red

Laukner (1998) proposes a locus, Rot (Red) at which a recessive allele
conditions a completely phaeomelanic hair coat with no eumelanic hairs.
This is similar to the action of the recessive Extension allele, and further docu-
mentation will be required to establish this allelic action at a separate locus.

Modifications of Basic Patterns

Basic coat colours of dogs are conditioned by the Agouti and Extension loci,
along with the mask and brindle phenomena. These basic coat colours are
modified by many other loci, nearly all of which act to change (generally
reduce) the intensity of pigmentation. The effects of these loci can all be
classed together as dilution of colour. Some of these loci are well documented
and their action is straightforward. Others are less well documented, but are
still important contributors to the overall variation in dog coat colour.

The Brown locus

In mice, the Brown locus controls tyrosinase-related protein 1 (TRP-1), which
has important but poorly documented action within melanocytes (Jackson,
1994). The recessive brown allele reduces activity of TRP-1, and results in all
regions that are eumelanic having the black form replaced by a brown form.
Brown melanosomes are structurally different from black ones. In brown
phenotypes the catalase normally involved in melanogenesis fails to protect
eumelanin from the action of hydrogen peroxide which is produced during
melanogenesis.

The murine Brown locus has several dominant alleles with the exact
dominance relationship depending on the allele. These usually result in
phenotypes with apical pigmentation and basal pallor on hair shafts, and
similar mutants have not been documented in dogs. Banding on hairs that is
caused by these murine alleles is due to accumulation of toxic metabolites
within the melanocytes which increase as the hair growth cycle progresses.
The result is that apical portions are pigmented due to functional melanocytes.
As the hair grows, the melanocytes undergo toxicosis and pigmentation is
therefore diminished as the base of a hair is produced.

In dogs it is well established that the wild type (B") allele allows for normal
expression of eumelanin, resulting in black eumelanin. The brown (B’) allele
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is recessive and results in brown eumelanin (Little, 1957; Burns and Fraser,
1966). The resulting colour is commonly referred to as liver or chocolate in
most dog breeds, although nomenclature describes it as red in some breeds
such as the Doberman Pinscher or Australian Shepherd. The brown variant is
distributed widely in gun and bird dog breeds (Retrievers, Pointers, Spaniels)
and in herding dogs (Australian Shepherd, Kelpie), and is rare among the
hounds.

The brown allele changes skin colour from the usual black to a liver or
fleshy colour. Eye colour is also generally lighter in brown dogs than in black
dogs. Many dog breed standards specifically fault pale skin or light eyes, and
in those breeds the brown allele is especially rare because it lightens skin and
eyes as part of its action.

The Albino locus

The Albino locus codes for the tyrosinase enzyme that is essential for
melanogenesis. Recessive alleles at this locus are responsible for production of
abnormal forms of tyrosinase that have either reduced or nearly completely
absent activity (Jackson, 1994). Melanocytes are present but are incapable of
full levels of melanogenesis, resulting in pale phenotypes.

Canine Albino alleles are reasonably well established (Little, 1957; Burns
and Fraser, 1966; Carver, 1984). The dominant allele fu/l colour (C*) is the
wild type allele, and tyrosinase is not affected. Coat colour in these dogs is
determined by other loci. This is the most common allele in most dog breeds.

A few other alleles are more hypothetical, but are reported frequently
in the literature. The chinchilla (C) allele reduces phaeomelanin to a cream
colour but leaves eumelanin unaffected. This allele acts as a recessive, and is
one cause of cream coat colour in dogs when combined with fawn or sable
genotypes at Agouti and Extension. This colour in dogs is found on occasion
in Norwegian Elk Hounds.

Two other alleles are rare and poorly documented. These are dondo (C%)
and cornaz (C?). Dondo is white with dark eyes, cornaz is white with light or
blue eyes and has been called a ‘blue eyed’ albino in some previous reports.
These two forms of ‘albino’ are reported in Pekinese and Pomeranian dogs. A
fully albino allele in dogs has not been reported.

The Dilution locus

This locus acts to reduce pigmentation by clumping melanin within the
hair shaft. It also lightens eyes and skin. It affects both eumelanin and
phaeomelanin. Only two alleles occur at this well established locus: intense
(DY) is the wild type allele allowing for full colour, and dilute (D% is an
autosomal recessive that reduces black to blue-grey, liver to light fawn, and
phaoemelanin to cream (Little, 1957; Burns and Fraser, 1966). The resulting
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colour is evident at birth. In some breeds the dilute phenotype is accompanied
by hair coat abnormalities, though this relationship is not absolute even in
breeds in which it is common, and many dilute dogs have normal hair coats.
Dilute dogs tend to have a somewhat metallic sheen to the hair (Little, 1957).
Nose leather colour is also more bluish on animals with the D?D?. Dilute phe-
notype is uniform in Weimaraners, and is also common in Poodles, Bearded
Collies, Doberman Pinschers, and occurs more rarely in several other breeds.

The Grey locus

This autosomal locus controls a progressive lightening or silvering of the coat
(Little, 1957; Burns and Fraser, 1966). Evidence of the locus is limited but it is
believed that a dominant or partially dominant allele, grey (G causes the
birth coat to become progressively lighter until maturity, when the process
stabilizes. Resulting colours include the blue-grey of the Kerry Blue Terrier and
some silvers in Poodles. The recessive allele is the common allele in most
breeds.

The Pink-eyed dilution locus

This autosomal locus has a rare recessive allele, pink eyed dilute (P), which
may occur only in the Pekinese (Little, 1957). The result is a more profound
dilution of eumelanin than of phaeomelanin, generally accompanied by very
light eyes. This creates the so-called ‘lilac’ colour from black or blue colours
while liver animals may become more yellowish.

The Intense locus

This autosomal locus affects the intensity of phaecomelanic areas but leaves
eumelanic areas relatively unchanged (Iljin, 1932; Carver, 1984). The dominant
allele, cream (Int), reduces intensity of phaeomelanin to a cream colour.
An intermediate allele, fawn (In#), reduces it only to a fawn colour, and the
recessive allele, tan (Int), does not reduce it. This is a common source of
variation in the German Shepherd dog. It is different from most other canine
loci that diminish pigment in that the paler phenotypes are caused by the more
dominant alleles.

Otber dilution alleles

A few other dilute phenotypes are seen in dogs, and are unlikely to occur at
the previously documented loci. One is a dominant allele, slate grey (Sg%), in
Collies and other herding breeds (Ford, 1969). This allele lightens black to
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dark grey, and generally lightens eyes to a greenish colour. Dogs of this colour
are only subtly lighter than their littermates at birth, but become more
obviously pale as they age. This occurs as a rare variant in Collies and
Australian Shepherds.

A recessive dilution gene (Cn") is responsible for cyclic neutropenia of
Collies and related breeds (Ford, 1969; Lund et al., 1970). The coats of these
dogs have extreme dilution of phaeomelanic areas and less but still obvious
dilution of eumelanic areas. Dogs homozygous for this allele suffer recurring
bouts of low neutrophil numbers, and generally succumb to opportunistic
infections early in life. This genotype rarely survives beyond a few months of
age.

A variant called ‘powder puff’ affects black areas only (Lund et al., 1970).
This is due to a recessive allele, (Pp?P), and the phenotypic effect is basal pallor
to black areas, with apical portions of hair unaffected. Action of this allele is
transitory, and is noticed only in pups and not in mature dogs.

In some breeds, intermating of dilute dogs that are phenotypically consid-
ered as D’D? dogs will produce dark-coloured pups. This result is impossible
if both dilute parents are homozygous for alleles at the same locus. Such
occurrences are rare. These litters demonstrate that not all details concerning
dilution of dog colour have been documented, and that multiple loci are
involved in producing very similar colour phenotypes. Investigations in the fox
demonstrate that multiple loci can be involved in relatively similar end results,
although the fine structure of the pigment granules within the hair shafts is
likely to reveal subtle differences in the mechanism of the dilution (Bradbury
and Fabricant, 1988).

Grey in the points

One subtle modification observed as a recessive variant is the incursion of grey
areas into the phaeomelanic points of black and tan dogs (Carver, 1984). Grey
areas extend into tan areas on some dogs. This variant was not noticed to
modify any other Agoutilocus pattern.

Merle and its derivatives

The Merle locus is autosomal with a dominant mutation, merle (M™), that
causes eumelanic areas in the coat to become pale with fully intense
pigmented patches scattered throughout (Little, 1957; Burns and Fraser, 1966)
(Fig. 4.6). These intense patches are usually discontinuous at the midline,
suggesting that the patchwork is related to dermatomes. The merle allele does
not affect phaeomelanic areas. The merle mutation is due to a transposable
element, and the reversion rate is on the order of 3-4% in the germ-cell line
(Sponenberg, 1984). Reversions are stable, with no further change back to
merle. Homozygous merle dogs are usually very pale with defective hearing
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Fig. 4.6. Australian Shepherd puppy with the merle pattern. This mosaic of intense and dilute
areas includes distinct patches of varying sizes.

and visually defective microphthalmic eyes. This disorder is limited to
homozygous merles, and occurs only in breeds in which merle is a colour:
Collies, Shetland Sheepdogs, Australian Shepherds, and rarely Dachshunds
and other hounds.

A few modifications of merle have been documented. A relatively
common one is the harlequin variant in Great Danes. In this variant the
generally blue background of the merle pattern is changed to nearly white,
having black patches standing in stark contrast, with occasional small blue
patches. Sponenberg (1985) concluded that a modifier at a locus other
than Merle conditions the harlequin pattern. This modifier, harlequin (H?),
is dominant and is lethal to homozygotes. The dogs heterozygous for both
the modifier and for merle are harlequin. A portion of the embryos that are
homozygous for merle and heterozygous for the modifier are lethal. O’Sullivan
and Robinson (1989) confirmed this hypothesis with a more extensive data set,
and also demonstrated that non-merle dogs can supply the harlequin modifier,
but with no visible evidence in their own colour.

Another phenotypic variant of merle is conditioned by an autosomal locus
which has a dominant allele called fweed (Tw"), illustrated in Fig. 4.7 (Sponen-
berg and Lamoreux, 1985). This variant causes merle patches to be larger
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and smoother than in unmodified merles, and also causes more patches to be
intermediate between the light merle background colour and the fully intense
eumelanic patches.

Loci that Control White Spotting

Dogs are somewhat unusual among domesticated mammals in that few
patterns of white spotting are well documented and these all fall within the
patterns expected of the Piebald (S) locus. Other patterns are very rare, and
the genetic basis of none of them is documented. The result is that other loci
resulting in different spotting patterns are not characterized in dogs.

The Piebald locus

Mechanism of action

In mice the Piebald (S) locus has been documented to act on differentiation of
melanocytes at the neural crest, as well as on their migration from the neural
crest to the remaining body (Jackson, 1994). This results in an array of white
regions on otherwise pigmented mice. The specific colour of the pigmented
regions is governed by other coat colour loci: white spotting can be

Fig. 4.7. Australian Shepherd puppy with the tweed variation of the merle pattern in which the
patches are larger and more distinct than in non-tweed merles, and in which dilute, intense, and

intermediate areas occur.
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superimposed over any colour or pattern. In all domesticated species the extent
of spotting can be increased or decreased by modifier genes at other loci.

Canine alleles

The Piebald locus in dogs is analogous to the Piebald locus in mice (Little,
1957; Burns and Fraser, 1966). In dogs the dominant allele, nonspotted (S*), is
usual in dogs lacking white spots. Some few dogs that are S$*S* will have very
minor white on the feet or chest. These are considered serious flaws in
some whole-coloured breeds, and appear to be due to residual modifiers
at undetermined loci. Minimally white-marked animals are also frequent
among dogs that are heterozygous for the nonspotted allele and any one of the
recessive alleles coding for spotting at this locus. Many dogs that are minimally
marked at birth lose the white marks by about 8 weeks old.

Observations of most dog breeds fit the hypothesis that a series of mutants
occurs at the Piebald locus. Each of these causes a median level of white
spotting around which individual dogs will vary, and the darkest dogs of a
more extreme allele will overlap the most extensively spotted dogs of a less
extreme allele. The alleles, from more dominant to more recessive (and more
coloured to more white), include irish (89, piebald (), and extreme piebald
(S¥) (Figs 4.2, 4.3, 4.8). The irish pattern has generally minor white trim includ-
ing the feet, facial blaze, and sometimes a collar around the neck. The piebald
pattern generally has white legs, a consistent and broad collar, and a facial
blaze. The extreme piebald pattern usually has residual regions of colour over
the ears, and sometimes at the base of the tail, with or without a few coloured
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Fig. 4.8. Dalmatian bitch with litter. This breed’s distinctive pattern is consistent and is the result
of the extreme piebald allele along with ticked and nonflecked. The result is dark round spots on a
white background. This intricate mechanism produces white puppies whose spots grow in with
age, as can be seen by the varying stages of spotting on the members of this litter.
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spots remaining on the body. Examples of breeds with the different genotypes
include Basenji (§'5), Beagle (), and white Bull Terriers (§¥S%).

That these are individual alleles, rather than phenotypes conditioned by
a single allele with modification at other loci, is supported by results in
many breeds with low grades of spotting that occasionally produce puppies
with very high grades of spotting. These extensively spotted pups have
degrees of spotting discontinuous with the usual range of spotting for the
breed producing them. This is more consistent with the segregation of a major
allele than it is of segregation of modifiers. Some incomplete dominance
occurs among the alleles at this locus, so that dogs which are heterozygous for
alleles causing more extensive spotting are more extensively white than those
not heterozygous for such alleles.

There is some evidence that an interaction between spotting and
background colour occurs (Little, 1957). Black Cocker Spaniels with spotting
are less extensively white than are red ones with spotting, and liver dogs are
intermediate in degree of spotting between red and black dogs.

The Ticking and Flecking loci

The Ticking locus has a dominant allele, ticked (1), which causes small
pigmented areas to grow into white areas caused by the Piebald locus (Little,
1957; Burns and Fraser, 1966) (Fig. 4.8). These small pigmented areas vary in
number from few to many. When very few they can easily be overlooked.
When numerous they can cause a dog to nearly resemble a non-spotted dog.
Such dogs are usually called ‘roan’ due to residual white hairs among the small
tick spots.

The colour of tick spots is that expected of Agouti or Extension, and
depends upon underlying genotype and body region. Ticking is absent from
the birth coat, but usually begins to appear at several weeks of age. Ticking is
responsible for the distinctive colour pattern of Dalmatian dogs, although the
final dramatic phenotype depends on modifiers in addition to the ticked allele.
Ticking is also common in English Setters (in which it is called ‘belton”),
German Shorthaired and German Wirehaired Pointers, and is invariably
present in the Australian Cattle Dog.

A related locus, Roan, has sometimes been proposed as causing inter-
mixture of white and coloured hairs in regions conditioned to be white by
Piebald locus alleles. Tt is likely that this is merely a manifestation of extreme
ticking in which the small tick marks are so numerous and confluent as to
more resemble roan than coloured spots in a white field.

Flecking is a modification of ticking. A recessive allele at this locus,
nonflecked (F/), acts to remove any white hairs from the dark tick marks. This
variant is important in the Dalmatian breed where clean and crisp spots,
caused by ticking, are the desirable phenotype (Schaible, 1973, 1981; Schaible
and Brumbaugh, 1976). In the absence of this recessive modifier, the ticking
spots are less distinct and have a roan appearance.



Genetics of Coat Colour and Hair Texture 81

Other white spotting loci

In some dogs ticking is restricted to only certain white spots, with others
lacking them (Whitney, 1980). This is evidence that multiple types of white
spotting, possibly at multiple loci, may be operative in some breeds of
dogs. Some of these alleles (notably those at the Piebald locus) are subject to
infiltration by ticking, while others are not necessarily so.

White spotting in some breeds can take forms unexpected of Piebald type
spotting which is observational evidence that multiple loci may be responsible.
Some breeds, especially Bull Terriers and Border Collies, include dogs with
relatively low grades of white spotting that have large white areas over the face
and including the ocular orbits. This is unusual for Piebald spotting patterns
because the periorbital area is among the last to become unpigmented. The
repeatability of such patterns makes them candidates for other spotting loci, or
for single-locus modifiers of the Piebald alleles.

White dogs

White coat colour occurs as a variant in many multicoloured breeds (Bull
Terrier, Borzoi), is a breed requirement for others (West Highland White
Terrier, Maremma, Komondor, Kuvasz), and occurs as a controversial (and
generally shunned) variant in still others (Boxer, German Shepherd). White
coat colour can result from either white spotting or dilution, and multiple
mechanisms appear to have been used to generate white dogs in different
breeds. Within most breeds the white dogs arise from a similar genetic
mechanism, but across breeds these mechanisms vary.

Dogs of some breeds are white from combinations of extensive piebald
spotting and relatively pale background colours. This mechanism is typical of
many hound breeds (Borzoi), as well as most white livestock guardians (Great
Pyrenees). It is sometimes possible in puppies of these breeds to see pale
spots in regions expected of extreme piebaldness, and then for these to fade
with age. The result is generally a white coated dog with dark lips, nose, and
eye rims, and dark eyes. In extremely spotted individuals some of this residual
skin pigment is weak or absent, although this is a fault in most breeds. White
breeds that are white from a mechanism involving white spotting generally
produce obviously spotted pups when mated to more solid coloured dogs.

A second mechanism responsible for whiteness arises from combinations
of dilution with fawn. These dogs usually retain full skin pigment. This
mechanism usually results in very pale rather than starkly white dogs. This
mechanism is purported to account for some of the white dogs in otherwise
coloured breeds, such as the German Shepherd. This is unlikely to explain all
of these, though, because litters containing white pups do not generally also
contain the fawns from which the whites are purported to be a modification.

Some non-spotted breeds that are generally dark-coloured produce
occasional white dogs. These include the German Shepherd, Doberman
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Pinscher and Boxer. In these breeds, a recessive gene segregates for white,
with skin pigment and normally coloured eyes. White dogs in these breeds are
controversial with some breeders, usually because the white colour is assumed
to be correlated with skin, eye or ear defects. A few studies have failed to
demonstrate that relationship, but even so, white dogs in these breeds remain
unpopular. The locus at which this recessive white resides is controversial,
although it appears not to be at the Albino locus and is symbolized WhH¥
(Carver, 1984).

Many older works cite a dominant white in some Russian breeds, but with-
out segregation data. Therefore confirmation is impossible (Whitney, 1980).

Single Gene Effects on Hair Structure

Several discrete alleles, at separate loci, determine many of the coat type vari-
ants in dogs. In most breeds these have been limited to a single combination,
with a few breeds having more variation (Burns and Fraser, 1966). These are
listed in Table 4.2.

Long hair is generally recessive to short hair, although the degree to which
this occurs is subject to modification from additional genes. The recessive long
hair allele, (I, results in longer hair on the body and legs than the dominant
allele, and leaves the facial region unaffected. In some breeds the hair is
distinctly longer on the ears and legs, and is referred to as ‘feathering’. This
coat variant is common in Setters and Spaniels.

Wire hair (WhAW) is dominant to smooth hair and results in stiff bristly hair
throughout the coat (Whitney, 1947; Winge, 1950). This coat is typical for

Table 4.2. Loci and alleles for hair structure

Locus Symbol  Allele Symbol
Curly Cu curly Cu®
wild type Cu*
Kinky K wild type K*
kinky K«
Hairless Hr hairless Hrt"r
wild type Hr*
Hairless, American Ha wild type Ha*
hairless, american Hah
Long Hair L wild type Lt
long hair L
Ripple coat Rp wild type Rp*
ripple Rp"
Wavy Wa wild type Wa+
wavy Wa"e
Wire Hair Wh wire hair whw

wild type Wh+
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many terriers, and also the German Wirehaired Pointer. When combined with
long hair the result is the coat typical of the Bearded Collie. Wire haired dogs
vary greatly by coat texture and coat length.

Wavy coats can be somewhat subtle on short haired dogs, but in general
waviness is recessive to straight coats (Whitney, 1947). Waviness is more
obvious on long haired dogs, and is typical of Spaniels of various breeds in
which long, wavy hair is desired.

The curly coat typical of the Curly Coated Retriever is dominant to
smooth hair. This is in contrast to the kinky coat of the Irish Water Spaniel
that is recessive to smooth hair (Whitney, 1947). This is a reminder that similar
phenotypes can be produced by different genotypes. The poodle type coat is
dominant.

Whitney (1947) noted a transitory variant in Bloodhound puppies that
resulted in a ripple coat. This is due to a recessive gene, and the ripples or
waves are regular across the coat, but disappear by 7 days of age.

Hairlessness can occur as a result of two different mutations. A dominant
mutation coding for hairlessness is lethal to homozygotes in utero (Robinson,
1990). Heterozygotes are generally hairless, having only a crest of hair
remaining on the head and some hair remaining on the feet. Abnormalities
of dentition are also typical of heterozygotes.

A recessive hairlessness is also present in a few breeds and causes more
complete hairlessness, but causes no dental abnormalities (Sponenberg et al.,
1988b). It is typical of the American Hairless breed, so the locus is designated
Hairless, American to distinguish it from the dominant hairless locus.

Follicular dysplasias

The defining line between coat type variation and coat abnormality can be
arbitrary. Most of the above variants are not considered abnormal, and are the
source of definition for many dog breeds. In contrast, the follicular dysplasias
are considered to be abnormalities. These result in changed hair texture as
well as in hair loss (Gross et al., 1992). The resulting coat is usually thin, dry
and brittle.

Multiple forms of follicular dysplasia are documented, and while all
are thought to be genetic the specific mode of inheritance for many is
undocumented (Hargis et al., 1991; Gross et al., 1992; Schmutz et al., 1998).
Colour mutant alopecia is one type, and is generally limited to dogs with
colour dilution presumed to be from the Dilution locus. In these dogs the
typical hair abnormalities only occur in the dilute eumelanic regions, and not
in the phaeomelanic regions. This syndrome is common in dilute Dobermans,
so much so that one synonym for the syndrome is ‘blue doberman syndrome’.

Not all dilute dogs exhibit the hair abnormalities, although many do
(Langebaek, 1986). The defect is common among dilute Doberman Pinschers
to the extent that dilute animals with normal coats are rare in this breed. This is
evidence that the colour mutant allele is responsible for the coat abnormality
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as well. In other breeds, such as the Chow Chow, coat abnormalities are rare
in dilute dogs. This phenomenon may point to the existence of different alleles
resulting in dilution in these various breeds. Whether these are all at the same
locus is undetermined.

Black hair follicular dysplasia has distinctions from colour mutant alopecia
(Hargis et al., 1991). This condition is seen in dogs with black regions,
and usually in dogs with white spotting in which black regions remain. Only
the black regions are abnormal, leaving the white coated areas normal or
nearly so. The coat in the black regions is dry, lacks lustre, and is brittle.
Histologically the hair follicles are dilated with keratin, and within the hair
shafts the melanosomes are large and irregularly shaped. Similar findings are
present in colour mutant alopecia, although clumped macromelanosomes are
more common in that condition than in black hair follicular dysplasia. Black
hair follicular dysplasia is documented to be due to an autosomal recessive
gene (Schmutz et al., 1998).

The distinctions between these two follicular dysplasias are not always
appreciated, and in some instances it is difficult to be certain which of the two
is present.
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Introduction

The dog has been well served by cataloguers of inherited traits, especially
inherited disorders. From the pioneering work of Hutt (1934, 1968), Robinson
(1968, 1982) and Patterson (Patterson and Medway, 1966; Patterson, 1977) to
the contemporary reviews by Mostoskey et al. (2000), Ostrander et al. (2000)
and Patterson (2000), there have been many detailed summaries of the state of
play with inherited disorders/traits. Moreover, at the time of writing, the defini-
tive CD-ROM compiled by Patterson and colleagues (Patterson, 2001a) and the
companion hard-cover volume (Patterson, 2001b) are in press. Together with
this wealth of published information, there are two extensive reviews in the
present volume: Chapter 9, covering all types of disorders and Chapter 10,
covering hip dysplasia and other orthopaedic disorders. In addition, Chapter
18 provides a discussion of canine disorders as models for human disorders.

From 1978, the author of the present chapter has been compiling a
catalogue of inherited disorders and traits in a wide range of animals,
including dogs. This catalogue, available on the Internet as Online Mendelian
Inberitance in Animals (OMIA) (http://www.angis.org.au/Databases/BIRX/
omia/) is modelled on, complementary to, and reciprocally hyperlinked to the
definitive catalogue of inherited disorders in humans, namely McKusick’s
Online Mendelian Inberitance in Man (OMIM) (McKusick, 1998, http://www.
ncbi.nlm.nih.gov/omim/)

OMIA includes entries for all inherited disorders in dogs, together with
other traits in dogs for which single-locus inheritance has been claimed,
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however dubiously. Each entry comprises a list of references arranged
chronologically, so as to present a convenient history of the advance of
knowledge about each disorder/trait. For some entries, there is additional
information on inheritance or molecular genetics. If the disorder or trait has a
human homologue, this is indicated by including the relevant MIM number(s)
from the McKusick human catalogue. In the online version of OMIA, these
MIM numbers provide a direct hyperlink to the relevant entry in OMIM.
Finally, OMIA contains a full list of reviews of inherited disorders in dogs.

The Present Chapter

Given the comprehensive nature of the other chapters of this book, as
described above, there is no need to produce a full list of entries from OMIA in
the present chapter. It is, however, useful to produce a list that complements
the discussion in Chapter 18 on canine models for human disorders. In that
chapter, the authors note that it was not their intention to present a catalogue
of inherited canine disorders with human counterparts. Since OMIA contains
MIM numbers, it was a simple task to export a file from OMIA comprising all
canine disorders for which MIM numbers have been allocated. In presenting
this list, Table 5.1 provides a summary of canine disorders that may be useful
as models of human disorders. Inevitably, there are errors of omission and
commission in the table — some supposed homologues will be incorrect, and
some actual homologues will not yet be in the list. The author would be very
pleased to hear from readers who spot errors, as these can be corrected easily
in the database. Another caveat concerns the evidence for claiming homology.
In some cases, homology has been claimed on the basis of a single clinical
report that contains no genetic data at all, and hence no evidence of
inheritance in dogs. The justification for claiming such a disorder as a
homologue is that in the majority of cases, if a particular syndrome is inherited
in one species, it is inherited in other species. Of course, there are some
notable exceptions to this generalization. But it is sufficiently true to provide
an invaluable starting point: the inclusion of a MIM number can be regarded as
a null hypothesis that this canine disorder is homologous to an inherited
human disorder. In some cases the hypothesis will be disproved subsequently.
But more often than not, additional evidence will support the initial hypothesis
of homology.

Also included in Table 5.1 for each entry are the earliest and most recent
published reference for that disorder, as an introduction to the relevant litera-
ture. A full list of references for each entry, together with hyperlinks to OMIM,
is available by accessing OMIA on the Internet at the location given above.

For those disorders that have been characterized down to the peptide
level, the relevant peptide is also included in Table 5.1.

Inevitably, there are discrepancies among the various published lists of
disorders — there are even discrepancies among the lists in this book. There are
several reasons for this: there is no simple way to standardize the terminology



Table 5.1.

A list of canine inherited disorders that may be homologous to inherited human disorders. This list has been extracted from Online Mendelian

Inheritance in Animals (OMIA), from which full details are available. MIM numbers indicate the relevant entries in McKusick’s Mendelian Inheritance in Man
(MIM), which is avaliable online at the address shown at the head of the last column

Earliest reference; latest reference

MIM number(s) for homologous human disorders/traits

Disorder or trait (if different from earliest reference) Peptide [http://www3.ncbi.nlm.nih.gov/Omim/]

Addison disease Volz (1991), Kelch et al. (1998) 300100, 104300, 269200, 103230, 300200
Afibrinogenaemia Kammermann et al. (1971) Fibrinogen 202400

Alexander disease Weissenbock et al. (1996) 203450

Alopecia Muller and Jones (1973), Cerundolo et al. (2000) 203600, 203650, 104110, 104130, 147770, 104100,

Alpha-1-antitrypsin deficiency
Alzheimer disease
Amyloidosis

Amyloidosis, Aa
Ankylosing spondylitis
Arnold—Chiari malformation
Arthritis

Arthritis, rheumatoid
Ascites

Ataxia

Atherosclerosis

Atopy

Atrial fibrillation

Atrial septal defect
Budd—Chiari syndrome
Bullous pemphigoid antigen
C3 Deficiency

Cardiomyopathy, dilated
Cataract
Cerebellar hypoplasia

Sevelius et al. (1994)
Cummings et al. (1993), Lim et al. (1997)
Dibartola et al. (1990), Loeven (1994)

Johnson et al. (1995), Gruys (1996)

Eichelberg et al. (1998)

Akker (1962), Churcher and Child (2000)

Carr (1997), Michels and Carr (1997)

Spreng et al. (1993), Carter et al. (1999)

Otto et al. (1990), Rallis et al. (1998)

Bjorck et al. (1957), Sumano et al. (2000)

Kagawa et al. (1998)

Wittich (1940), Masuda et al. (2000)

Wang et al. (1995), Gut et al. (1998)

Kirberger and Berry (1992), Glardon and Amberger (1998)
Otto et al. (1990), Fine et al. (1998)

Iwasaki et al. (1995), Xu et al. (2000)

Johnson et al. (1986), Ameratunga et al. (1998) Complement
component 3
Keene et al. (1991), Calvert and Jacobs (2000)

Host and Sreinson (1936), Lohmann and Klesen (1997)

Cordy and Snelbaker (1952)

alpha-1-antitrypsin

104000, 203655

107400

104300, 104311, 104760, 104310, 163890, 502500, 600759
105200, 105150, 105120, 105250, 105210, 137440
176300, 191900, 204850, 204870, 204900, 254500, 301220
134610

106300

207950

108100, 208250

180300

208300

208750, 301835, 108500, 108600, 108650

108725, 209010

147050

194200

108800, 108900, 113301, 178650

600880

113810, 113811

120700

600884, 115200, 300069, 107970, 212110, 302045, 601494
116200, 212600, 212700
213002, 213000, 600545

Continued
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Table 5.1.  Continued

Disorder or trait

Earliest reference; latest reference
(if different from earliest reference) Peptide

MIM number(s) for homologous human disorders/traits
[http://www3.ncbi.nim.nih.gov/Omim/]

Ceroid lipofuscinosis

Ceroid lipofuscinosis, juvenile
onset

Cleft lip

Cleft palate

Coat colour, albinism
Coeliac sprue
Coloboma

Comedo syndrome

Conotruncal heart malformations
Cryptorchidism

Cushing disease
Dermatofibrosis

Dermatosis

Diabetes insipidus

Diabetes mellitus

Dwarfism, pituitary
Dysautonomia

Eclampsia

Ectodermal dysplasia, X-linked
Ectropion

Hagen (1953), Franks et al. (1999)
Koppang (1965), Shibuya et al. (1998)

Setty (1958), Edmonds et al. (1972)

Steiniger (1940-42), Elwood and Colquhoun (1997)

Pearson and Usher (1929), Gwin et al. (1981)
Kaneko et al. (1965)
Gelatt and McGill (1973), Gelatt et al. (1981)

Kimura and Doi (1996), Hannigan (1997)
Patterson et al. (1974), Patterson et al. (1993)
Hartl (1938), Schulz et al. (1996)

Diener and Langham (1961), Meij (1998)
Perry (1995), Castellano et al. (2000)
Theaker and Rest (1992), Colombini (1999)
Reidarson et al. (1990), Schwedes (1999)

Krook et al. (1960), Hess et al. (2000)

Andresen et al. (1974), Leeuwen et al. (2000)
Schrauwen (1993), Schulze et al. (1997)
Drobatz and Casey (2000)

Thomsett (1961), Casal et al. (1997)

Dreyfus (1953), Hamilton et a/. (1998)

Tyrosinase

204200, 204300, 204500, 204600
204200, 204300, 204500, 204600

119530, 113620, 600625, 129810, 225000, 201180
119300, 119580, 129400, 119500, 129900, 120433
179400, 155145, 216100, 218090, 174300, 242840
244300, 268300, 277170, 301815, 106260
119530, 201180, 258320, 129810, 225000, 303400
119540, 129400, 260150, 119580, 106260, 119550
120433, 119300, 129900, 119500, 179400, 119570
129830, 216100, 216300, 218090, 164220, 231060
241850, 242840, 244300, 255995, 114300, 181180
261800, 268300, 277170, 301815, 106250, 600331, 600460
203100

212750

243910, 216820, 120433, 120200, 120300, 216800
120400, 120430, 120330

120450

217095, 245210

100100, 219050, 314300

219080, 219090, 160980, 185800

166700

125600, 181600

125700, 304800, 125800, 222000, 221995, 241540
222300, 304900

125850, 125851, 222100, 125852, 125853, 176730
520000, 222300

262400

223900, 224000, 252320, 256800

189800

305100

119580, 209885, 242510
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Ehlers-Danlos syndrome

Encephalomyelopathy
Epidermolysis bullosa

Epidermolysis bullosa,
dystrophic
Epidermolysis bullosa,
junctionalis

Epilepsy

Exophthalmos with strabismus

Exostosis, multiple
Factor VII deficiency
Factor X deficiency
Factor XI deficiency
Factor XII deficiency
Fanconi syndrome
Fragile site

Fucosidosis, alpha
Galactosialidosis
Gangliosidosis, GM1

Gangliosidosis, GM2
Gaucher disease, Type |
Genu valgum
Glaucoma

Glomerulonephritis
Gluten-sensitive enteropathy

Ronchese (1936), Jelinek and Karban (1998)

Podell et al. (1996)
Xu et al. (1998b), Olivry et al. (2000b)

Nagata et al. (1995), Palazzi et al. (2000)
Scott and Schultz (1977), Olivry et al. (1997)

Eberhart (1951), Thomas (2000)

Boroffka (1996)

Owen and Bostock (1971), Jacobsen and Kirberger (1996)

Mustard et al. (1962), Macpherson et al. (1999)
Dodds (1973)

Dodds and Kull (1971), Knowler et al. (1994)
Otto et al. (1991)

Bovee et al. (1978), Darrigrandhaag et al. (1996)
Stone et al. (1991), Stone and Stephens (1993)

Hartley et al. (1982), Skelly et al. (1999a)
Knowles et al. (1993)
Karbe (1973), Yamato et al. (2000)

Ribelin and Kintner (1956), Singer and Cork (1989)
Hartley and Blakemore (1973), Farrow et al. (1982)
Hach and Lenehan (1995)

Magrane (1957), Ruhli and Spiess (1996)

Wilcock and Patterson (1979), Rivers et al. (1997)
Daminet (1996), Garden et al. (2000)

Procollagen

Factor VII
Factor X

Factor XI
Factor XII

Alpha-fucosidase

Galactosidase,

beta
Hexosaminidase B
Glucocerebrosidase

130000, 130010, 130020, 130050, 130060, 130070,
130080, 130090, 225320, 128180, 225350, 225360,
305200, 225400, 153454, 120160, 225410, 120150,
130080, 225310, 147900, 229200

161700, 270900

131800, 131760, 226450, 131960, 131850, 131900,
131880, 226440, 226670, 226730, 226735, 302000, 601001
226500, 131750, 131950, 132000, 131705, 226600

226650, 226700

117100, 254800, 226750, 601068, 203600, 600143,
132300, 121200, 121201, 125370, 208700, 220300,
159600, 226800, 132090, 182610, 254770, 254780,
104130, 266270, 267740, 270805, 301900, 310370,
545000, 600131, 226810, 600512, 600513, 600669,
226850, 601085, 132100

185100, 136480, 141350, 178330, 182875

133700, 133701, 158345, 175450, 600209, 156250
227500

227600

264900

234000

227200, 227800, 227810

136630, 136620, 136580, 136570, 136560, 136540,
136590, 136610, 136660, 136670, 136640, 136650,
600651, 600819

230000

256540

230500, 230600, 230650

268800

230800

137370, 273050

137600, 200970, 137750, 137760, 137763, 137765,
156700, 157100, 187501, 137700, 229310, 231300,
231400, 231500, 267760, 270850, 308500, 600510, 600975
305800, 137940, 247800, 248760

212750
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Table 5.1.  Continued
Earliest reference; latest reference MIM number(s) for homologous human disorders/traits
Disorder or trait (if different from earliest reference) Peptide [http://www3.ncbi.nlm.nih.gov/Omim/]
Glycogen storage disease | Bardens et al. (1961), Kishnani et al. (1997) Glucose-6- 232200
phosphatase
Glycogen storage disease |l Mostafa (1970), Reuser (1993) Glucosidase, 232300
alpha-1,4
Glycogen storage disease VI Ewing (1969), McCully et al. (1999) Phosphofructo- 232800

Goitre, familial
Goniodysplasia, mesodermal
Haemolytic anaemia,
autoimmune
Haemophagocytic syndrome
Haemophilia A

Haemophilia B

Hemeralopia

Hemivertebrae

Hepatic fibrosis, idiopathic
Hernia, diaphragmatic
Hernia, hiatal

Hernia, inguinal

Hip dysplasia

Hodgkin disease

Horner syndrome
Hydrocephalus

Hydromelia

Hyperadrenocorticism

Hyperbilirubinaemia, unclassified

Hypercholesterolaemia
Hypergammaglobulinaemia
Hyperkeratosis, palmoplantar

Brouwers (1950), Verschueren and Belshaw (1989)
Kellner (1996), Ruhli and Spiess (1996)
Bull et al. (1971), Burgess et al. (2000)

Walton et al. (1996)

Taskin (1935), Clark et al. (2000)

Field et al. (1946), Gu et al. (1999a)
Rubin et al. (1967), Chaudieu and Molonnablot (1995)
Morgan (1968), Done et al. (1975)
Rutgers et al. (1993)

Butler (1960), Williams et al. (1998)
Bright et al. (1990), Holt et al. (1998)
North (1959), David et al. (1998)
Schnelle (1954), Wood et al. (2000)
Thanikachalam et al. (1993)

Boydell (1995), van Hagen et al. (1999)
Brunetti et al. (1993), Cantile et al. (1997)

Kirberger et al. (1997)

Blaxter and Gruffydd-Jones (1990), Zerbe (2000)
Rothuizen et al. (1989), Kass et al. (1998)

Jorge et al. (1996), Kocabatmaz et al. (1997)
Michels et al. (1995), Cerundolo et a/. (1998)
Binder et al. (2000)

kinase, muscle
Thyroglobulin

Factor VIII
Factor IX

Low density
lipoprotein
receptor

188450, 138790, 138800, 274600, 274500
137600, 138770, 137750
205700

267700

306700

306900

163500, 257270, 268100, 310500

207620

263200, 216360

142340, 222448, 226735, 229850, 306950
142400, 137270

142350, 245550

142669, 142700, 244510, 265050

236000

143000

307000, 112240, 109400, 123155, 209970, 236635
236600, 236660, 236670, 236640, 273730, 276950
236690, 307010, 314390, 600256, 600257, 600559, 600991
109500, 211990, 304340, 220200, 220210, 220219
220220, 267010, 123155, 118420, 207950, 600880
174800, 169170, 201710

237450, 237550, 237800, 237900

143890

247800

144200

26 |
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Hyperlipidaemia
Hyperlipoproteinaemia

Hyperparathyroidism
Hyperphosphatasaemia
Hypoadrenocorticism
Hypolipoproteinaemia
Hypoparathyroidism

Hypoprothrombinaemia
Hypothyroidism
Hypotrichosis

Intestinal cobalamin
malabsorption
Intussusception
Kartagener syndrome
Keratitis

Krabbe disease

Legg—Calve—Perthes disease
Leucocyte adhesion deficiency
Linear IgA disease

Malignant hyperthermia
syndrome

Masticatory muscle myositis
Menkes syndrome

Mitochondrial myopathy
Motor neurone disease
Mucopolysaccharidosis |

Mucopolysaccharidosis Il
Mucopolysaccharidosis llIA

Mucopolysaccharidosis VI
Mucopolysaccharidosis VII

Jones and Manella (1990), Bauer (1995)
Baum et al. (1969), Ford (1993)

Persson et al. (1961), Reusch et al. (1999)
Lawler et al. (1996)

Pascoe (1993), Greco (2000)

Whitney et al. (1993)

Sinke and Kooistra (1996)

Dodds (1977)
Clark and Meier (1958), Plotnick (1999)
Anon. (1917), Cerundolo et al. (2000)

Fyfe et al. (1991), Morgan and McConnell (1999)

Greenfield et al. (1997), Sivasankar (2000)
Edwards et al. (1989), Watson et al. (1999)
Clerc and Jegou (1996)

Fankhauser et al. (1963), McGowan et al. (2000)

Moltzen-Nielsen (1937), Brenig et al. (1999)
Trowaldwigh et al. (1992), Kijas et al. (1999)
Olivry et al. (2000a)

Short (1973), Xu et al. (1998a)

Vilafranca et al. (1995)
Guevara-Fuijita ef al. (1996)

Olby et al. (1997)
Pinter et al. (1997), Kent et al. (1999)
Shull et al. (1982), Lutzko et al. (1999)

Wilkerson et al. (1998)
Fischer et al. (1998)

Haskins et al. (1992)
Haskins et al. (1984), Sammarco et al. (2000)

Lipoprotein
lipase

Factor Il

Intrinsic factor
receptor

Galactosylcera-
midase

Cu2+_
transporting
ATPase, alpha

Iduronidase,
alpha-|
|duronate-2-
sulphatase
Sulphamidase
Arylsulphatase B
Glucuronidase,
beta

144250, 238400, 238500
238400, 238500, 238600, 144250

145001, 145000, 239199, 239200, 256120, 600166

171720, 239100
240200, 240300
278100

247410, 146255, 146200, 241400, 240300, 241410,

256340, 307700, 600780
176930
225050, 225250, 241850, 243800, 275120

146520, 146550, 250460, 211370, 146530, 183849,

246500, 241900, 278200, 600077
261100

147710
244400
148190, 148200, 148210, 242150
245200

150600
116920
602341
145600, 180901

154850
309400, 600468, 300011

251900, 157650, 251945, 160550, 255140
253500, 158700
252800

309900
252900

253200
253220
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Table 5.1.  Continued
Earliest reference; latest reference MIM number(s) for homologous human disorders/traits
Disorder or trait (if different from earliest reference) Peptide [http://www3.ncbi.nlm.nih.gov/Omim/]
Muscular dystrophy, Valentine et al. (1988), Wetterman et al. (2000) Dystrophin 310200
Duchenne and Becker types
Myasthenia gravis Jenkins et al. (1976), Yoshioka et al. (1999) 254210, 254200
Mycosis fungoides Olivry et al. (1995), Magnol et al. (1996) 254400
Myoclonus epilepsy of Lafora Hegreberg and Padgett (1976), Jian ef al. (1990) 254780
Narcolepsy Dean et al. (1989), Reilly (1999) Orexin 161400, 223300
(hypocretin)
receptor 2

Necrotizing encephalopathy,
subacute, of Leigh
Nephritis, X-linked

Nephritis, autosomal
Nephrotic syndrome
Neuronal abiotrophy
Neuropathy, giant axonal
Neuropathy, peripheral

Neutropenia, cyclic
Niemann-Pick disease
Onychodystrophy
Osteochondromatosis
Osteochondrosis
Osteochondrosis dissecans
Osteodystrophy
Osteogenesis imperfecta

Otitis media, susceptibility to
Pancreatic insufficiency, exocrine
Patent ductus arteriosus
Pelger-Huet anomaly

Sawashima et al. (1996), Brenner et al. (2000)
Thorner et al. (1989), Lees et al. (1997)

Hood et al. (1990), Lees et al. (1998)

Vilafranca et al. (1993), Ritt et al. (1997)

Sandefeldt et al. (1973), Delahunta and Averill (1976)
Duncan et al. (1981)

Furuoka et al. (1992)

Conklin (1957), Allen et al. (1996)

Bundza et al. (1979)

Scott et al. (1995), Verde and Basurco (2000)
Caporn and Read (1996)

Bergsten and Nordin (1986), Necas et al. (1999)
Fox and Walker (1993), Johnston (1998)
Woodard (1982), Abeles et al. (1999)

Calkins et al. (1956), Lazar et al. (2000)

Holt and Walker (1997), Dvir et al. (2000)

Westermarck (1980), Wiberg et al. (1999)

Patterson and Detweiler (1967), Kosztolich et al. (2000)
Feldman (1975), Mott et al. (1997)

Collagen, type IV,
alpha-5 chain

Sphingomyelinase

256000, 161700
301050, 303630

104200

215250, 251300, 256350, 256370, 256020

253300

256850, 256851

551550, 162370, 201300, 256800, 256810, 256850
256851, 162375, 162500, 118220, 162375, 256855
162380, 256860, 256840, 310470, 162400, 310490
256870, 162600

162800

257200

106990, 106995, 107000

127820, 133700, 208230

181440, 188700, 259200

181440, 188700, 259200

600430, 103581, 103580, 300800, 203330
120150, 120160, 166260, 259770, 259420, 259440
166240, 259400, 259410, 166210, 166200, 259450
166220, 166230, 166260

166760

260450

169100, 233500, 243185

260570
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Pemphigus

Persistent Miillerian duct
syndrome

Platelet delta-storage pool
disease

Pneumothorax

Polycystic kidney disease
Polycythaemia

Polyglandular autoimmune
syndrome, type Il

Polyuria

Portosystemic shunt
Prekallikrein deficiency
Prognathism

Pyruvate kinase deficiency of
erythrocyte

Renal dysplasia

Respiratory distress syndrome
Retinal and skeletal dysplasia
Retinal degeneration Il
Retinal pigment epithelial
dystrophy

Retinoschisis
Rhabdomyolysis

Right ventricular cardiomyopathy
Rod-cone degeneration,
progressive

Rod-cone dysplasia-1

Rod-cone dysplasia-3

Scoliosis

Shinya et al. (1996), Marsella (2000)
Meyers-Wallen et al. (1989), Jonen and Nickel (1996)

Callan et al. (1995)

Holtsinger ef al. (1993), Valentine et al. (1996)
Liu et al. (1998), O’Leary et al. (1999)

Donovan and Loeb (1959), Faissler et al. (1998)
Smallwood and Barsanti (1995)

Belshaw (1995)

Rothuizen et al. (1982), Hunt et al. (2000)
Otto et al. (1991)

Gruneberg and Lea (1940), Phillips (1945)
Tasker et al. (1969), Skelly et al. (1999b)

Murphy (1989), Olenick (1999)

Jarvinen ef al. (1995)

Carrig et al. (1977), Pugh and Miller (1995)
Parry (1953a), Akhmedov et al. (1997)
Lightfoot et al. (1996), Veske et al. (1999)

Schuh (1995)

Amberger (1995), Jacobson and Lobetti (1996)
Simpson et al. (1994), Bright and McEntee (1995)
Aguirre and Acland (1988), Gu et al. (1999b)

Parry (1953b), Aguirre et al. (1999)

Petersen-Jones et al. (1999), Petersen-Jones and Zhu
(2000)

Bagley et al. (1997)

Pyruvate kinase

Rhodopsin

Retinal rod
photoreceptor
cGMP
phosphodiesterase,
beta subunit

Cyclic

guanosine
monophosphate
phosphodiesterase,
alpha subunit

169600, 169610, 169615
261550, 235255

185050, 600515

173600

263200, 600666, 600273, 263210, 600330, 600595, 263100
133100, 263300, 263400

269200

239350
601466
229000
176700
266200

266920, 266900, 266910
267450

266920

180380

136550, 179840

180270, 268080, 268100, 312700
268200
107970
600852

180072

180071

181800, 182210, 555000
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Table 5.1. Continued

Earliest reference; latest reference

MIM number(s) for homologous human disorders/traits

Disorder or trait (if different from earliest reference) Peptide [http://www3.ncbi.nlm.nih.gov/Omim/]
Severe combined Jezyk et al. (1989), Hartnett et al. (2000) Interleukin-2 308380, 300400, 312863
immunodeficiency disease, receptor,

X-linked Gamma

Sex reversal: XX male
Spina bifida
Spondylosis deformans
Stomatocytosis
Subaortic stenosis
Syndactyly
Syringomyelia

Systemic lupus erythematosus

Tachycardia
Testicular feminization

Tetralogy of Fallot
Thrombasthenia
Thrombocytopenia

Thrombocytopathy
Thrombocytopenic purpura,
autoimmune
Thrombopathia

Tremor

Tremor, X-linked
Urolithiasis

Vasculopathy

Vitiligo

Von Willebrand disease

Von Willebrand disease |
Von Willebrand disease Il
Wilms tumour

Wilson disease
Xanthinuria

Hare et al. (1974), Meyers-Wallen et al. (1999)
Parker et al. (1973)

Glenney (1956), Langeland and Lingaas (1995)
Pinkerton et al. (1974), Slappendel et al. (1991)
Patterson and Detweiler (1963), Orton et al. (2000)
Anon. (1961), Renoy and Balligand (1991)

Itoh et al. (1996), Rusbridge et al. (2000)
Goudswaard et al. (1993), Chabanne et al. (1999)
Gilmour and Moise (1996), Moise et al. (1997)
Meyers-Wallen (1993)

Patterson (1972), Oguchi et al. (1999)

Brooks and Catalfamo (1993), Boudreaux et al. (1996)

Eksell et al. (1994), LeGrange et al. (2000)

Dodds (1967), Degopegui and Feldman (1998)

Brodey and Schalm (1963), Lewis and Meyers (1996)

Patterson et al. (1989), Brooks and Catalfamo (1993)
Kollarits (1924), Wagner et al. (1997)

Griffiths et al. (1981), Cuddon et al. (1998)

Keeler (1940), Osborne et al. (1999)

Rest et al. (1996), Fondati et al. (1998)

Wisselink (1993)

Dodds (1971), Riehl et al. (2000)

Brooks and Catalfamo (1993), Johnstone (1999)
Brooks and Catalfamo (1993), Venta et al. (2000)
Shibuya et al. (1996), Pearson et al. (1997)
Hardy et al. (1975), Holmes et al. (2000)
Vanzuilen et al. (1996), Flegel et al. (1998)

Androgen receptor

Proteolipid protein

Von Willebrand
factor

Xanthine oxidase

154230

182940, 183802, 301410
184300

185000, 185010, 185020
192600, 271950, 271960
212780

186700, 272480

152700

192605, 272550

313700

187500, 187501, 239711

273800, 187800, 187900

274000, 188030, 600588, 147750, 187900, 188000,
188025, 141000, 235400, 188020, 273900, 223340,
274150, 301000, 313900, 314000, 314050, 137560
185070

188030

185050

190200, 190300, 190310, 214380

312080

220150

192315, 225790

193200, 221350, 270680, 277465
193400, 177820, 231200, 277480, 314560

193400, 277480

193400, 277480

194070, 194071, 194090, 194080, 194072
277900

278300
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of phenotypes, there is always room for differences in interpretation of data for
certain phenotypes, and authors differ in their levels of expertise, experience
and time that has been devoted to canine disorders. In covering all species
of domesticated animals, the present author, for example, lacks the detailed
clinical knowledge and canine-specific expertise put to such good use by the
authors of Chapters 9, 10 and 18. Tt is to be hoped that sometime in the future,
the resources of cataloguers can be pooled to provide online access to
up-to-date, detailed information on all inherited disorders/traits in dogs.
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Introduction

During 1940-1960, a number of innovative techniques were described
that enabled the detection of diverse qualitative genetic variations at the
biochemical level within a species. These variations, reported first mostly in
humans, were mainly of the following categories: (i) Blood groups (red cell
antigens), studied by serological methods, (ii) inherited variants of proteins,
detected by gel electrophoresis. A red cell antigen is termed as a blood group
if it is proved to be present in some, but not all, individuals of a species. The
electrophoresis methods brought about a revolution for revealing and typing
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the different allelic variants of a given protein in a population. In this context, a
polymorphic genetic system was defined as one in which there are two or
more allelic variants, no one of which has a frequency of more than 99% in the
population. In dogs, relatively few highly polymorphic proteins were reported
until 1980. Notable among these were three plasma proteins (albumin, trans-
ferrin and esterase) and two red cell enzymes (superoxide dismutase and acid
phosphatase). A breakthrough was achieved in the early 1980s when the
dog plasma samples were analysed by improved methods using one- and
two-dimensional polyacrylamide gel electrophoresis. This revealed five
additional, highly polymorphic plasma proteins and also resulted in a better
resolution of the transferrin variants. All of these proteins were clearly visible
by an easy and inexpensive general protein staining technique (see Juneja
et al., 1987a). This showed that, as in some other economically important
domestic animals, a number of easily available plasma protein markers were
present in purebred dogs and these were thus used for parentage testing and
different genetic studies in this species. Subsequently, by using immuno-
blotting, polymorphisms of different canine plasma complement proteins have
also been described. The initial interest in characterizing the blood groups of
dogs was to develop an animal model for studying the immune destruction of
erythrocytes which occurs during incompatible blood transfusion. The first
systematic study on canine blood groups was conducted by Swisher, Young
and co-workers during 1949-1961. In all, 13 different blood group systems
have so far been described. Canine blood grouping is now routinely
performed in service laboratories in order to choose suitable donor blood
for the purpose of blood transfusion within this species.

We give here a review on the different canine biochemical and serological
genetic markers (biochemical polymorphisms and blood groups) and their
significance in dog genetics and medicine. Previous reviews on the canine
blood groups have been presented by Swisher and Young (1961), Bell (1983),
Hale (1995) and Giger (2000a). A detailed description of several canine
biochemical polymorphisms was given, in monograph form, by Tanabe
(1980). Data on gene frequencies at several blood protein loci in various dog
breeds of Asia and Europe were reported by Tanabe (1980) and Tanabe et al.
(1991). A detailed compilation of canine blood protein and blood group gene
frequency data has been given by Lachmann (1993).

Biochemical Polymorphisms

The biochemical polymorphisms studied in dogs comprise mainly the proteins
of blood plasma (serum) and erythrocytes and also a few in leucocytes.

Plasma proteins

The different known plasma protein polymorphisms of dogs are listed in Table
6.1. Many of the canine plasma proteins show a high degree of polymorphism
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Table 6.1. List of reported plasma protein systems in dogs

Plasma protein Locus Alleles  Methods? References
Albumin ALB 2 Acid StGE 1
Alpha1B-glycoprotein A1BG 4 1D PAGE or 2D-AgGE-PAGE 2,3
Alphai-protease inhibitor P/ 4 1D PAGE or 2D-PAGE or IEF 2,3,4
Apolipoprotein A4 APOA4 4 D PAGE or 2D-AgGE-PAGE 3,9
Arylesterase ARE 7 IEF 6
Esterase-1 ES-1 3 Alkaline StGE 7
Leucine amino peptidase ~ LAP 2 Alkaline StGE 8
Postalbumin 1 PA1 2 2D-AgGE-PAGE 3
Postalbumin 3 PA3 2 2D-AgGE-PAGE 3
Postalbumin 4 PA4 2 2D-AgGE-PAGE 3
Pretransferrin 1 PRT1 4 2D-AgGE-PAGE 3
Pretransferrin 2 PRT2 2  2D-AgGE- PAGE 3
Transferrin TF 5  1D-PAGE 2
Complement C3 C3 2 AgGE and immunofixation 9
Complement C4 Cc4 11 AgGE and immunoblotting 10
Complement C6 C6 8  IEF and immunoblotting 11,12
Complement C7° c7! 3 IEF and haemolytic detection 11
Complement C72 Cc7? 3 IEF and haemolytic detection 11

21D, one-dimensional; 2D, two-dimensional; StGE/AgGE/PAGE, starch gel/agarose gel/
polyacrylamide gel electrophoresis; IEF, isoelectric focusing. The 2D-AgGE-PAGE consists of
first-dimensional separation by agarose gel electrophoresis (pH 5.4) and the second one by
horizontal PAGE, pH 9.0 (see text).

References: 1 — Christensen ef al. (1985); Scherer and Kluge (1993); 2 — Juneja et al. (1981a);
3 - Juneja et al. (1987a); 4 — Braend (1988a); Sevelius et al. (1994); Federoff and Kueppers
(2000); 5 — Juneja et al. (1989); 6 — Braend and Andersen (1987); 7 — Sugiura et al. (1977);

8 — Tanabe et al. (1974); 9 — Kay et al. (1985); 10 — Doxiadis et al. (1987); 11 — Eldridge et al.
(1983); 12 — Shibata et al. (1995). The references given here are with regards to the method of
analysis; for all other references, see text.

Note: Preliminary data on polymorphism of dog plasma haptoglobin (HP), GC protein and an
unidentified acid glycoprotein(ACG) have also been reported (see text).

and are revealed by inexpensive protein staining procedures. Thus the
phenotypes of some of these proteins have been studied in several breeds. We
give here some salient features of the different polymorphisms.

Albumin (ALB)

By using acidic starch gel electrophoresis (pH 4.0), two ALB alleles have been
reported. Both of the alleles are present in almost equal frequencies in many
breeds (Day et al., 1971; Blirup-Jensen, 1976; Christensen ef al., 1985; Tanabe
et al., 1991; Jordana et al., 1992; Lachmann, 1993; Scherer and Kluge, 1993).
Christensen et al. (1985) indicated a possible association between the ALBS
allele frequencies and the bone length of the dog breeds. It is, in general,
difficult to get a clear separation of the dog ALB variants.
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AlphalB-glycoprotein (A1BG) and apolipoprotein A4 (APOA4)

Genetic polymorphism of two unidentified dog plasma proteins (called
postalbumin, Pa, and postalbumin 2, Pa2) was reported by Juneja et al. (1981b,
1987a). These were later identified, respectively, as A1BG and APOA4 by
conducting immunoblotting with antiserum specific to human plasma proteins
(Juneja et al., 1987b, 1989). The two common alleles, A1BG" and A1BG®, are
present in many breeds. Later A7BG” was found in breeds such as Golden
Retriever and Dalmatian and A7BG, in Flat Coated Retriever. The A1BG D
variant moves slightly ahead of the F variant while the T variant is located
between the F and S variants (Juneja et al., 1992). Three common alleles of
APOA4 (APOA4P, APOA4" and APOA4®) are present in several breeds (Juneja
et al., 1987a, 1989). A fourth variant, called APOA4T, with mobility slower than
the S variant, was found in Border Terriers (R.K. Juneja, unpublished results).
The function of the mammalian A1BG is as yet unknown. However, in the
opossum, a marsupial, the homologue of AIBG was shown to be a
metalloproteinase inhibitor that partially accounted for the resistance of that
marsupial to the effects of the rattlesnake venom metalloproteinase (Catanese
and Kress, 1992).

Alphal-protease inhibitor (PD/alphal-antitrypsin (AAT)

Three common alleles PI*, PI' and PP in the PI system (then called PI I) were
reported by Juneja et al. (1981b). Later a fourth allele, PP, was observed in
Siberian Husky (Juneja et al., 1992) and in the Akbash breed, native to Turkey
(Morris and Lemon, 1992). The PI M variant has a migration between the PI I
and PI S variants. The 1-D PAGE technique enables scoring of all of the four PI
variants. Improved separation of dog PI variants was obtained by isoelectric
focusing followed by immunofixation or immunoblotting with antiserum
specific to canine PI protein (Kueppers et al., 1993; Sevelius et al., 1994).
Braend (1988a) and Federoff and Kueppers (2000), using isoelectric focusing
in both studies, reported three PI variants in Alaskan wolves, Grey and
Mexican wolves with mobility identical respectively to the F, T and S variants of
dogs. Vatne er al. (1996) reported that the elastase-inhibitory capacity of the
isolated canine PI I variant, at pH 6.8, was significantly less than that of PI F
and PI S variants. They hypothesized that in the case PI II genotype dogs,
the PI protein may not be sufficiently effective to inhibit the proteases released
in the liver as a result of some disease in that organ and this can then
subsequently lead to liver cirrhosis. Melgarejo et al. (1996), on the basis of
amino acid composition, provided evidence that the polymorphic PI protein
of dogs is homologous to the human al-antitrypsin (PD).

Eserine-resistant esterase (ES-1) and arylesterase (ARE)/paraoxonase (PON1)

Three alleles of ES-7 were reported by using starch gel electrophoresis. The
ES-1¢ allele was observed with a low frequency only in some Japanese breeds.
Most of the European breeds have two common alleles (Sugiura et al., 1977,
Tanabe, 1980). Braend (1984), using isoelectric focusing (pH 4.2-4.9),
obtained an improved resolution of a group of esterase fractions and



| Biochemical Genetics and Blood Groups

121

characterized that enzyme as arylesterase. A total of seven alleles were
reported. Most of the breeds showed two common alleles and some rare
alleles (Braend and Andersen, 1987; Piette, 1988). Braend and Roed (1987)
reported four ARE alleles in Alaskan wolves and three of those alleles also
occurred in dogs. Both in human and mouse, plasma arylesterase is called
paraoxonase with locus symbol PONT. This enzyme is known to have impor-
tant anti-atherogenic functions (PrimoParmo et al, 1996). It is, in general,
difficult to get a reproducible separation of the canine plasma ARE fractions.

Complement components C3, C4, C6, C7! and C7?

Genetic polymorphisms of canine C3, C4 and C6 proteins were reported
by conducting immunoblotting using antiserum specific to human, canine or
rabbit complement components. Two alleles of C3, present with almost equal
frequencies in a random sample of dogs, were described by Kay et al. (1985).
In addition, a null allele of C3 in a colony of Brittany Spaniels has also been
reported. The C3-deficient dogs show a predisposition to recurrent bacterial
infections and to type 1 glomerulonephritis (Ameratunga et al., 1998). At the
C4 locus, eight different alleles were detected by agarose gel electrophoresis
of plasma samples and three additional alleles by SDS-PAGE of the immuno-
precipitates. Three of the alleles occurred with considerable frequency in a
sample of various breeds (Doxiadis et al., 1987). Shibata et al. (1995) described
at the C6locus, a total of seven structural alleles and a null allele in Asian and
European dog breeds. Among the three European breeds studied, two (Beagle
and Pointer) showed three common alleles each, while the third (German
Shepherd) was monomorphic. In the case of C7, there are two tightly-linked
loci (€71 and C7?), each with three alleles. There was some indication of a null
allele or locus deletion at one of the loci. €7 polymorphisms were studied by
using isoelectric focusing and a haemolytic detection method (Eldridge et al.,
1983).

Transferrin (TF)

In all, five alleles have been reported in a vast number of dog breeds studied.
The TFP and TF¢alleles are the most frequent ones in all European and Asian
breeds examined. 7F! was observed in a few breeds including German
Shepherd and Poodle, TF” in only two European breeds (Cocker Spaniel and
Mastin Espanol) and in some Japanese breeds and TFF exclusively in Arctic
breeds like Siberian Husky, Borzoi, Alaskan Husky, Eskimo Dog, Nova Scotia
Duck Tolling Retreivers and Samoyed. TF variants B and C have very similar
mobilities but these are separated clearly from one another by using a 12%
acrylamide concentration in the separation gel (Stevens and Townsley, 1970;
Juneja et al., 1981a; Reetz, 1981; Tanabe et al, 1991; Jordana et al., 1992;
R.K. Juneja, unpublished results). Isoelectric focusing resulted in improved
separation of canine TF variants but no further subtypes were detected
(Braend and Andersen, 1987). Braend and Roed (1987) reported two common
TF alleles in 146 Alaskan wolves; the two alleles were indistinguishable from
the 7FP and TF¢alleles of dogs.
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Haptoglobin (HP) and GC protein (GC)

The HP fractions in plasma are generally identified by their ability to form a
complex with haemoglobin. Some authors have described the absence of this
complex in certain dogs and have hypothesized the occurrence of an HP null
allele (see Scherer and Kluge, 1993). A similar conclusion was drawn by
Yoshida and Ikemoto (1986) who used a method of 2-D electrophoresis. This
HP variation needs to be considered tentative since very limited inheritance
data have been given for it. Recently Andersson et al. (1998) studied the HP
fractions by isoelectric focusing, followed by immunoblotting and observed
only one phenotype in a random sample of 50 dogs. They, however, observed
disease-related variations in the glycosylation of HP fractions. A brief report
indicating GC polymorphism in mongrel dogs was given by Yoshida and
Ikemoto (1986). Clear evidence of GC polymorphism was observed by us in
one family of Chihuahua breed. One sire and two of its offspring were
heterrozygotes. The new GC variant moved ahead of the common variant in
alkaline PAGE (Juneja et al., 1992).

Alkaline phosphatase (ALP) and leucine aminopeptidase (LAP)

Tanabe (1980) reported six different phenotpes of alkaline phosphatase (ALP)
and proposed the control by three codominant alleles. Symons and Bell
(1992b) observed three different ALP phenotypes in various European breeds.
The genetic control, however, was not clear. Assuming genetic control of two
codominant alleles, the distributions of types in families differed significantly
from expectations. Two alleles of leucine aminopeptidase (LAP), present in
several breeds, have been described (Tanabe et al., 1974; Tanabe, 1980; Jan
and Bouw, 1983).

Unidentified plasma proteins

Polymorphism of five as yet unidentified plasma proteins called postalbumin
1, 3 and 4 (PA1, PA3 and PA4) and pretransferrin 1 and 2 (PRT1 and PRT2) was
reported by Juneja et al. (1987a) and Juneja and Shibata (1992). PA1, PA3 and
PRT1 show a high degree of polymorphism in almost all breeds. PRT1 B
variant migrating ahead of PRT1 D was later observed in Greyhound, Whippet
and in Finnish Lapphund (Juneja et al., 1992; R.K. Juneja, unpublished results).
PA3 fractions were not observed in electrophoretograms of fresh plasma but
only in those plasma samples stored at —20°C for more than a year. It is thus
probable that PA3 is the canine apolipoprotein A1(APOA1) that gets gradually
released from the plasma lipid particles during the storage of plasma samples.
This is supported by the results of Miller et al. (1994) who observed intensely
stained fractions of APOA1 in dog plasma using a method of high-resolution
2D-electrophoresis, conducted under denaturing conditions. Miller et al.
(1994), using immunoblotting with human specific antisera or by amino acid
microsequencing, identified apo A4, complement factor B, GC protein,
B-haptoglobin, B- and y-fibrinogen and IgG heavy chain fractions in the
electropherogram of the dog plasma samples. Yoshida and Ikemoto (1982)
reported a polymorphic acid glycoprotein (ACG) with two phenotypes
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(presence or absence of the ACG fraction) by SDS—polyacrylamide gel
electrophoresis. The protein was presumed as an acid glycoprotein with PAS
staining positive; its molecular weight was 34 kDa and its isoelectrofocusing
point about 4.5. It is probable that ACG may be identical to PA3 protein of
Juneja et al. (1987a).

Red cell enzymes

Genetic polymorphism has been described for canine haemoglobin and a
number of red cell enzymes. The phenotypes at some of the following loci
have been studied to a considerable extent.

Haemoglobin (HB)

Tanabe et al. (1978) first reported HB polymorphism in dogs; the variant allele,
HBA was present only in some Japanese breeds with a frequency of about 0.08.
Later HB* was found to be the predominant allele in some other Japanese and
Korean breeds although it was totally absent in the European breeds (Tanabe
et al., 1991). Braend (1988b), using isoelectric focusing with immobiline pH
gradient gels (pH 7.0-7.6), described another type of HB polymorphism; two
common HB alleles were observed in most of the European breeds studied. It
is not yet known if the above variations are in the genes controlling the alpha
or the beta chain of the HB molecule.

Superoxide dismutase (SOD)

Two alleles of SOD (previously called tetrazolium oxidase) have been reported
in several breeds. The variant allele is present with a considerable frequency
(0.2-0.3) in Poodle, Boxer, Terrier, German Shepherd and Collie breeds (Baur
and Schorr, 1969; Reetz, 1981; Tanabe er al, 1991; Jordana et al, 1992;
Lachmann, 1993).

Glucose phosphate isomerase (GPI)

Tanabe et al. (1977) reported two alleles and the variant allele, GPI?, was
present almost exclusively in some of the Japanese breeds. Among the
European breeds, they reported one out of 14 Dalmatians to be a
heterozygote. GPI B variant has been reported also in Bangladesh Native Dog
and Caucasian Sheepdog (Knyazev et al., 1993) and in Azawakh and Sloughi,
both breeds of African origin (Scherer and Kluge, 1993). Further work has
shown that the GPP? allele is present with a considerable frequency in the dogs
of the Dalmatian breed in Sweden and Finland (Juneja et al, 1994; R.K.
Juneja, unpublished results). This may indicate that the Dalmatian breed most
probably originated in Asia or Africa and not in Europe. A third allele, GPI,
was reported to be present as a rare allele in the Chow Chow breed by Arnold
and Bouw (1989). We used agarose gel electrophoresis (pH 8.6-barbital buffer
system) of haemolysate samples for the scoring of dog GPI and SOD variants
on the same gel (R.K. Juneja, unpublished results).
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Acid phosphatase (ACP), peptidase D (PEPD) and catalase (CAT)

Two alleles of red cell acid phosphatase have been described. The variant
allele has been reported to be present with considerable frequency (0.1-0.3) in
many Japanese and European breeds (Braend and Austad, 1973; Tanabe, 1980;
Rehm, 1988).

Two common alleles of PEPD have been reported in several European
breeds (Saison, 1973; Burghoff, 1982; Jan and Bouw, 1983). A third rare allele
was observed in the Beagle breed (Vriesendorp et al., 1976). Tanabe (1980)
provided evidence for two CAT alleles in various breeds. In addition, a null
allele in the homozygous form leading to hereditary acatalasaemia has been
described in some reports. The null allele was present with considerable
frequency in, for instance, Pointer, Maltese and Beagle breeds (Allison et al.,
1957; Simonsen, 1976; Tanabe, 1980; Fukuda e al, 1982). It is, in general,
difficult to get a suitable resolution of the canine PEPD and CAT variants.

Miscellaneous enzymes

Genetic polymorphism was reported, in brief, of some other red cell enzymes
as given below: red cell esterase 2 and 3 (Tanabe, 1980); esterase D, ESD in
the Basenji breed (Weiden et al., 1980); glutamate oxalacetate transaminase,
GOT1 (Weiden et al., 1974); phosphoglucomutase (PGM) 1, 2 and 4 (Khan
et al., 1973; Wong et al., 1974; Pretorius et al., 1975); glucose-6-phosphate
dehydrogenase, G6PD (Vriesendorp et al., 1976). In addition, polymorphism
of two leucocyte enzymes, PGM3 (Vriesendorp el al., 1976) and mannose
phosphate isomerase, MPI, has also been reported (Jan and Bouw, 1983). A
detailed study on the polymorphism of the sialic acid species of haematoside,
which is the major glycolipid of the erythrocyte membrane, was reported
in various dog breeds (Hashimoto et al., 1984). Polymorphism of red cell
potassium and glutathione levels in the Japanese Shiba Dog was reported by
Fujise et al. (1997).

Significance of Blood Genetic Markers

The canine blood genetic markers have been used in different aspects
of genetics, breeding and medicine as given below. While the biochemical
variants have been used for parentage testing and population studies,
the application of blood groups has mainly been in the context of
blood-transfusion.

Plasma protein loci beterozygosity and parentage testing

Many of the dog plasma proteins (ALB, TF, A1BG, APOA4, ARE, ES-1, PI, PA1,
PRT1, C4, C6 and C7) show a high degree of polymorphism (Table 6.1).
There are generally two or three common alleles present for each of the
above loci in most of the European breeds. Dog C4 shows an extensive degree
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of polymorphism with eight considerably frequent and three less frequent
alleles (Doxiadis et al., 1987). The average proportion of heterozygotes at each
of the following plasma protein loci (7F, PI, PA1, PRT1, A1BG, C6 and
APOA4) is 30-35% in most of the common European dog breeds (Aarskoug
et al., 1992; Lachmann, 1993; Shibata et al, 1995; R.K. Juneja, unpublished
results). This is in contrast to the lack of polymorphism observed for many of
the dog red cell enzymes (Weiden et al.,1974; Fisher et al., 1976; Simonsen,
1976; Jordana et al., 1992). Some of the above plasma protein markers were
thus found to be highly useful for the purpose of parentage testing. In our
laboratory in Uppsala, we have used a scheme that involves only two tests as
follows: (1) analysis of plasma samples by one-dimensional horizontal PAGE,
followed by protein staining of the gel; (2) analysis of plasma samples by a
simple method of 2-D electrophoresis — first dimension separation by agarose
gel electrophoresis (pH 5.4) and the second one by horizontal PAGE (pH 9.0),
followed by protein staining of the gel. These two tests allow the simultaneous
phenotyping of six highly polymorphic proteins (TF, PI1, AIBG, APOA4, PA1
and PRT1) and two others, PA4 and PRT2 (Juneja et al., 1987a; Juneja and
Shibata, 1992; for general details of these methods, see Juneja and Gahne,
1987). The theoretical probability of excluding a wrongly assigned parentage
by this scheme is 80-90% in most breeds, when the number of offspring tested
of the given litter ranged from one to four (R.K. Juneja, unpublished results;
Gundel and Reetz, 1981). Many laboratories are now exclusively using canine
DNA microsatellite polymorphisms for parentage testing in dogs.

Linkage data

The following genetic linkages, involving the blood genetic markers, have
been reported in dogs.

1. Linkage of the C4 gene with the genes of the MHC (see Doxiadis et al.,
1987).

2. Tightlinkage between the €6, C7' and €72 genes. Dog is the only species in
which a duplication of the C7locus has been proposed (Eldridge et al., 1983;
Hobart, 1998).

3. Linkage between the gene for coat colour extension locus () and the
plasma esterase locus ES-1, by studying a large sire-family of Beagle breed. The
recombination distance between the two loci was about 34 ¢cM. A homologous
linkage was reported earlier in horse, rabbit and mouse (Arnold and Bouw,
1990).

4. By typing the samples of the DogMap reference panel, the linkage relations
of four plasma protein genes were described; APOA4 and A71BG were assigned
respectively to chromosomes 5 and 1; 7Fto the linkage group LO5 and PIto LO6
(Jonasdottir et al., 1999; Lingaas et al., 2001).

5. Juneja et al. (1994), by studying a large sire-family of Dalmatian dogs,
reported linkage between the loci for glucose phosphate isomerase (GPD
and plasma alphalB-glycoprotein (A7BG). Four recombinants were observed
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among a total of 35 informative offspring, giving a recombination frequency
of about 11% between the two loci. In pigs, the MHS (malignant hyperthermia
susceptibility) gene (halothane gene, HAL/calcium release channel gene, RYR1)
is closely linked to GPTand A1BG genes (see Juneja et al., 1987b). In dogs, RYR1
has been mapped to chromosome 1 and recently it was indicated that the canine
MHS gene co-segregates with a presumed mutation in RYR1 (Roberts et al.,
2000). In humans, the loci A71BG-RYR1-GPI are located on chromosome 19q
while in dog, these three loci are localized to chromosome 1. Thus linkage
between these three loci has been observed in all the three species examined so
far (pig, human and dog).

6. Juneja and Shibata (1992) reported tight linkage between the loci for two
as yet unidentified plasma proteins PA4 and PRT1. The PA4/PRT1 haplotype
frequencies in several breeds were reported.

Population studies

Genetic relationships between different dog breeds, on the basis of blood
protein gene frequencies, have been given in some reports. Jordana et al.
(1992) studied genetic distance between ten different Spanish breeds. Tanabe
et al. (1991) estimated gene frequencies at 14 variable loci and genetic
distances in 40 different dog breeds of Asia and Europe. They have, in particu-
lar, elucidated the probable origins of the Japanese native dogs. Knyazev et al.
(1993) indicated that the native dog breeds of central Eurasia occupy an
intermediate position between the East Asian and the European breeds.
Several marked differences in gene frequencies at different loci between the
Asian and the European dogs have been reported. For instance, the frequency
of HBAranged from 0.1-1.0 in many of the Japanese and Korean dogs but this
allele was totally absent in the European breeds (Tanabe et al., 1991). In the
plasma PA4 system, while many of the breeds of middle and north-eastern
Asia showed a substantial frequency (0.1 to 0.6) of the S allele, a majority of
the European breeds had only the Fallele (Juneja and Shibata, 1992). Tanabe
et al. (1991) reported that the degree of heterozygosity was higher in Korean
and Japanese native breeds than in the European breeds. Lachmann (1993), by
analysis of five polymorphic plasma protein loci, classified the race dogs
Saluki, Whippet and Sloughi to one group and Greyhound, Windspiel and
Afghan Hound to another group. Juneja et al. (1981b) compared the observed
gene frequencies at 7F and Pl loci in a set of five breeds from Sweden and
from Germany. In all cases, each breed from the two countries showed very
similar gene frequencies.

Blood Groups

The first systematic study on canine blood groups was by Swisher, Young
and co-workers, conducted between 1949 and 1961, when they defined seven
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blood group systems. Their work still remains the most prominent one with
respect to the roll of canine blood groups in transfusion (Swisher and Young,
1961; Swisher et al, 1962). An additional six blood group systems were
identified in subsequent studies (Bowdler et al., 1971; Suzuki et al., 1975;
Colling and Saison, 1980a; Symons and Bell, 1992a). A comprehensive review
on the history, 