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STELLINGEN

I
Bij het onderzoek van polymorfe kenmerken als genetische kentekens in populatiesvanlandbouwhuisdierenmoetmeerwaardewordentoegekend aande
parameters 'effectief aantal allelen' en 'gemiddelde heterozygotie', te schatten
binnen enoverloci,dan aanverdelingen van genotypen per locus.
Dit proefschrift.

II
Kenmerken diegebruikt worden omde 'genetische afstand' tussen populaties
te schatten behoeven niet noodzakelijk ongevoelig te zijn (geweest) voor selectie.
Ill
De kans dat een onjuist opgegeven afstamming als zodanig kan worden aangemerkt dient centraal testaan bij het tegenelkaar afwegen van kosten en baten van een programma voor afstammingscontrole.
IV
Degenetische polymorfie van bloedeiwitten diebij honden van uiteenlopende
rassen is aangetoond, is onvoldoende om daarop een georganiseerde afstammingscontrole te baseren.
V
Bij de conservering van zeldzame huisdierrassen wordt niet altijd het belang
onderkend van een fokprogramma dat behoud van maximale variatie garandeert.
VI
Bijhet zoeken naar biochemische factoren met het doel, deze te gebruiken in
deveefokkerij, magniet worden voorbijgegaan aan defysiologische betekenis
van dezeeigenschappen.
VII
De ontwikkeling en uitvoering van de bedrijfsdiergeneeskunde is gebaat bij
eeninbrengvan zootechnici.
VIII
Het functioneren van landbouwkundigen en biologen op vergelijkbare terreinenbinnendeLandbouwhogeschool kan eengoedebasisvormenvoor wederzijdse toenadering. Deze basis wordt helaas versmald door het bestaan van
typischteeltkundige enbiologische vakgroepen.
Proefschrift van R. C. Buis
Wageningen, 13oktober 1976.
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1. I N T R O D U C T I O N

Within many animal species genetic variation is observed in qualitative
traits, resulting in discrete differences between phenotypes. This variation is
called genetic polymorphism (FORD, 1940). Polymorphism concerns external
traits like form and colour, and characters that are primarily revealed by laboratory methods. Blood groups and biochemical polymorphisms belong to these
characters. Blood groups are inherited antigenic substances on the red cell
surface, andcanbedetected byimmunological techniques.Sincetheir discovery
after 1900 in man and other vertebrate species, they appeared to constitute an
important form ofgeneticpolymorphism (see COHEN, 1962; RACEand SANGER,
1962). Biochemical polymorphisms are inherited variants of enzymes and
other protein compounds, present in various tissues and blood serum and red
cells. These variants are usually detected by electrophoretical methods. The
introduction of starch gel electrophoresis by SMITHIES in 1955 and its subsequent combination with enzyme histochemistry (HUNTER and MARKERT,
1957)greatly stimulated the discovery of protein polymorphism. A widespread
variation is observed in man (see GIBLETT, 1969) and other vertebrate and
invertebrate species (see MANWELL and BAKER, 1970).
My study mainly deals with biochemical polymorphism. The study of blood
groups has largely contributed to the understanding of genetic polymorphism
in general and therefore many aspects of blood group polymorphism will be
considered here as well.
There are different approaches to research on blood groups and protein
polymorphisms.
Firstly, the chemical basis of variation is studied. GIBLETT (1969) reviewed
studiesonthechemical basisofmany geneticpolymorphisms inhumans. Blood
group antigen specificities depend on different sugar residue compositions of
oligosaccharides, bound to glycoprotein bodies on the red cell surface. Protein
variation is based on differences in primary protein structure, where a single
amino acid substitution may be enough to cause a different electrophoretic
migration rate.
Secondly, the biological significance of polymorphism forms a field of
research, dealing with population genetical, ecological and physiological
studies, often combined indissolubly. This can be demonstrated by research
on sickle cell anaemia in man (ALLISON, 1954), gene frequency adjustment at
the esterase-6 locus in Drosophila sp. (KOJIMA and YARBROUGH, 1967) and the
possible role of transferrin variation in bacteriostatic action (MANWELL and
BAKER, 1970, p.30). Relevance and maintenance of polymorphism is still a
controversial topic (KIMURA and OHTA, 1971; AYALA et al., 1974).
Thirdly, genetic polymorphism is frequently used as a source of genetic
markers in population genetic research. This application presumes selective
Meded.Landbouwhogeschool Wageningen76-4(1976)
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neutrality ofpolymorphism components. The use isbased on thevast variation
of genetic polymorphisms. Genetic markers are applied to distinguish and
characterize populations, and in tracing processes like migrations within populations. The application of blood groups and biochemical polymorphisms
in fish reviewed by D E LIGNY (1972) is an example.
RENDEL (1957) described the use of blood groups in farm animals, where
they are applied in parentage determination, twin diagnoses and breed structure analyses (detection of subgroups, estimation of degree of heterozygosity).
They might contribute to farm animal improvement if there are associations
between blood groups and other characters likeproduction traits. BUSCHMANN
and SCHMID (1968) described the same applications for serum protein polymorphisms.
The first approaches can be considered as more fundamental for the understanding of polymorphism than the last one. The choice of materials is more
deliberate, leading to the study of variation innatural populations, 'laboratory
animals' (e.g.Drosophila, mouse) and humans. In the third approach economically important farm animal species are emphasized. The links between this
approach and the fundamental ones originate mainly from the discussion on
associationsbetweengeneticpolymorphisms and othertraits(seee.g. GILMOUR,
1959;F.W. ROBERTSON, 1972).The nature and occurrence ofpolymorphism in
farm animal populations may be affected by such associations. Thus the
assumption of selective neutrality of genetic markers can be subject to discussion.
GILMOUR (1959) discussed heterozygous advantage as a major force in the
maintenance of polymorphic variation in blood groups, based on associations
between blood group antigens and fitness traits in chickens. Such associations
could be due to genetic linkage or pleiotropy, i.e. the control of different
characters by closely linked genes or one single gene. A.ROBERTSON (1967)
mentioned the possible use of biochemical polymorphisms in animal improvement, also based on connections with fitness and heterozygous advantage.
F.W.ROBERTSON (1972), however, was rather critical about the prospects of
polymorphism in animal breeding. Because natural selection should be ultimately responsible in polymorphism maintenance, heconcluded that 'the hope
of demonstrating an effect of fitness or economic performance on the vast
majority of protein variants is likely to prove illusory'. Natural selection
should be more important in natural populations than in farm animal populations under conditions of domestication. Because data on the population
structure are required for a valid evaluation of genotype ratios, a problem
arises in the study on polymorphism in natural populations where such data
arenot readily obtained. F.W. ROBERTSON recognized the role of heterozygous
advantage inpolymorphism aslinkedwithfitness traits,and alsodrew attention
to frequency-dependent selection (KOJIMA and YARBROUGH, 1967) in this
respect. The question on the relevance of biochemical polymorphism in an
animal population led to this study.
2
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Scope of study
Itried to find indications ofbalancing forces contributing tothe maintenance
of blood protein polymorphism in an animal population with the breeding
structure of a livestock population.
The study was based on a comparison of observed and expected genotype
distributions of seven independent polymorphic protein loci in a Shetland
pony population. The expected distributions were genetic equilibrium distributions, adjusted for stratification of the breeding population. Also segregational genotype ratios were analysed.
Although much research has been performed on protein polymorphisms
in farm animals (see BUSCHMANN and SCHMID, 1968; MANWELL and BAKER,
1970)it isdifficult to draw general conclusions on polymorphism maintenance
in these species. Often only one or two genetic systems were analysed. In analyses of genotype distributions the population structure, which can strongly
influence the expected genotype ratios, isseldom included. Many studies cover
only segregational data, thus considering only a limited aspect of polymorphic
variation. There are many controversial results on this topic. The material
used in farm animal polymorphism research is not always unbiassed and representative for the populations concerned, as it is often derived from parentage testing programmes. As such, protein polymorphisms are suitable for
genotype ratio analyses because they are almost exclusively coded by codominant, autosomal alleles. Genotypes can be derived immediately and unequivocally from the phenotypes so that protein polymorphisms have this advantage over blood group analyses.
During a parentage testingprogramme in the 'Laboratory for Animal Blood
Group Research' in Wageningen, a larger variation in blood proteins was
observed within horse and pony breeds than in cattle and pigs (with genetic
systems routinely applied). Based on the typing of breeding stallions, Shetland
ponies were superior in blood protein variation to the other equine breeds,
bred in the Netherlands (Buis, 1974).
The breeding purpose of these ponies is not described in such quantitative
terms as that of economically important farm animals, but their breeding
structure is comparable. If there is an association between biochemical polymorphisms and fitness traits, Shetland ponies are an advantageous material
because they are kept under conditions of extensive housing and feeding. Thus
their population is closer to a natural population than other farm animal
species. Nevertheless data on the breeding structure are available (cf. F.W.
ROBERTSON, 1972).

In my study both aspects of genotype ratios (equilibrium distribution and
segregational ratios) were combined. A random sample of foals and their
mares was used for blood polymorphism typing. Their data were combined
with the data on stallion blood polymorphisms derived from the parentage
control programme, which completed the mare-foal family groups.
Meded.Landbouwhogeschool Wageningen76-4(1976)
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The layout of this thesis isas follows. First literature on biochemical polymorphism in farm animals and especially in horses, isreviewed together with
a discussion of some aspects of genetic polymorphism. Because a description
of the breeding structure of the Dutch Shetland pony isnot available, oneis
givenintheform ofageneticanalysistobeusedintheevaluation ofpolymorphismresults.Thisanalysisislargelybased onthesamefoal sampleasusedin
the investigation of blood protein polymorphism. Next the genotype distributions arepresented and discussed.
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2. L I T E R A T U R E

In this chapter literature on genetic polymorphism in farm animals relevant
to the understanding of the maintenance of variation is reviewed with special
attention to biochemical polymorphism in equine species. In advance some
general aspects of polymorphism are discussed. The chapter closes with the
recent discussion on relevance and maintenance of polymorphism based on
theoretical and experimental research.

2.1. G E N E R A L A S P E C T S OF P O L Y M O R P H I S M

2.1.1. Introduction
A central concept in population genetics is the law of Hardy and Weinberg,
developed in 1908, which FALCONER (1960) defined as follows: 'In a large
random-mating population both gene frequencies and genotype frequencies
are constant from generation to generation; in the absence of migration, mutation and selection; and the genotype frequencies are determined by the gene
frequencies'. A population fulfilling these conditions is said to be in genetic
equilibrium.
This definition implies selective neutrality of genes and genotypes when
considered over generations. FISHER (1922) stated that gene frequencies at any
locus should remain constant by heterozygous selective advantage, thus introducing an active mechanism for polymorphism maintenance. This mechanism
is necessary to overcome the fixation effect of random genetic drift in populations of limited size in the long run. As a consequence, new genes introduced
by mutation and without a positive selective value would have only a limited
chance to be spread in the population, which holds also for genes with only a
slightly positive selective value. FISHER (1930) estimated that the chance of
losing a mutant gene from a population within the first seven generations was
79% for a neutral mutant and 78%for a mutant with 1%selective advantage.
In fitness traits, a selective value of < 1%is realistic (F.W. ROBERTSON, 1972).
Thus the initial chance of gene elimination by random drift is very high. The
incorporation of any new gene in a population leads to polymorphism, at least
for a certain period, but may be followed by gene replacement in the long run
when agene has apositive selectivevalue or the benefit of random drift.
The above remarks on polymorphism maintenance and gene replacement
are concerned with different forms of polymorphism. FORD (1940) defined
one type as balanced polymorphism, i.e. 'the occurrence together in the same
habitat oftwoormorediscontinuousforms ofaspeciesinsuchproportions that
the rarest ofthem cannot bemaintained by recurrent mutation'. Another type,
in which gene replacement is involved, was called transient polymorphism,
referring to a temporary variation. FORD'S definitions applied to phenotypes
Meded.Landbouwhogeschool Wageningen 76-4(1976)
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but they hold equally for genotypes. In this chapter balanced polymorphism
will be emphasized because in the study of genetic polymorphism in farm
animals this type received most attention.
2.1.2. Balanced polymorphism
A crucial point in the balanced polymorphism concept is the existence of
balancing selective forces to compensate for genetic drift in populations of a
limited size. FORD (1965), CROW and KIMURA (1970)and MANWELL and BAKER
(1970) described several possible selective forces which may be responsible for
polymorphism maintenance.
Heterozygous advantage, favouring heterozygous genotypes over homozygous ones has already been mentioned as an important force. It does not
necessarily lead towards equal gene frequencies, depending on the relative
selectivevalue ofeither homozygote. In a two-allelic system where the selective
value of the heterozygote genotype (e.g. A1A2) is taken as unity, and the
selection coefficients of both homozygotes are S t and S 2 for the genotypes
AXAX and A2A2, the genefrequencies of Ax andA2 willbe equal to S 2 /(S!4-S2)
and S J ^ + S2)under genetic equilibrium conditions (Li, 1955). This mechanism gained much attention in the concept of balanced polymorphism (FORD,
1965).
Frequency-dependent selection favours low-frequencyalleles in a population.
Thus its action is not constant for all alleles over a longer time period, and it
even promotes frequency fluctuations. It plays an obvious role in situations
where it is relevant to maintain many genotypes, e.g. in mimicry (CAIN and
SHEPPARD, 1954). It may be especially effective in the maintenance of polymorphism in multi-allelic systems, e.g. transferrin variation in vertebrate
species living in large herds. Transferrin might play a role in disease resistance
by its bacteriostatic action (see MANWELL and BAKER, 1970, p.30). In such situations it is difficult to distinguish between heterozygous advantage and frequency-dependent selection: in a multi-allelic system there is a relatively high
frequency of heterozygotes.
Cyclical selection isanother alternative, promoting the existence of different
alleles or genotypes in different life stages or phases of development. It may
operate primarily by variation in environment (e.g. seasonal variation) or by
variation on the individual level (e.g. in marine species with a planctonic life
stage in their life cycle). Of course interactions between both are possible (e.g.
in amphibians and insects with strong differences between larval and adult
habitat).
Often several types of forces maintaining polymorphism may operate
simultaneously or successively in a population. The overall effect can not
easily be split up in individual components. Moreover the need for 'active'
selective forces depends on the (effective) population number. In very large
populations neutrality may be enough for the maintenance of variation. In all
situations the gross effect of several selective forces operating together may
lead to apparent neutrality, also in smaller populations. The exact nature of
"
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selective mechanisms can be revealed by thoroughly detailed experiments, not
easy to perform in farm animal populations.
2.1.3. The analysis of polymorphism
The difference between transient and balanced polymorphism is principally
expressed as the degree of gene frequency constancy over (many) generations
under constant environmental conditions. This situation is only encountered
in experimental populations. Deviations of gene frequencies over a period of
time may be due to selection or random drift (or both). Genetic drift is caused
by the sampling variance in the sampling of genes from one to the following
generation and depends on the gene frequency of any allele and the (effective)
population number: V= p(l-p)/N e , where V = gene frequency variance, p =
allele frequency and N e = effective population number (see e.g. CROW and
KIMURA, 1970). Thus a large effective population number can reduce the
influence of drift. Especially in smaller populations it will be difficult or impossible to decide on either effect.
Selection can be expressed in deviations of gene and genotype ratios from
expectations based on neutrality. Usually a goodness-of-fit test (e.g.chi-square
test) isused to test the significance of deviations. MANWELL and BAKER (1970)
remarked on some problems with both the analysis of equilibrium genotype
ratios in a population and the analysis of segregational data.
There are two common situations in which a surplus or shortage of heterozygotes may be present. These are not caused by selective advantage or disadvantage but by the population structure. Firstly, as A.ROBERTSON (1965)
pointed out, a gene frequency difference in the parents can cause an excess of
heterozygotes in the offspring. This excessamounts to ^(qx—q2)2,where qx and
q 2 arethe respective parental genefrequencies, relativeto the expected number
of heterozygotes when q1 = q2. This excess equation holds for a two-allelic
system. Secondly, a population may consist of several subgroups. This stratification leads to gene frequency differences between the subgroups. If this
occurs, a random sample from the total population will contain more homozygotes than from a homogenous population relative to random mating (Li,
1955).
In analysing segregational distributions these problems are not relevant.
Here another source of bias may occur. In the analysis of segregation specific
heterozygous genotypes are selected in the mating data. Thus it is possible
that traits other than those selected for are involved, based on genetic linkage
or epistasis. This bias caused by the 'genetic background', however, isnot very
relevant in random mating populations.
2.1.4. Blood groups and biochemical polymorphisms in man
The study of blood groups in man preceded research on blood groups and
protein polymorphisms in farm animals. Some aspects of this study are given
below.
FORD (1942)was the first to consider the human blood group systems ABO,
Meded.LandbouwhogeschoolWageningen 76-4(1976)
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MN and Rh as balanced polymorphisms. The incorporation of blood groups
in this concept contributed to the understanding of polymorphism in a different way from external traits (colour, form etc.). FORD ascribed an important
role to heterozygous advantage in the maintenance of blood group variation,
although there was no real evidence. Initially, BOYD (1940) and WRIGHT (1940)
stated that blood groups might be selectively neutral and that therefore they
could serve asgeneticmarkers in studies of races and tribes.
In 1955, BOYD was more convinced of the existence of selective forces in
blood groups. By this time the descriptive approach of physical anthropology
had been replaced by a more analytical approach, with the study of forces
acting upon populations. BOYD considered it practically impossible for the
synthesis of a general model to explain the maintenance of blood group polymorphism: in natural selection selective advantages of 0.1% to 1.0% were
relevant, and it would require enormous samples, generally not available, to
trace this selection.
Apart from selectional forces originating from environment, also stabilizing
influences upon gene frequencies of blood groups were described as connected
with the genetic background of populations. NIJENHUIS (1965) demonstrated
that human blood group frequencies differed considerably between races
within the same geographical area. Also ethnic groups from the same origin
corresponded in their blood group gene frequencies although livingin different
regions, as did the various Indian tribes in different parts of North and South
America. NIJENHUIS ascribed this phenomenon of stabilizing to the 'genetic
environment' within the different populations.
Evidence for selection associated with blood groups isderived from resistance to disease. MAYO (1972) reviewed for instance the relations between the
occurrence of blood group A and stomach cancer in humans, and between
blood group Oand duodenal ulcer. Inthesecasesanypolymorphism balancing
mechanism may result from a co-operation of various influences. However,
the usefulness of such relations in natural selection is restricted because many
diseases occur more frequently in older individuals, who contribute only to a
limited extent to reproduction. Thus only one aspect of fitness (i.e. viability)
will be covered.
A powerful selective force is observed in maternal-foetal incompatibility in
humans due to immunization of a Rh negative mother by a Rh positive foetus.
There isno evidence of a balancing mechanism to compensate for this selection
against the Rh negative gene (GIBLETT, 1969, p.315). Nevertheless the Rh
polymorphism is persistent.
ALLAN (1954) reported differences in viability and fertility between men and
women, related to the ABO blood groups. In the age class 8-18 years an increaseofthefrequency ofthe Bgroup(relativetoAand O)occurred in females,
and a decrease in males. Women with the B group had a higher incidence of
abortion, however. In men, fertility was highest for those with the Bgroup, at
least at a younger age. These observations may indicate a form of cyclical
selection, associated with blood group polymorphism. Sex dimorphism may
Meded.Landbouwhogeschool Wageningen76-4 (1976)

thus contribute to the maintenance of polymorphism.
Direct evidence of the maintenance of polymorphism dependent on heterozygous advantage is based on the sickle-cell trait polymorphism (ALLISON,
1954). Individuals, homozygous for the sickle-cell trait suffer from severe
anaemia, whilst heterozygous individuals have a higher resistance to malaria
than the normal homozygotes. Two more polymorphisms are geographically
associated with the sickle-cell trait polymorphism (MAYO, 1972).
The given examples of polymorphism maintenance and relations with other
traits are far from exhaustive. They merely indicate which influences may play
a role in the maintenance of polymorphism when the variant traits are not
immediately externally visible (cf. FORD, 1965).

2.2. GENETIC POLYMORPHISM IN FARM ANIMALS (EXCEPT HORSES)

This section mainly deals with biochemical polymorphism in farm animals,
although results on blood groups are considered where they contribute to the
understanding of genetic polymorphism in farm animals. The most overt
relations between blood group loci and other traits in farm animals were
observed in chickens. These relations mainly concern fitness traits. I shall first
consider some results of poultry blood group research before treating protein
variation in other farm animals.
2.2.1. Blood group research in poultry
GILMOUR (1959) reviewed blood group research in chickens. An important
issue was the segregation of blood group loci in inbred strains. In four Reaseheath lines with calculated inbreeding coefficients ranging from 98.6% to
99.4%, segregation was observed for 4 independent blood group loci in three
strains and for 2 loci in one strain. This continuous segregation occurred
especially intheB locus. GILMOUR alsoreported a selectiveadvantage in fitness
for blood group heterozygotes: for one individual locus (L) a positive association between heterozygosity and fitness was observed, whilst for 4other loci
an overall effect of their heterozygosity on fitness was observed. These effects
were also observed in inbred strains. BRILESand ALLEN (1961) studied survival
and egg production in inbred chicken strains in relation to B locus genotypes,
with a relatively large material (more than 7000individuals). They observed an
interaction between two different homozygous genotypes and livability in two
different periods (juvenile, adult). In certain lines there was a shift in relative
effectiveness of the two homozygous genotypes. Also an effect of genotypes of
blood group B on egg production was observed, generally indicating heterozygous advantage. Thus, the overall effect of the B locus was that of heterozygous superiority in viability and reproduction. MORTON et al. (1965) studied
theeffect ofthe B locus and egg-whitepolymorphism ina relatively non-inbred
strain. They observed a general effect of heterozygous superiority of blood
group genotypes in relation to hatchability. The egg-white loci appeared to be
Meded.Landbouwhogeschool Wageningen76-4(1976)
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linked to embryonic mortality but not in a way to guarantee polymorphism
maintenance only based on the hatchability data.
The results in chicken blood group research were stimulative in the search
for associationsbetween heterozygous superiority for blood groupsand protein
polymorphism in other (farm) animals (cf. A.ROBERTSON, 1967).
2.2.2. Proteinpolymorphism in cattle, pigs and sheep
Cattle
In cattle most variation occurs in serum transferrin, i.e. iron-combining
P globulin. This polymorphism has been extensively studied for associations
with other traits. In most breeds three alleles were observed initially: TfA and
Tf occurring most frequently and Tf with a low gene frequency. The allele
Tf was later subdivided in Tf1 and Tf2 (see review in BUSCHMANN and
SCHMID, 1968).
ASHTON (1958a) suggested an association between the occurrence of Tf and
higher resistance against climatological factors. This was not confirmed in
later research. With reproduction, ASHTON (1959) observed a higher number
of mother-like offspring from both homozygous and heterozygous (TfA, AD
and D) dams in a limited sample of Friesian and Ayrshire cattle. In Jersey and
Shorthorn cattle, ASHTON(1961)observed that matingsbetween animals homozygous for the Tf locus (alike or different) were more successful than those
involving heterozygotes. ASHTON (1961) suggested that this homozygous
superiority infertility wascompensated byasuperior viability in heterozygotes.
Thus a balanced polymorphism should be maintained. The existence of polymorphism based on this view could not be confirmed by others (see BUSCHMANN and SCHMID, 1968).
Breed differences may play an important role here, especially in genetic
linkage. KRAAY (1970) stated that for linkage, in one population the coupling
phase might predominate, and the repulsion phase in another, when polymorphic protein loci would be linked with loci for other characters. Thus
results would only hold for the population in which they were observed and
only for the time of analysis.
PIRCHNER et al. (1972) could not demonstrate a relation of blood groups,
transferrin and haemoglobin with milk production and milk fat percentage in
Austrian cattle breeds. The same holds for the association between transferrin
and fertility in Hungarian cattle (GIPPERT et al, 1972). The analysis of BRUM
et al (1970) to reveal relations between blood and milk protein polymorphism
(7 blood group systems, |3 lactoglobulin and a Si and p casein), and size
measures of 2600 Holstein heifers (USA) yielded no positive correlation.
The above mentioned results only indicate which kinds of selective forces
may be expected in respect to protein polymorphism in cattle. So far no
definite links or pleiotropic effects are known about cattle protein variation.
Breed effects may be very important. A problem in evaluation of published
results is that 'positive' results may be overestimated.
*^
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Therelativelygood agreement intransferrin genefrequencies between breeds
(see BUSCHMANN and SCHMID, 1968)points to the existence of a balanced polymorphism. The low frequency of Tf in almost all cattle breeds is especially
suggestive in this respect.
Pigs
In pigs, biochemical polymorphisms are primarily associated with aspects
of growth and fertility. Consistent results are hard to obtain. FESUS and RASMUSEN (1971) observed no relation between transferrin types in Duroc and
Yorkshire pigs and their cross, and fertility traits (litter size, weaned piglets).
KRISTJANSSON (1964) observed that matings of Tf B boars with Tf AB sows
(Yorkshire and Landrace) were less succesfull than all other mating types,
classified for transferrin. JENSEN (1968) mentioned a breed-dependent result:
Duroc pigs with the allele Tf showed a higher weight than their breed mates
with Tf, whilst the contrary was true for Hampshire pigs.
IMLAH (1970) observed that in closely related pigs of pooled British inland
breeds (mainly including Large White breed), pigs homozygous for Tf were
also homozygous for a recessive, early embryonal lethal factor. All matings
between Tf heterozygous pigs resulted in a shortage of such piglets. However,
inpure Saddleback pigsthisfactor could not berevealed. Imlah concluded that
there was a difference in the linkage situation of the breeds due to the different
breed background.
Sheep
In sheep mainly transferrin and haemoglobin have been studied. FESUS
(1970) observed deviations from expected equilibrium distributions of transferrin genotypes in five breeds of sheep (Hungarian Merino, Hungarian Black
Racka, Hungarian White Racka, Cigaja and Karakul).
The deviations consisted of excesses of Tf BD types, and had also been
observed by other authors in other breeds (cf. FESUS, 1970). FESUS and RASMUSEN (1971) observed an excess of Tf heterozygotes in Suffolk and Targhee
sheep. RASMUSENand TUCKER (1973) observed thisexcess in Finnish Landrace
and Clun-Forest sheep and concluded that there might be a general tendency
towards heterozygous advantage, although they observed some exceptions.
They proposed that the surplus of Tf BD sheep might be caused by the breed
structure (e.g. a difference in frequency for Tf alleles in ewesand rams).
RASMUSEN et al. (1974) investigated the influence of inbreeding on 8 loci
(blood groups, Tf and Hb) in three sheep breeds and their crosses. They observed a decrease in heterozygosity with the exception of transferrin, where only
at > 25% inbreeding was some decrease found. This decrease was most
pronounced within the pure breeds (cf. the results of chicken blood group
research, Section 2.2.1.).
2.2.3. Conclusion
It seems impossible to detect forces generally valid for the maintenance of
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genetic polymorphism in farm animals or definite relationships with other
traits. However there are various forces to elucidate the apparent stability of
polymorphisms, such as heterozygous advantage, mother-foetus incompatibility in combination with cyclical selection etc. In general the various results
arehard tocompare (different speciesand breeds,different numbers of animals
and methods of calculation, and different polymorphic systems). This conclusion was also made by MATOUSEK (1970) in a review on the relation of polymorphic and antigenic substances to the fertility of farm animals. MATOUSEK
expected more results from the study of enzymatically and physiologically important variant substances. F . W . R O B E R T S O N (1972) had the same opinion.
MANWELL and BAKER (1970),- reviewing the literature on polymorphism in
many animal species, including farm animals, observed that shortages and
excessesofheterozygoteswerereported withapproximately equal frequency.
2.3. BIOCHEMICAL POLYMORPHISM IN HORSES

In this study the term horse will be used to include horses and ponies. There
are no essential differences between their blood groups and protein polymorphisms.
Biochemical polymorphism and blood group research in a modern sense
weredeveloped later inequine speciesthan inother farm animals because ofthe
relatively late interest of horse breeding organizations for parentage control.
The polymorphic variation in horses is mainly used for identification and
population genetic studies (SANDBERG, 1974; SCHLEGER and MAYRHOFER,
1973). So far the observed variation seems to exceed that found in other farm
animal species for the same or comparable proteins and enzymes, considered
within breeds. Most literature concerns descriptions of polymorphic systems
invariousbreedswithgeneticequilibrium and segregation analysesasa control.
Only scarce data are available for the explicit analysis of the role of genetic
systems in polymorphism.
The term genetic system or protein system indicates the protein variants
controlled by the alleles of one locus. Symbols for loci, alleles and genotypes
will be given in italic.
2.3.1. Polymorphic protein systems
ASHTON (1958b) was the first to demonstrate, by starch gel electrophoresis,
individual variation in serum proteins in horses. The genetic backgrounds for
the systems were revealed afterwards and depended mostly on codominant,
autosomal alleles. As far as I know, no physiological differences of any of the
listed proteins have been observed between their electrophoretically different
variants. Most alleles are present invarious breeds, with more or less different
gene frequencies between breeds.
Serum protein systems
Albumin {At). STORMONT and SUZUKI (1963) demonstrated the existence of
z
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two alleles to control albumin phenotypes, AlA and AlB. BRAEND and EFREMOV
(1965) confirmed this and proposed another nomenclature, A? and Als.
Albumin has a general transport function because of its affinity for fatty acids,
vitamins, hormones and metal ions. It can act as a depoisoning agent because
of its affinity for pharmaca and heavy metals.
Transferrin (Tf). BRAEND and STORMONT (1964) proved the occurrence of 6
transferrin alleles (Tf, Tf, Tf, Tf, Tf, Tf) and demonstrated autoradiographically that the fractions, controlled by those alleles, could bind iron and
thus indeed belonged to the transferrins. GAHNE (1966) confirmed this variation. Transferrin can havea bacteriostatic effect and may thus contribute to the
individual's resistance.
Prealbumin (Pr). GAHNE (1966) demonstrated four alleles (PrF, Pr1, Pr1and Prs) which number was enlarged by BRAEND (1970) by the addition of
PrN, PrT, Pru and Prw. Prealbumin is a transport medium for thyroid-hormones.
Esterase (Es). GAHNE (1966) described a system for serum-arylesterases
consisting of four alleles, Ef, Es1, E^ and Es°. Although the first three are
codominant, they are dominant over Es° which when homozygous causes no
activity zone ina stained starch gel.Esterase isaserum enzymeusually demonstrated with a synthetic ester (ocnaphthyl acetate) and dye coupling of the released a naphthyl (see GAHNE, 1966). Its physiological function is unknown.
Red cell p r o t e i n s
Red cell proteins are demonstrated with red cell haemolysates, prepared in
advance before electrophoresis by lysis of red cells.
Haemoglobin (Hb). Although CABANNES and SERAIN (1955) first described
genetic polymorphism for haemoglobin after paper-electrophoretical analysis,
A
SCHMID (1965)proposed agenetic system for thevariation,with the alleles Hb
and Hb". The variation is of a quantitative nature. Whereas horse Hb shows
two fractions, only the slower one varies. The HbA HbA genotype controls a
full band, for the HbAHba heterozygote it is more faint and for the Hb'Hb"
homozygote the band is absent.
Carbonic anhydrase (CA). SANDBERG (1970) described five alleles in the
carbonic anhydrase system: CAF, CA1, CAL, CA° and CAS. Although carbonic
anhydrase isessentially an enzyme, itspresence can bedemonstrated by simple
protein staining. It catalyses the reaction C 0 2 + H 2 O t » H + + HC0 3 ~ and is
thus effective in releasing carbon dioxide from the pulmonary capillaries.
Catalase (Cat). The catalase system was introduced by KELLY et al. (1971)
as showing a polymorphism caused by the alleles CatF and Cats. This red cell
enzyme can only be demonstrated by a special staining procedure (see KELLY
etal., 1971).It ishighly effective inthereduction ofH 2 0 2 and may destroy this
component when it isformed by flavoprotein oxidase activity in the red cell.
More polymorphic systems
Besides the serum and red cell protein systems mentioned, a few more are
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known. They consist mainly of red cell enzyme systems (see BENGTSSON and
SANDBERG, 1973).They arenotincluded in this literature review because there
are nopopulation genetic data available. Moreover Ishall notinclude them in
the analysis of genetic quilibrium. Their presence has to be determined by
means offresh samples, which yielded technical andorganizational problems.
SCHLEGER and MAYRHOFER (1973) described variation for the serumprotein
ceruloplasmin. This variation hasnot yet been fully analysed from a genetic
point of view and moreover the two alleles are not codominant. The serum
proteins haptoglobulin (BRAEND and STORMONT, 1964and HESSELHOLT, 1967),
aswellasamylase (HESSELHOLT, 1967)showed nopolymorphism inhorses.
2.3.2. Genetic equilibrium and segregation
Although most authors supplied nopopulation sample data, itwaspossible
tomake someconclusions onthetendency ofgenotype distributions to deviate
from randomness. Literature on the investigation of genetic equilibrium and
segregation ofhorse protein polymorphisms isreviewed inTables 2.1 and 2.2.
Table 2.1 gives all breeds in which either Tf or Al were analysed. Table 2.2
gives all breeds with at least two systems analysed. Asterisks indicate significant deviations from randomness. Themost valuable data comefrom populationsinwhichmore systems wereanalysed. Herethelack of population datais
compensated tosome degree. Soasnottoloose information, almost (p <0.10)
TABLE2.1. Survey ofhorse breeds,analysed forgenotypedistributions ofthe systemstransferrin or albumin.
Transferrin

Albumin
1

Horse breedand
origin

Sample
size

Ref. )

Icelandic horse
Boulonnais horse,
France
Tarpan horse, Poland
Mur-Insulan horse,
Yugoslavia
Bulgarian Mountain
horse
BulgarianPlevenhorse
Bulgarian Danube
horse
Hungarian Thoroughbred horse

925

2

174
114

3
4

84

6

70
117

5
5

94*)
208

Horse breedand
origin
USA Thoroughbred
horse
USA Shetland pony
Quarter horse, USA
Arabian horse,USA
Standardbred horse,
USA

Sample
size

Ref.1)

63,*)392
119,*)251*)
201
261

1,8
1,8
8
8

78

8

5
7

»)7, STORMONT and SUZUKI, 1963. 2, HESSELHOLT,1967. 3, PODLIACHOUKet al 1967 4 ToMASZEWSKA and ZURKOVSKY, 1970. 5, DOBREV et al., 1972. 6, PODLIACHOUK et al. 1972.
7, Soos et al., 1972. 8, SUZUKI and STORMONT, 1974.

*)Deviation reported orobservable, seetext.
Meded.Landbouwhogeschool Wageningen 76-4(1976),

H

o
z

K K K K

P9
OH

n * v l H
1 r n - i ^ l O
—i ( N

^ ^ U")

_o
"ob
o

1— m

—
' '

r~ --« o m ~* * t o
1 •_* oo
NO o r-4 t~- >/->
- * —< — i CM
04

S

O

o

&0

•a
c

"n O O o o o Q>

K . K . IN. IN.

'—H

'—(

'—*

•"—< - ~ - (

^—*

3
W
r - t—* o m ^ H -rf o
^ t oo \o o ( N r - »n
—H —« ^ ^ ( N
CN

m \o in ^*
,-H ^H ^O \ 0

o
C/3

ON

0

„

a wa.
zu CQ
a
<:
(K z

03 to<;

•—i O f ^ l

~H Tf O
oo
\o o rs
i> *n( N
i— - H — ( N

00

NO
ON

o

•

*

rON

—
'b '

O to"
35
OS 05
H o"

s

—
r-

•^f en \© r- ^
1 r^
p- ^ y : >o
( N - H M O O

O CO

m
oo I
<—i

<-H

o

m

^H

Tt

o

3

2 zo
zS
so
<z

O„ 0 3

o
c

!N-1

a
N O

I

I

T t m N O > / ^ ^ N o r - - ~ - o m
( N —< I N

^j- „

«

— «

^

(N

^t

NO C3
ON u

o

o4

fig
Z Q

3

^3

Sz
B

-a
5 to
a

'ob
to
t-<
<L» O
(O HH

T3
C

o

cd

J3

o

rt

3
CO .

e
<N

3

W .O
rn CO

H ft

O

O t-.

Zi3h

°> J2
ft c-d

o C fl
EH.

>2 oo <u

a

00-3

S5!
5.2
o T3

.2 <~ £

co

P K
On H

CJ

- . " C O

c SoS;
c £ 2 ^

< S1 2

o S o t I 0 D < C/3

asrz

ogo
Z 1/5 Z

~Z6
5 Z •3><Z

an
B5

O >
CO HJ &0 H

«

Cd O O

En
• S °o
.£3
w G ^

Z ^
(u w r

35

* £ £ .3 =3

o oo

•OS

. *< c

C

^-.^^ o

J3.S

a-°

-H

3 2

(-*

Cfl

15

Meded.Landbouwhogeschool Wageningen76-4(1976)

^ Z &o

significant deviations were included in the review. These are only considered
in thefinalconclusions when tendencies confirm each other.
Transferrin. In this system (23population samples) only once a significant
deviation from genetic equilibrium was observed (Bulgarian Danube breed
withTf DF excessand Tf F shortage,p <0.05).Theauthors did not indicate
the deviation as such. There was a lack of population data. There was no
further evidence on deviations from genetic equilibrium or in segregation in
transferrin inheritance.
Albumin. In transferrin only genetic equilibrium was usually investigated.
For albumin genetic equilibrium and segregation were investigated, because
thesystemissimpler.Therewasnocleartendencyinthedeviationsfrom equilibrium. In Fjording horses too many (p<0.10) AlFS horses were found,
against a heterozygous shortage in South African riding horses (p <0.05).
In Dutch Trotters, there was also a heterozygous shortage (p <0.10). These
deviationswerenot discussed bytheauthors.
Thedeviationsofexpected 1:1 ratioinsegregation aresummarized inTable
2.3. Pooled reciprocal matings are supplied with brackets. The results on
Thoroughbreds and Shetland ponies originated from two different sources.
MostlyanexcessofAlFSoffspring wasreported. SANDBERG(1974)mentioned
an AlSexcess and concluded that it occurred only in the pooled reciprocal
matings at 5% significancy level. He gave no further conclusions about this
deviation. The other two deviations might suggest heterozygous advantage,
although theauthorsdidnotgointodetailseither.
In Table 2.3 also the albumin gene frequencies are given. The observed
deviations might suggest frequency-dependent selection at the Al locus. This
suggestion wasnot further supported: for the Gotland pony, where qAlF =
0.150,nodeviationsweretraced,norfortheDolebreedwithqAlF =0.580.
Haemoglobin. Thecombined resultsofsegregation data for North Swedish
Horse and Swedish Trotter for matings of Hb Aa x Aa yielded a significant
TABLE2.3. Deviations in segregation of albumin.
Breed, origin

Thoroughbred, USA
Shetland pony, USA
Salernitaner, I
Swedish Trotter, S

/4/frequencies
F

S

0.214
0.387
0.340
0.538

0.786V1
0.613/
0.660
0.462

Mating type

Al phenotypes
FS

(S x FS)
FSxS
(FS x S)

S

P)

28 13 (1963) < 0.01
101 69 (1974) < 0.01
27 15
< 0.10
259 307
<0.05

') Significance
)Two breeds pooled, two different references, see TABLE2.1.
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