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1. Introduction
“I refer to those genera which have sometimes been called 'protean' or 'polymorphic,' in
which the species present an inordinate amount of variation; and hardly two naturalists can
agree which forms to rank as species and which as varieties. ... I am inclined to suspect that
we see in these polymorphic genera variations in points of structure which are of no service
or disservice to the species, and which consequently have not been seized on and rendered
definite by natural selection, as hereafter will be explained.” (Darwin 1859 Ch. 2) Although
Darwin was pointing to taxonomic problems caused by meaningless variation here, he
clearly understood that a species could manifest variations that were neutral in the face of
natural selection, and hence were not removed by natural selection. With no explicit
demographic or genetical model, Darwin could not take the discussion further, but the
concept of polymorphic variation within a species is clearly 150 years old at least.
Once genetics had been set on a sound footing by Mendel and his rediscoverers, genetic
polymorphisms were rapidly identified. Sex determination was one of the first and most
important; other outbreeding mechanisms, such as heteromorphic self-incompatibility, a
major subject of Darwin’s own research, were soon identified as functional polymorphisms.
Polymorphism was thus identified as variability that was genetically determined. How it
related to other phenotypic variability was not clear. At the time when Mendelian genetics
and statistically measured quantitative genetic variation were reconciled by Fisher (1918),
the role of individual genes in influencing quantitative variation was barely initiated,
through the study of, for example, dwarfing genes.

2. Balanced polymorphism
“If selection favours the homozygotes, no stable equilibrium will be possible, and selection
will then tend to eliminate whichever gene is below its equilibrium proportion; such factors
will therefore not commonly be found in nature: if, on the other hand, the selection favours
the heterozygote, there is a condition of stable equilibrium, and the factor will continue in
the stock. Such factors should therefore be commonly found, and may explain instances of
hybrid vigour, and to some extent the deleterious effects sometimes brought about by
inbreeding.” (Fisher 1922 p. 324)
The argument, which introduces notation etc., is as follows. Consider a diallelic locus with
two alleles, A1 and A2, having frequencies p and q in an indefinitely large population with
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random mating. Then the population will be in Hardy-Weinberg equilibrium, as is well
known (see e.g. Mayo 2008 for review). Hardy–Weinberg equilibrium (HWE) is the state of
the genotypic frequencies of two alleles of a single gene (locus) after one generation of
random mating in this infinitely large population with discrete generations, in the absence
of migration, mutation and selection: if the alleles are A1 and A2 with frequencies p and q (=
1-p), then the equilibrium gene frequencies are just p and q and the equilibrium genotypic
frequencies for A1 A1, A1 A2 and A2 A2 are p2, 2pq and q2. Thus, there is equilibrium at both
the allelic and the genotypic level. Table 1 gives the frequencies for the 3 genotypes revealed
by gel electrophoresis of human red cell adenylate kinase in a number of European
populations and one non-European population. (Here, q, the frequency of the rarer allele, is
estimated as fr(AK2 AK2) + ½fr(AK1AK2).) This table illustrates differences among
populations arising from geography and other factors, so that such variation can be used for
purposes such as investigating the history of population growth, migration etc.
Population

British
Indian (England)
Irish
Finland
Finnish Lapps
Germany (Berlin)
Germany (SW)
Italy (Rome)
Italy (Sardinia)

Genotype
AK1AK
1720
107
739
71
304
1865
382
686
1004

AK1AK2
165
24
50
6
3
142
25
52
28

Sample size

Frequency of
AK2

1887
132
789
77
307
2008
407
738
1033

0.0448
0.0985
0.0317
0.0390
0.0049
0.0359
0.0307
0.0352
0.0145

AK2AK2
2
1
0
0
0
1
0
0
1

Table 1. Genotype and gene frequencies for the red cell adenylate kinase locus in a number
of samples from different human populations (extracted from Tills et al. 1971)
Most of the populations in Table 1 are in Hardy-Weinberg equilibrium, suggesting limited
effects of disturbing factors, which include migration, inbreeding and natural selection.
Now suppose that there is selection against all genotypes such that the fitnesses of the
genotypes are as shown:

Fitness
Birth frequency
Freq. post-selection

A1 A1
α
P2
p2α/T

A1 A2
β
2pq
2pq β/T

After selection, frequency (A1) = p’
= (p2α + pq β)/T
The change in p,
Δp = p’ – p
= (p2α + pq β - pT)/T

A2 A2
γ
q2
q2 γ/T

Total
1
T
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If selection is not to alter gene frequencies, i.e. there is a gene frequency equilibrium, then Δp
= 0 i.e. p2α + pq β = pT, whence p= 0 & q=1 or p=1 & q=0 or, non-trivially,
p = (γ-β)/(α-γ-2β) & q=(α-β)/(α-γ-2β) .
This last solution requires that α<β and γ<β. Hence, we usually write α = 1-s β = 1 γ = 1-t .
Related results hold for an X-linked gene and multiple alleles at an autosomal locus (see
Mayo 1978 and Bürger 2000). The results for autosomal loci can be very complex: ‘even in
the absence of epistasis, mean fitness is not necessarily increasing; linkage disequilibrium
may persist forever; and completely polymorphic stable equilibria may coexist.’ (Bürger
2000, p. 51) (Here, epistasis is any interaction between non-allelic genes, not simply the
suppression of the effect of one gene by another non-allelic gene.)
Following Fisher’s pioneering work, Ford (1940, 1964) redefined genetic polymorphism as
‘the occurrence together in the same locality of two or more discontinuous forms of a species
in such proportions that the rarest of these cannot be maintained merely by recurrent
mutation.’ Ford then emphasised that such polymorphism could be balanced, as in Fisher’s
theoretical argument above, or transient, whereby neutral or nearly neutral alleles of a gene
had frequencies fluctuating by chance, and all but one would eventually be lost from the
population. Without this contrast, Ford could have been accused of assuming what he
wanted to discover, namely, balancing natural selection, given that no alleles would be lost
from an infinitely large population (and little was known of natural population sizes at the
time), and that the rate of loss of genetic variability from large populations had been shown
by Fisher and Wright to be very slow (Fisher 1922, 1930, Wright 1930).
Ford and others searched for balanced polymorphisms, and found some cases. An
important one, which influenced much thinking over a long period (Mayo 2007), is sicklecell anaemia in humans. Here, sickle-cell homozygotes (HbβS HbβS) have defective
haemoglobin and can suffer from pernicious anaemia γ=0.25, heterozygotes (Hbβ A HbβS) are
resistant to malaria and have normal erythrocytes β=1, and normal homozygotes suffer
badly from malaria γ=0.8 . This polymorphism results from one gene affecting two traits,
rather than epistasis, two genes affecting one phenotype, though there are several other
genes that affect response to the malaria parasite. Given the wastage through illness and
death, there cannot be many such polymorphisms in a population at any one time.
Wastage (or suffering) is necessary to remove deleterious mutations from a population: as
Sved (2007, p. 461) put it, “one ‘genetic death’ is necessary to remove a deleterious mutation,
no matter how small the effect of that mutation.’ These “genetic deaths”, however
manifested, constitute genetic load (see Morton 2007 for the history of the concept). If μ is
the mutation rate to deleterious alleles at a locus, then the load is μ for recessive, 2μ for
dominant mutations. One of the reasons for the idea of genetic load being discarded, except
through acknowledgement of the ‘burden felt in terms of death, sterility, illness, pain and
frustration’ as a result of deleterious mutation (Crow 1970) i.e. the human condition, as
unfruitful has been the recognition of the sheer scale of variation at the DNA level, that is to
say, polymorphism. For conclusive work on the theory of mutational load and how it relates
to population variability, see Bürger and Hofbauer (1994) and Bürger (2000).
The concepts inherent in the stable equilibria discussed above are influenced by population
size in three distinct ways. First, in a finite population there is a non-zero probability that
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one of the two alleles will be lost by chance. Secondly, in a population of effective size (the
number of randomly mating individuals that give the same population dynamics as the
population in question: Bürger 2000) Ne , with a mutation rate to new alleles µ for a given
gene, 1+4 Neµ alleles of that gene can be maintained (Kimura and Crow 1964). Equivalent
results hold for X-linked loci (Mayo 1976, Nagylaki 1992). Thus, observation of
polymorphism of a gene need have no implication in regard to selection. Thirdly, if s>5t or
t>5s and 2Ne(s+t)<8, the polymorphism will actually be lost rapidly from the population
(Robertson 1962, Ewens and Thomson 1970). Mayo (1971, p. 329) noted that, ‘although
tetraploidy enhances the conservation of variation in small populations, it does not appear
to do so by a factor of 2, as might have been expected from a doubling of the amount of
genetic material.’

3. Linkage equilibrium
Suppose that there are two genes, A with alleles A1, A2 having frequencies pA, qA and B with
alleles B1, B2 having frequencies pB, qB. There are 4 possible gametes
frequencies
equilibrium

A1 B1
x1
pApB

A1 B2
x2
pApB

A2 B1
x3
qApB

A2 B2
x4
qA qB

At equilibrium,
x1x4 = x2x3
The departure from equilibrium, D = x1x4 - x2x3 is termed ‘linkage disequilibrium’ (LD). It is
easy to show (see e.g. Bürger 2000) that if the recombination between the A and B loci is c
and LD in generation t is D, then in generation t+1 it is D’ = (1-c)D. If the genes are unlinked,
D’ = ½D. If linkage is very tight, i.e. c<<0.5, D will decline very slowly.
The importance of observed values of D can readily be tested statistically, because on the
hypothesis that D = 0, nD2/( pApB qA qB) will be distributed approximately as χ2 with one
degree of freedom. (Because it is the square of the correlation between the loci, r2 = d2 /pA(1pA) pB (1-pB) is frequently used as the variable of interest.) For more than two alleles,
equivalent results have been presented by Zaykin et al. (2008). Although much more
complex because of the volume of data to be analysed, the analysis of LD data rests on
modest, well understood statistical tools.
From the discussion above, LD between closely related polymorphisms is expected to be the
norm, if there are large numbers of polymorphisms, unless these arose in linkage
equilibrium and all populations are very large. Now several million single nucleotide
polymorphisms ( SNPs; section 5) are known within human populations, which means that
the mean distance between human SNPs is about 1000 base pairs, the genome having about
3,000,000,000 base pairs (International Human Genome Sequencing Consortium, 2004). In
the important experimental animal Drosophila melanogaster, with a much smaller genome
(<200,000,000 base pairs), a population may contain up to one million SNPs (Burke et al.
2010). Hence, it is to be expected that there will be many closely linked polymorphisms. To
make this statement more strongly, note that if the average human chromosome is about 2.5
Morgans long in recombination terms, and contains over 100,000 polymorphisms, there will
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be about 400 polymorphisms/1% recombination. Hence, linkage disequilibrium must be the
norm, unless, as noted above, most polymorphisms arose in linkage equilibrium with each
other. Even in this unlikely eventuality, for which there is no evidence, finite population size
would generate linkage disequilibrium rapidly (Haldane 1940, Sved 1968).
Because of these stochastic effects on linked genetic variation, populations that are
reproductively isolated from each other rapidly become genetically different, and this fact
can be used to estimate time of divergence and other attributes on relatively simple
assumptions. For example, Sved (2009) has shown that k small populations of effective size
will develop r2 equal to 1/[1+4Ne c(1+(k-1)ρ)], where ρ = m/[c(k-1)+m], m being the rate of
migration between adjacent populations. Applying this simple model to African and
European HapMap (see 7.2 below) data, Sved (2009) obtained an estimate of time of
divergence of less than 1000 generations, if there were relatively little migration subsequent
to the original separation. This estimate is about one-third of current minimum estimates of
divergence time, illustrating both how models can oversimplify complex situations and how
much more is to be learnt about migration out of Africa.
Maynard Smith and Haigh (1974) first quantified the effect of selection of alleles of one gene
on a linked gene. They showed that such selection would generate disequilibrium on a
chromosome, the effect decaying with increasing distance from the gene under selection.
This effect, termed ‘hitchhiking’, is important when selection is intense or rapid. As a
selected allele increases in frequency in a population, or ‘sweeps through’ a population,
adjacent genes show allele frequency changes, and even mildly deleterious alleles of
neighbouring genes may rise in frequency. Overall, many changes will be wrought by a
selective sweep, and their interpretation may not be straightforward. For example, Rose et
al. (2011) showed that selection for organophosphorus insecticide resistance in the
Australian sheep blowfly, Lucilia cuprina, changed allele frequency at the primary locus, αesterase, whose alleles conferred resistance but also changed frequencies at many adjacent
loci, including altering structural polymorphisms. This work supports the general concept
that micro-evolution of this kind depends ‘primarily on pre-existing intermediate-frequency
genetic variants that are swept the remainder of the way to fixation’ (Burke et al. 2010, p.
587). In fact, as Burke et al. further conclude, a so-called ‘soft sweep’ of this kind is unlikely
to lead to fixation because of fluctuating selective forces and the likelihood that the selected
alleles have pleiotropic effects that are not advantageous.

4. Sex determination and related polymorphisms
Inbreeding is generally deleterious. Self-fertilisation is the most extreme form of inbreeding.
The requirement for two sexes in most multicellular organisms helps to ensure avoidance of
selfing. In most animals, the two sexes are involved in the production of offspring. The
human XY chromosome male XX chromosome female is one example of many; sexdetermination can be by alleles of one gene, or by a number of different chromosomal
differences.
In an indefinitely large population, the XX-XY system is stable and leads to equal
frequencies of the two sexes (Fisher, 1930). In a small population, there is a low but non-zero
possibility that an entire generation will be of one sex, so that the population dies out. Any
given Y (or X) chromosome will eventually die out, and (because of the association of the Y
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chromosome with family name in some human populations) this possibility was first
studied and branching processes used, in studies of the disappearance of family names
(Watson and Galton 1875).
All sex-determining systems have advantages and disadvantages. The XX-XY system, for
example, allows the sheltering of lethal alleles in the heteromorphic segment of the Y
(Muller 1932), and hence the steady loss of function from the Y: ‘the genes of the Y have
gradually undergone inactivating and loss mutations, from the effects of which the
organism has largely been protected, through the continual presence of an X having normal
... allelomorphs. In other words, the Y has paid the penalty always exacted by the protection
of continual heterozygosis, and the consequent absence of natural selection. The largely
inert Y... must retain enough genes to allow it to act as the homologue of the X in
segregation, if it is to persist at all, and, if any dominant genes exist or arise in it, which are
advantageous to the sex in which Y occurs exclusively, they may be retained by natural
selection’ (Muller 1932 pp. 133-4). Graves (2006), with the aid of a great deal of study
involving DNA polymorphisms, has taken Muller’s prescient conclusions and confirmed or
elaborated them: ‘Thus many factors feed into equations describing the rate of degradation
of the Y chromosome, and these make it difficult to predict how near to extinction the
human Y really is. I challenge population and evolutionary geneticists to derive a
meaningful model with predictive power. Essentially, the stochastic nature of many of the
Y-major rearrangements and deletions on the negative side and acquisition of new maleadvantage genes on the positive means that it is at the mercy of chance events. It seems
unlikely that the human Y has achieved a stable state. It would take substitution of function
of only a few genes to render the human Y completely redundant and permit its complete
loss’ (Graves 2006, p. 911). Engelstädter (2008 p. 957) is among those who have accepted
Graves’s challenge, and has concluded that ‘mutations on the X chromosome can
considerably slow down the [random loss of those chromosomes bearing the fewest
deleterious alleles]. On the other hand, a lower mutation rate in females [XX] than in males
[XY], background selection, and the emergence of dosage compensation are expected to
accelerate the process.’.
In flowering plants, where the basic form is hermaphrodite, selfing would be possible and
likely if additional outbreeding mechanisms were not available. There are many of these; see
Bateman (1952), Mayo (1983) and Leach and Mayo (2005) for discussion. I shall consider one
system, gametophytically determined self-incompatibility (s.i.), to illustrate the special
nature of the associated polymorphism.
In the single gene (locus) version of this system, there is one gene S, with alleles S1, S2, S3,
S4... such that a female plant SiSj can be pollinated and fertilisation effected by a pollen grain
Sk where i ≠ j, i ≠ k and j ≠ k. Thus, all plants are heterozygous and the minimum number of
alleles for a population to persist is 3. There is strong selection for equal frequencies of the
three possible genotypes S1S2, S1S3, S2S3 but in a population of finite size N there is a very
low but non-zero probability (<3(½)N ) that only two genotypes will be represented in the
offspring of any generation. Recognition of this fact led to the concept of the quasi-stable
equilibrium (Ewens 1964) and a great deal of subsequent theory. If there are only 3 alleles
and a new allele arises by mutation in a very large population, then it is at a substantial
advantage and will rapidly increase in frequency to its equilibrium frequency of ¼. In most
natural populations of plants possessing this outbreeding mechanism, very large numbers
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of alleles are present. If populations are large, these alleles will not be lost, but with
moderate population sizes, high mutation rates are required to maintain the numbers of
alleles observed.
Multilocus versions of this system are known, representable as SijSik, i = 1,2,3..., j≠k = 1,2,3...,
whereby each allele of each gene behaves independently in pollen grain and style, so that
pollination is possible unless all alleles in a pollen grain are represented in the style on which
the pollen grain is lodged. Thus, the separate self-incompatibility genes in the multilocus
system can behave as if they were not individually involved in a systematic disruption of
panmixia; the only impossible genotypes are those homozygous for all self-incompatibility
genes. Under such circumstances, fixation of one of the genes is highly likely unless all alleles
have exactly the same selective value. Fixation at all but one of the loci brings the system back
to that described above, which is highly resistant to fixation or disruption, except by other
genes (or s-i alleles) which permit selfing, in which case fixation follows rapidly (Fisher 1941,
Mayo and Leach 1987, Leach and Mayo 2005). Given these considerations, it is at first sight
remarkable that many s.i. alleles are very old, in the sense that they appear to have appeared
before the species that bear them (e. g. Richman 2000). Clark (1997, p. 7731) has noted that
modelling of s.i. systems shows ‘that the coalescence time of alleles [evolutionary time since
divergence from some common ancestor]varies inversely with the rate of origination of novel
functional alleles, and that for reasonable estimates of the rate of origination of new alleles,
such extremely old polymorphisms are not unlikely’.
Sheltering of lethals is possible in the single locus system but much less likely in the
multilocus systems (Leach et al. 1986). This is one small advantage the multilocus systems
provide. It is of course entirely possible that quite different advantages accrue to multiple s.i. loci, e.g. protein stability from duplication of active domains (Bhaskara and Srinivasan
2011); population-genetic modelling of such advantages awaits their demonstration at the
cellular and organismal level.
It is difficult to explain how the more complex systems have evolved, just as with complex
sex-determining systems. An initial advantage to a duplicated gene under strongly selective
conditions (e.g. a population bottleneck) plus the regularity of Mendelian segregation in a
subsequent expanded population might explain an individual case, but not the persistence
of such systems in many very distantly related species.

5. Polymorphism at the DNA level
In the discussion so far, ‘polymorphism’ has simply referred to variants of a single
Mendelian gene. These variants, however, may be anything from a change in just one DNA
base in a sequence to a duplication of a whole structural gene or other lengthy sequence.
Haemoglobin variants may, for example, arise from a single base change in one triplet
codon. The S self-incompatibility locus alleles are much more complex variants. The human
haptoglobin polymorphism has a number of alleles, of which one is a partial duplication of
another (Smithies et al. 1962). Structural polymorphism of chromosomes has been shown to
be very widespread (White 1973).
A restriction fragment length polymorphism (RFLP) is a polymorphism detected by DNA
digestion with a so-called restriction enzyme. The polymorphism is a difference in the
location of sites among two or more homologous DNA molecules (chromosomes) at which
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the restriction enzyme cuts the DNA molecule. Thus, the alleles differ in length (size) and
can be distinguished by gel electrophoresis.
Repeated sequences, called tandem repeats or satellite DNA, are classified by size: satellites
are highly repeated, with the unit of repetition a thousand base pairs or more, so that the
overall satellite is of the order of millions of base pairs in length; minisatellites are less
repeated shorter sequences, 10-100 base pairs repeated sufficiently frequently give an
overall length of thousands of base pairs; and microsatellites, which are shorter numbers of
repetitions of sequences shorter than 10 base pairs. Satellites are found on Y chromosomes
and near centromeres and telomeres, while microsatellites and minisatellites occur in the
euchromatin of most eukaryotes. Minisatellites were the basis of most forensic DNA and
much agricultural application until the recognition of how many SNPs there are.
Single nucleotide polymorphism, usually diallelic, and identified directly through DNA
sequencing, has become very important since technologies for rapid DNA sequencing have
become first feasible and now widely available. Development continues at a rapid rate
(Rothberg et al. 2011). SNPs can occur anywhere in the genome, whether the DNA encodes
structural genes, regulatory elements that are not translated, or DNA that is not transcribed.
Although SNPs are now a vital tool for many kinds of investigation, their manifold effects
are only beginning to be understood. For example, synonymous changes in codons (i.e.
those that do not lead to a change in the encoded-for amino acids) in SNPs have been
implicated in several diseases (Sauna and Kimchi-Scarfati 2011).
Table 2 lists some of the different types of possible polymorphism. RNA different from
transcribed DNA expectation (e.g. Li et al. 2011) has not been included because its
phenotypic polymorphic outcomes are not clear.
DNA variation
Whole chromosome
Whole chromosome inactivation
Part of chromosome
Whole gene
Whole gene inactivation
Part of gene
Part of sequence
Restriction fragment length
polymorphism (RFLP)
Short tandem repeat (STR)
Variable number tandem repeat
(VNTR)/microsatellites &
minisatellites
Single nucleotide

Example of polymorphism
Sex determination
Translocation, deletion, inversion, duplication
Translocation, deletion, inversion, duplication Protein
polymorphism e. g. human haptoglobin
Translocation, deletion, inversion, duplication

Table 2. DNA polymorphism
At every level of analysis from the chromosome down to the SNP, polymorphism can be
used to investigate problems from the individual (e. g. risk prediction) to the population
(e.g. the value and utility of ethnic group classification: Romualdi et al. 2002).
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6. Polymorphism and quantitative variation
As already noted, the relationship between phenotype and polymorphism has been under
investigation since the discovery of genetic polymorphism. Well characterised human
polymorphisms such as the ABO blood groups have been shown to influence many
quantitative traits, as well as being associated with disease as discussed in section 7 below.
George and Elston (1987) provided a reliable method of analysis for use in small-scale
human studies. Thus ABO influences serum cholesterol level (Mayo et al. 1969 and many
subsequent studies) but the mechanism for this small effect is unknown. The same comment
applies to the attraction for mosquitoes of some ABO phenotypes over others (Shirai et al.
2000).
Allen et al. (2010) have shown, through a meta-analysis and other studies of over 2,800,000
single nucleotide polymorphisms in over 180,000 individuals, that genetic variants in over
180 gene loci influence human height. There are no useful tools for modelling this kind of
causation, other than the statistical methods built on the work of Fisher (1918), which cannot
provide insight into physiological mechanisms.
In genetics applied to plant and animal improvement, useful methods can be developed
which allow genetic improvement without a knowledge of physiological or molecular
mechanism. Marker-assisted selection is the most important of these. The idea of using
linkage disequilibrium for selection is not new. It was recognised early that detection of one
or more markers associated with an increase in a desirable trait could allow selection for the
trait using the markers. In this case, the markers would be associated with a chromosomal
region influencing the trait of interest, such a region being called a quantitative trait locus
(QTL). The method has, however, only become practicable with the discovery and mapping
of thousands of DNA markers. Guimarães et al. (2007) give an account of the development
of the field. For an example of industry application of marker-assisted selection, see Johnson
and Graser (2010). They studied 12 commercial (GeneSTAR®) markers in populations from
different breeds (temperate: Angus, Hereford, Murray Grey, Shorthorn; tropical: Santa
Gertrudis, Belmont Red) and estimated effects associated with the markers ‘that varied
greatly across traits, suggesting large differences between the markers for their utility as
selection tools in these populations’ (p. 1917). If a QTL lies in a known gene in a known
biochemical pathway, it can have a meaning other than its association with the trait of
interest, but the utility of the association does not depend on such knowledge.
If markers have to be discovered, evaluated and applied for each trait, progress will be more
certain than with traditional methods of animal breeding, but it will be costly and only
slightly accelerated. Meuwissen et al. (2001) made a major advance in marker-assisted
selection. Rather than simply search for individual markers of sufficient biological
significance to be worth using in a breeding programme, they proposed a radically different
approach using linkage disequilibrium between QTL and large numbers of markers across
the genome without mapping the QTL. They introduced novel Bayesian statistical methods
for estimating breeding value based on differing prior distributions of the effects of QTL and
showed that high accuracy could be achieved. In 2001, cost-effective genotyping of very
large numbers of markers was unavailable, but the tools used in the Human Genome project
(section 7.2) radically reduced genotyping cost. SNP chips became available, so that
Meuwissen et al.’s method, termed genomic selection, began to be implemented. Many dairy
cattle breeders in advanced countries have adopted some of these new techniques. From
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Meuwissen et al.’s work (and see also Goddard and Hayes 2007), genomic selection should
almost double the rate of genetic improvement compared with traditional progeny testing.
It has been claimed to be the most important advance in animal breeding since Henderson’s
(1953) Best Linear Unbiased Prediction. It will be applied to plant breeding.

7. Human examples
7.1 Association between polymorphism and disease
As cryptic human polymorphisms were identified, from the ABO blood groups in 1900
onwards, and at the same time many common diseases seen to ‘run in families’ were shown
to have moderate to high heritability, it was natural that associations between phenotypes of
a polymorphism and disease phenotypes would be sought. Discovery of such associations
was expected to aid in the elucidation of the role of polymorphism in quantitative variation
and might have been expected to allow risk prediction if very strong associations had been
discovered. These analyses required the recognition that a disease state was a clinical
definition related to a point on a scale of underlying liability (in the sense of Rendel 1967).
Detection of an association was relatively straightforward. Consider the 2 x 2 table:

Disease state

Polymorphic phenotype
A
not-A
a
b
c
d
a+c
b+d

Present
Absent
Total

Total
a+b
c+d
n

Then the ratio (a/c)/(b/d) gives the relative risk of disease in A and not-A persons. Table 3
gives a small number of well-established relative risks for blood group O as against blood
group A. As noted by Bodmer and Bonilla (2008), these findings, though robust, have not
been useful.
Disease
Duodenal ulcer
Gastric ulcer
Cancer of breast
Cancer of colon & rectum
Pernicious anaemia
Atherosclerosis

Relative risk
1.90
1.19
0.92
0.90
0.80
0.69

Table 3. Significant relative risk differences between ABO blood group phenotypes O and A
for several diseases (extracted from Mayo 1978)
Once the methods of analysis had been developed, they were applied widely. The following
data from two schizophrenia studies are reproduced from Mayo (1978):
Disease status
Blood group phenotype
South Australia
Lancashire

O
31
31

Schizophrenic
A
46
31

Non-schizophrenic control
O
A
534
409
334
243
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These data suggest a combined relative risk of 0.63 for schizophrenia between persons of
blood group O and those of blood group A. This finding has not been confirmed in
subsequent studies. In a similar way, many claimed associations of schizophrenia with other
polymorphisms have been unsupported in subsequent studies (e.g. neuregulin 1 promoter
polymorphism rs6994992: Crowley et al. 2008; D2 dopamine receptor gene Taq1
polymorphism: Behravan et al. 2008; Nogo CAA 3’ UTR insertion polymorphism: Gregório et
al. 2005; Interleukin 10 gene promoter polymorphism: Jun et al. 2003; NOTCH4 (CTG)n
polymorphism: Imai et al. 2001). Wray and Visscher (2010) give the best established
associations as part of a thoughtful discussion of all of the issues in unravelling the genetical
component of schizophrenia causation.
In some cases, for schizophrenia and for many other disorders, ‘candidate genes’ were
considered likely to influence clinical outcomes. Other cases (like the ABO example above)
reflected capability rather than expectation (see Edwards et al. 2011 for a broad discussion of
this issue in biomedical research).
Even when a real and probably meaningful association is found, its interpretation can be
complex (Table 4). Here, association of two behaviour-linked traits with a polymorphism
means that both sets of behaviour would be needed to determine anything to do with
mechanism, even if the finding were robust.
Caffeine intake
(mg/d)

<100
100–200
>200–400
>400
<100
100-200
>200-400
>400
<100
100-200
>200-400
>400

ADORA2A genotype
CC
CT TT
(numbers of persons)
All subjects (P for trend < 0.001)
150
100
261
129
1062
446
426
161
Non-smokers (P for trend 0.03)
127
78
216
96
714
291
174
71
Smokers (P for trend < 0.001)
23
22
45
33
348
155
252
90

Odds ratio
(95% CI)

1.0
0.7 (0.5, 1.0)
0.6 (0.5, 0.8)
0.6 (0.4, 0.8)
1.0
0.7 (0.5, 1.0)
0.7 (0.5, 0.9)
0.7 (0.4, 1.0)
1.0
0.8 (0.4, 1.7)
0.5 (0.2, 0.9)
0.4 (0.1, 0.7)

Table 4. Odds ratio of having the adenosine A2A receptor (ADORA2A) 1083TT genotype for
caffeine intake among non-smokers and current smokers (extracted from Cornelis et al. 2007)
Failed replication of original associations has also occurred with many other important
diseases. Diabetes is an example, and here it is noteworthy that newer techniques, in one
particular case consideration of microRNAs, a class of regulatory molecule with broad but
not yet fully defined or explicated function, can show how influence on disease is mediated
by products of DNA sequences other than structural genes (Trajkovski et al. 2011). Basic
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inflammatory mechanisms will be important in the underlying of disorders like diabetes
that are closely related to inflammation (e.g. Liao et al. 2011), but this does not mean that
associations will be found through ‘candidate gene’ polymorphisms.
New techniques for screening gene products rapidly increased the number of
polymorphisms that could be investigated, making chance associations likely and increasing
also the chance of finding real but meaningless associations brought about by linkage
disequilibrium. These association studies are based on the idea that polymorphic alleles of a
gene (or alleles of an unknown gene in strong LD with the test locus) can contribute to
disease risk, i.e. there is a causal relationship. This contrasts with the rare variant hypothesis
‘that a significant proportion of the inherited susceptibility to relatively common chronic
diseases may be due to the summation of the effects of a series of low frequency dominantly
and independently acting variants of a variety of different genes, each conferring a
moderate but readily detectable increase in relative risk’ (Bodmer and Bonilla, 2008, p. 696).
As noted further by these authors (loc. cit., p. 208) ‘A critical feature shared by common and
rare variants is that they do not give rise to a familial concentration of cases.’ Yet many
common chronic diseases show strong familial concentration, so these contrasted
hypotheses cannot tell the whole story. (See also Mayo and Leach 2006.)
7.2 Human Genome Project
The success of the Human Genome Project was partly based on competition to develop new,
faster, cheaper ways of sequencing DNA, both in the automation of the chemical analysis
and in the statistical analysis that allowed sequences for large regions to be aligned after
assembly from multiple overlapping shorter DNA sequences. Progress has continued to be
rapid, so that sequencing costs have declined to the point where almost anyone in an OECD
country could imagine having her or his own genome sequenced. This has brought new
concerns, sharpening ethical concerns about the use of genetic information (for example,
whether one should offer genetic risk diagnosis for a disease with no treatment, such as
Huntington’s) but also raises all the old ones: how should probabilistic risk estimates be
used, e.g. those based on polymorphic disease associations? What level of risk requires
medical or other intervention? And so on. These problems do not relate solely to
polymorphism, of course.
More directly related to polymorphism is the strategy of large scale analysis. As the number
of polymorphisms became almost indefinitely large through the Human Genome Project,
and assay costs tiny relative to the cost of collecting the human disease and control samples,
or other groups to be investigated, methods based on small samples collected on a ‘one-off’
basis and individual polymorphisms had to be discarded in favour of methods based on the
whole genome, such as the genome-wide association study (GWAS). The GWAS has now
been used for a large range of traits and diseases, from baldness (Hillmer et al. 2008; and see
Abbasi 2011 for an insight into one of the genes that may be relevant) and eye colour (Liu et
al. 2010) to neuroticism (Wray et al. 2008) and measured intelligence (e.g. Butcher et al. 2008).
Handsaker et al. (2011) give a good account of some of the strategic issues in population
studies, and Allen et al. (2010), cited above, and the GWAS references in the previous
paragraph set out what is necessary to conduct and then to combine many big studies using
millions of SNPs. These strategic concerns do not, of course, mean that all the requirements
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of a single study of a single polymorphism and a single disease, such as how inferences
should be drawn from sample to population, must not still be met.
Table 5 lists some applications of polymorphism to genetic and other biological problems. It
now seems clear that each individual carries some 2.5 million SNPs and substantial numbers
of larger DNA polymorphisms. Post-HUGO international collaborations such as HapMap,
set up to ‘determine the common patterns of DNA sequence variation in the human genome
and to make this information freely available in the public domain’ (International HapMap
Consortium 2003, p. 789), are beginning to assess this variability at higher levels of
organisation.
Field
Physiology

Family studies

Population studies

Application
Gene and isozyme number
Origin of cells and tissues
Chromosome and gene inactivation
Somatic cell hybridisation
Linkage analysis
Disease risk prediction
Paternity testing
Association of genes and diseases
Genetic distance between groups
Phylogeny
Taxonomy
Quantitative variation
Pharmacogenetics/pharmacogenomics
Sensory perception

Table 5. Application of polymorphism

8. Interaction
Interaction between a small number of factors, environmental or genetic, can readily be
evaluated using standard statistical genetics. Table 4 is one example. Another is an
association between a polymorphism of the fibrinogen β-chain gene and one influencing
fibrinogen plasma concentration. Fibrinogen level is a risk factor for ischaemic heart disease
(Woodward et al. 1998), yet the two polymorphisms, which are strongly associated, are not
risk factors. Hence, the effect on heart disease must come about through mechanisms not yet
elucidated (Vischetti et al.2002).
Current knowledge suggests that interaction will be the norm for any carefully investigated
trait, the understanding of the interaction depending on the level of investigation, which
will almost always employ polymorphism as a tool. For example, Luo et al. (2001) used
RFLP in rice to investigate heterosis in grain yield and its components and the contribution
of epistatic interaction to heterosis. They obtained over 250 inbred lines from their F10
generation and mapped RFLP across them, assuming epistasis to be solely a digenic
phenomenon. Growing the crossed varieties at 2 locations, they were able to assess the
consistency of their findings. They found 30 quantitative trait loci (QTL) in toto: 7, 15 and 8
for panicles/plant, grains/panicle and 1000-grain weight, respectively. Just 1 QTL was the
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same in both environments. Furthermore, only 8 of the 70 possible main effects associated
were significant at the 0.1% level chosen by the authors. Taken together, these results imply
very high levels of genotype × environment interaction., and the authors concluded that
‘[o]verdominant epistatic loci are the primary genetic basis of inbreeding depression and
heterosis in rice’. Thus, RFLP had been used to derive a novel and important conclusion,
which has been supported by other agricultural genetics studies, e.g. Barendse et al. (2007).
As noted above, the relationship between the determination of the heritable component of
quantitative variation and polymorphism has not been fully elucidated. Insights will come
from studies of regulatory DNA on a scale as yet barely envisaged (Frankel et al. 2011).
Before then, however, new methods will be needed for dealing with multidimensional
interaction on a scale never before attempted (Mayo, 2011).

9. Conclusions
The term ‘polymorphism’ is an old one which has survived many stages of reinterpretation
and redefinition. Originally, it meant frequent or widespread but apparently meaningless
variation in a population. Next, with the acceptance and development of the theory of
Mendelian inheritance, it became a genetic concept, and with the coming of an understanding
of stochastic forces in populations, genetic polymorphism was seen as something maintained
by selection, or as transient while alleles were lost through chance variation. This was followed
by the ‘load’ era, during which concerns were raised about the amount of deleterious mutation
and the burden that this placed upon a population, even though the additive genetic variance
in fitness, which is critical for the rate of change under natural selection (Fisher 1930), is
proportional to the genetic load (Fraser and Mayo 1974). Indeed, in some formulations, load
was seen as resulting from a population’s deviation from an optimum genotype (Crow and
Morton 1960). Now that we know that any individual human being may be polymorphic at
more than a million SNP sites (loci) (e.g. Allen et al. 2010), with equivalent results for other
outbreeding organisms, the idea of an optimum seems even more far-fetched.
The Human Genome project has revealed that humans have ‘only’ 20,000-30,000 structural
genes, i.e. genes coding for proteins (International Human Genome Sequencing Consortium,
2004). However, much more of the DNA is translated, and its function is not yet understood,
and it represents, at one level, many more ‘genes’, all interacting with the environment (e. g.
Zhang et al. 2011). In addition, as noted above, the vast extent of DNA polymorphism,
whereby even a SNP is a pair of segregating Mendelian alleles, means that polymorphism is
the norm.
Looking back, it appears almost surprising that the effects of individual genes have been
detectable and measurable so easily in so many cases. This has depended on the severity of
deleterious mutations, on the visibility of many phenotypic variants, and on the keen eyes of
medical practitioners and plant and animal domesticators and breeders. At a simple
population genetic level, the analysis of Ewens and Thompson (1977) explains for fitness
how an individual gene’s effects are manifested. An important future task is to relate
polymorphic genetic variation to phenotypic variation phenotypic variation, whether for
human diseases, production traits in livestock and crops, or fitness and other attributes of
natural populations. Equally important, but not discussed in this chapter, is how
polymorphism relates to gene regulation.
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