
The common disease–common variant (CD–CV)
hypothesis requires an explanation for the origin

of the variation observed, since substantial neutral,
but not deleterious, variation, that is, several alleles
each at moderate to high frequency, can be main-
tained at any gene/locus by mutation. It is argued
here that the guiding principle, not always stated,
has been balancing selection, influenced by the well-
established cases of deleterious alleles maintained
through heterozygous advantage in the face of
strong malarial selection against normal alleles. It is
further argued that, although balanced polymor-
phisms have indeed arisen and reduced population
loss through infectious disease, the history of
balance in other contexts should have prevented
acceptance of any hypothesis that generalized such
a specific mechanism. Finally, it is suggested that in
the present state of knowledge no single hypothesis
for the genetical contribution to common disorders
is justifiable.

The common disease–common variant (CD–CV)
hypothesis states that the genetical component in the
causation of common diseases is likely to arise from
relatively common alleles of a relatively small number
of genes/loci (see Reich & Lander, 2001, for an
important discussion and partial quantification of the
hypothesis). This hypothesis is to be contrasted with
the common disease–rare variant (CD–RV) hypothe-
sis, whereby common diseases are genetically
influenced by rare alleles of a large number of differ-
ent genes. Pritchard (2001) has argued persuasively
that the CD–RV hypothesis is at least partially sup-
ported by plausible models and much of the data.

Established theory gives us confidence that we
understand the maintenance by mutation-selection
balance of rare deleterious alleles and the mainte-
nance by mutation of common neutral alleles.
Common disorders present more complex problems.
First, they are generally non-Mendelian in their mode
of inheritance. Second, they frequently have clear
environmental contributions. Finally, they are

common and yet deleterious. They therefore seem to
require some different explanation. Several are possi-
ble. First, many of them, unlike malaria, have little
effect on reproduction and hence are not subjected to
strong stabilising or purifying selection, so it could be
argued that the relevant deleterious alleles are neutral
or even advantageous before reproduction. Second,
there could be other balancing selection with a similar
time spectrum to the common disease. Third, they
could be frequent by chance, after a population bot-
tleneck and recent very rapid population expansion.

Balancing selection, as mentioned, and as will be
discussed extensively below, has been established as a
reality. Selection acting in opposite directions at differ-
ent stages of the lifetime is mainly a theoretical
possibility. Bottlenecks are real, but yield a different
explanation in every case and have been hard to quan-
tify until the advent of extensive genomic information.

The case of maintenance of sickle-cell haemoglo-
bin, presented in detail below, is so well established,
and so convincing, that it appeared to provide a
guiding model for the action of selection, even if less
intense, for much of human disease. It will be argued
that this case has guided many in a wrong direction,
even if it still has lessons to teach.

Historical Origins of the Hypothesis
Many human disorders show a strong genetical com-
ponent in their causation, but are not inherited in a
Mendelian fashion, that is, they do not result from
segregation at one or a few genes in predictable ways.
Some of these conditions are quite frequent — preva-
lence for bipolar disorder, type 1 diabetes,
schizophrenia, ischaemic heart disease, peptic ulcer,
depression and endometriosis have been estimated at
0.1%, 0.5%, 1%, 3%, 4%, 5% to 17%, and 8% to
10% respectively (see Keller & Miller, 2006). Since
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many of these conditions are extremely debilitating, or
worse, and can lead to reduced fertility, as well as to
morbidity and death, some scientists have found their
population prevalence oddly high, and have sought an
explanation in evolutionary genetics.

The explanation has been that these traits arise from
homozygosity, or occasionally heterozygosity, for rela-
tively common alleles, to be found at moderate
frequencies in many populations. If there is a require-
ment for homozygosity, the homozygotes must come
from segregation at loci where heterozygotes are fitter
than homozygotes, or where in recent evolutionary
history this has been the case. For example, where incur-
sion into a population of a novel infectious disease has
led to the increase in frequency of alleles that protect
against that disease, but which are deleterious in the
homozygote. An example of such an allele is APOE*4,
an apolipoprotein E allele associated with increased risk
of coronary artery disease and Alzheimer’s disease, for
which Corbo and Scacchi (1999) have hypothesised an
advantage in the past, of the kind of ‘thriftiness’ first
suggested by Neel (1962). This hypothesis was an ances-
tor of the CD–CV hypothesis, and it has guided the
thinking of many investigators.

Examples of such common variants include a
variant of TCF7L2 on chromosome 10q which, in het-
erozygotes, increases relative risk to type 2 diabetes to
1.45 against non-carrier homozygotes, and in
homozygotes to 2.41 (Grant et al., 2006). Taking into
account the frequencies of the two alleles in the
Scandinavian populations considered, the authors held
that 21% of the risk of type 2 diabetes was attribut-
able to the ‘risk allele’. The nature of the selection
against the ‘normal’ allele, if it exists, is unknown.

Another hypothesis, regarded as antithetical to the
CD–CV, is the common disease-rare variant (CD–RV)
hypothesis: homozygosity for rare variants of many
different genes contributes to the disease. In this case,
the homozygotes come from segregation at loci where
variation is maintained by a balance between muta-
tion and selection against rare deleterious recessive
alleles. This second hypothesis is analogous to the
established fact that there are many rare monogenic
disorders, and that these disorders appear for the most
part to be in approximate mutation-selection balance.
It is generally considered that this hypothesis can
explain the observed prevalences and patterns of
inheritance without recourse to an assessment of evo-
lutionary history that can only be supported by
indirect evidence. It is therefore of interest to analyse
the origin of the CD–CV hypothesis and determine
whether the current consensus represents an advance
in thinking.

Fisher (1922) wrote in his first exposition of the
dynamics of gene frequency in populations:

Cases where the heterozygote is favoured by selection
in preference to both homozygous forms are of addi-
tional interest, as, when the selection is intense, these
cases may form the basis upon which a system of bal-

anced lethal factors is built up. Muller (1918) has
shown that such systems will tend to develop when
selection strongly favours the heterozygote, and has
explained how, in the light of such systems, the major-
ity of the phenomena, including the ‘mutations’ of
Oenothera, find a genetic explanation.

This was the first description of balance in a popu-
lation-genetical context; Muller had the view that an
‘ideal’ type was possible in a species, and considered
the balance which he had discovered to be rare or
pathological. As Fisher, Haldane, Wright and others
developed the fundamental models for population
genetics, they all considered that mutation (broadly
defined to include major changes like duplication and
polyploidization, as well as changes of unknown
nature to a gene) was the source of new variability,
and they showed that the loss of variability depended
on population size.

Thus, the level of genetical variability in a popula-
tion could depend on the unknown size of the
genome, the rates of production of new mutations,
and the size of the species or population. Fisher
showed how balancing selection could maintain vari-
ability. Indeed, in a large population, such variability
was almost impossible to eliminate. Other variability
would be maintained by balance among several
factors, selective and otherwise: population size
(where small size leads to loss of variability), muta-
tion, and selection for rare advantageous, and against
common disadvantageous, new mutations.

The concept of balancing selection proved very
attractive to scientists, since it appeared to provide an
explanation for persistent deleterious variation, partic-
ularly observable in human populations, which
directional selection would otherwise be expected to
eliminate. The case of variation in human hemoglobin
was very important and will be discussed in detail
below; here, I simply note that balanced polymor-
phism was discovered and shown to be important in
one case of a major human disease thought to be fairly
recently harmful in human populations, and this
appeared to be very strong support for the idea that a
common variant, deleterious in the homozygote, could
be maintained at high frequency by an external selec-
tive agent. It was argued that other common diseases
whose cause was not clear-cut, like malaria’s, could be
maintained by selective balance.

From this line of reasoning arose the hypothesis
that much human deleterious variation is the manifes-
tation of segregation at a modest number of
polymorphic loci, whereby homozygotes were at a dis-
advantage to heterozygotes. A completely distinct line
of reasoning also made the hypothesis attractive,
namely, that based on the knowledge that inbreeding
led to decreased fitness which could be restored by
outbreeding: the implication from the hypothesis of
overdominance was that, if many loci were main-
tained in this way, then inbreeding would lead to
fixation of either homozygote and a loss of fitness.

794 Twin Research and Human Genetics December 2007

Oliver Mayo

https://doi.org/10.1375/twin.10.6.793 Published online by Cambridge University Press

https://doi.org/10.1375/twin.10.6.793


However, if overdominance were rare, but deleterious
recessives maintained by a balance of mutation and
selection were not, then loss of fitness on inbreeding
would result from chance fixation of some slightly
deleterious alleles at many loci. At the present time,
evidence from experimental organisms favours the
latter hypothesis; see Bürger (2000) and Leach and
Mayo (2005) for discussion. It is noteworthy that the
dominance hypothesis held sway as an explanation for
hybrid vigour in maize from the beginnings of that
industry until about 1945, after which overdominance
was invoked for some thirty years because of experi-
mental results which dominance could not then
explain. In fact, strong linkage disequilibrium (see
below) resulting from intense directional selection had
mimicked overdominance. Crow (1998) discusses the
critical experiments in maize that settled the issue.

Increased fitness can be positively associated with
genetic variability per se (e.g., Allendorf & Leary,
1986; Lesbarrères et al. 2007), although as Fisher’s
(1930) Fundamental Theorem of Natural Selection
shows, it is the rate of increase in fitness that will be
associated with a non-negative attribute of population
variation in fitness. An inference often drawn was that
variability would be beneficial in itself, contrary to the
Mullerian view mentioned earlier. The problem then
became how to explain a persistent high level of dele-
terious variation, such as that relating to common
diseases in human populations.

In this review I consider, first, balanced polymor-
phism, then the level of variation in human
populations, then the evidence for selection associated
with polymorphisms, and finally where the CVCD
hypothesis stands.

The Hypothesis of Balanced Polymorphism
Fisher had shown that, in a large population, a diallelic
locus with the following selective values would have
stable gene frequencies from generation to generation:

Genotype A1A1 A1A2 A2A2

Selective value 1-s 1 1-t

Genotype frequency p2 2pq q2

Fisher showed that there is a stable equilibrium with p
= t/(s + t) and q = s/(s + t) for 0 < s, t ≤ 1. This advan-
tage of the heterozygote over both homozygotes was
sometimes termed overdominance.

Fisher and others identified strong selective forces
acting on polymorphisms. For example, Fisher (1939)
showed s = 0.07, t = 0.05 for a number of different
closely linked polymorphisms in Paratettix texanus. He
found further, however, that double heterozygotes were
at a great disadvantage in nature to single heterozygotes.

Despite this latter important finding, it was thought,
as more polymorphisms were discovered, and some
were shown to be influenced by strong selection, that
balancing selection through heterozygous advantage
could be an important explanation for much observed
natural variation in populations. Ford (1940) enunci-

ated the rule that balanced polymorphism was ‘… the
occurrence together in the same locality of two or more
discontinuous forms of a species in such proportions
that the rarest of them cannot be maintained merely by
recurrent mutation’ (Ford, 1975).

As was frequently noted (e.g., Mayo, 1972), Ford’s
definition assumed what it had to prove, that recur-
rent mutation alone could not maintain large numbers
of different allelic forms of a given gene, although
Fisher (1922) had shown that ‘the rate of mutation
required [to balance the loss through selection of dele-
terious alleles] diminishes as the number of individuals
increases’, and the ability of mutation alone to main-
tain neutral and nearly neutral alleles in large
populations was implicit in Fisher’s (1930) analysis.
Indeed, the later controversy between Fisher and
Wright over the number of gametophytic self-incom-
patibility (SI) alleles that could be maintained by
mutation in a small population clarified the fact that
in a large population, mutation could readily maintain
many different alleles in the absence of selection (see
Leach and Mayo, 2005 for references). SI is in fact a
type of polymorphism, which is maintained as a multi-
allelic balanced polymorphism through the effective
lethality of homozygotes, like Muller’s original case.

Extensions to the Basic Model
In the discussion above, it has already been recognised
that strong, constant selection acting on the three phe-
notypes of a single diallelic locus in a large, stable
population in a constant environment is not necessar-
ily the norm in nature. Indeed, any aspect of this
model could be changed, and has been investigated:
variable selection, multiple alleles, multiple loci, vari-
able environment, and variable population size.

Through investigation of natural phenomena such
as mimicry, the idea of frequency-dependent selection
was developed: the intensity of selection on a pheno-
type would depend in some way on the frequency of
that phenotype. A simple example would be as follows:

Genotype A1A1 A1A2 A2A2

Selective value 1-sp 1 1-tq

Genotype frequency p2 2pq q2

In this case, there is a stable equilibrium with p = t1/2/
(s1/2+ t1/2) and q = s1/2/(s1/2+ t1/2) for 0 < s, t ≤ 1. SI mani-
fests frequency-dependent selection, though not of this
type; each of the many alleles is advantageous solely
according to its rarity. Single diallelic loci manifesting
frequency dependence have indeed been discovered; a
recent one is a locus influencing foraging behaviour in
Drosophila melanogaster (Fitzpatrick et al., 2007). In
this case, selection is against one of two phenotypes,
one of which contains one homozygote and the het-
erozygote, so there is no heterozygous advantage. In
the same way, selection alternating in direction in space
or in time could maintain variation, but would not
produce balanced polymorphism of the classical type.
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Multiallelic systems were identified very early in
the development of genetics following the rediscovery
of Mendel’s work in 1900. Indeed, one of the first was
the human ABO blood group system (Landsteiner,
1900), though the genetics were not completely eluci-
dated for some time. A multiallelic polymorphism can
be maintained by balancing selection, but it is unlikely
that any particular multiallelic polymorphism exam-
ined at a particular time will be in equilibrium (Bürger,
2000; Mandel, 1959).

Multilocus polymorphism began to be investigated
soon after single locus polymorphism. The simplest
case, two diallelic loci, immediately required so many
more parameters that solutions could always be
found, but were likely not to be unique:

Genotype A1A1 A1A2 A2A2

Frequency pA
2 2pAqA qA

2

B1B1 pB
2 α β γ

B1B2 2pBqB δ ε ζ

B2B2 qB
2 η θ κ

Few, if any, good examples of multilocus polymor-
phism were found in the era before biochemical
genetics, apart from ‘supergenes’, chromosomal
regions concerned with many aspects of a given
complex trait, such as heteromorphic self-incompati-
bility in flowering plants (see Leach and Mayo, 2005).
Indeed, influences on fitness of interactions among
alleles of two loci have rarely been detected (for a
recent example, see Martin et al., 2007). However, the
model above provided the basis for consideration of
another population phenomenon, so-called linkage
disequilibrium (gametic or allelic association would
have been better names). If the frequencies of the
gametes A1B1, A1B2, A2B1 and A2B2 are g1, g2, g3 and g4

respectively, then D = g1.g4 – g2.g3 is termed linkage
disequilibrium (LD), since at equilibrium D = 0, both
terms being equal to pApBqAqB. The approach to equi-
librium takes place at a rate dependent on the
frequency of recombination between the two loci, but
is also affected by population size. For example, Sved
(1968) suggested that D2 = 1/(16(4Nr + 1)) at equilib-
rium in a population of size N with recombination at
a rate r between A and B. If there are 3.109 base pairs
of DNA and 106 polymorphisms, then LD must be
substantial in any small region. This means that asso-
ciation without causation is to be expected between
any phenotype and any marker in a region close to an
actual causal gene. As Sved (1968) put it, ‘in popula-
tions of small size the major factor responsible for
keeping any locus polymorphic is not the selective
values of the genes at that locus, but the selective
values at surrounding loci’. It should be noted that
although present-day human populations are large, it
is a short evolutionary time since they were very small.
Furthermore, many human populations are likely to
have undergone bottlenecking, which also generates
substantial LD (see Laurie et al., 2007, for a clear
analysis of such situations in wild mice.)

Even ignoring linkage, equilibrium would be a
most unusual state. In 1931, Fisher wrote to Sewall
Wright about equilibria involving many genes, in con-
nexion with Wright’s concept of an adaptive
topography with multiple equilibria: ‘In one dimen-
sion a curve gives a series of alternate maxima and
minima, but in two dimensions two inequalities must
be satisfied for a strict maximum, and I suppose that
only about 1/4 of the stationary points will satisfy
both. Roughly I should guess that with n factors only
about 2-n of the stationary points would be stable for
all types of displacement, and any new mutation will
have a half chance of destroying the stability. This
suggests that true stability in the case of many inter-
acting genes may be of rare occurrence, though its
consequences when it does occur are especially inter-
esting and important.’ (Bennett, 1983, p. 280) Fisher’s
surmise is in general correct; see Bürger (2000) for a
review. To reach Bürger’s conclusions, many important
arguments were developed: multiple independent cases
of heterozygous advantage were unlikely, because of
the extreme fitness disadvantages that would result;
the actual contributions to fitness variance observed in
experiments did not match those expected if overdom-
inance were common (as in the case of hybrid maize
discussed earlier). Furthermore, as the true extent of
polymorphism became evident through genomics, to
the extent that there are millions of human DNA poly-
morphisms, single locus heterozygous advantage
collapsed under its own weight as a potential explana-
tion of the maintenance of genetical variation.

Population size had been shown to be important in
the maintenance of variability by Fisher, Wright, and
others in foundational work in the 1920s. In the classical
balanced polymorphism, however, Robertson (1962) dis-
covered an unexpected effect. If s and t were widely
divergent, and if the population size N were small, vari-
ability would be lost through fixation of one or other
allele (generally that with lower selection against it in the
homozygote), and the loss of variability could occur
more rapidly than for a pair of neutral alleles.

Although the Robertson effect and some other
exceptions made the balanced polymorphism a less
than universal expectation, nevertheless it appeared
to be a possible general explanation for the persis-
tence of some variation, particularly where strong
selection existed.

Evidence From Human Populations
Variation

Several types of variation were identified long
before any workable theory of inheritance had been
developed. First, there were severe heritable dis-
eases. Although diseases like hemophilia were rare,
they were detected, identified, and described in
several populations hundreds or thousands of years
ago. Second, there were conditions like achon-
droplasia, which permitted a relatively normal life,
yet reduced reproductive fitness very substantially
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(Mørch, 1941). Third, there were variations, which
appeared to be unrelated to fitness, such as skin,
hair, or eye colour.

In the Mendelian era, research identified increas-
ing numbers of representatives of all types of
variation. In addition, quantitative traits, which
manifested both normal and rare deleterious varia-
tion, such as measured intelligence and height/size,
were shown to be strongly influenced by genes.

Because humans are interested in themselves
(Homo sum; humani nil a me alienum puto: I am a
man; I count nothing human indifferent to me —
Terence, ca 150BC), knowledge of human variation
has increased rapidly, the more deleterious or impor-
tant, the more rapidly, so that the knowledge
acquired was by no means either systematic or
random in its growth.

Evidence is slowly accumulating to the effect that
Homo sapiens is a relatively youthful species, in
terms of generations (10,000–50,000) as well as
years (< 1M), and is in consequence not as variable
as many other species. For example, chimpanzees
and humans are thought to have shared common
ancestors about 5M years ago, yet chimpanzees differ
at about twice as many DNA sites as humans (e.g.,
Ebersberger et al., 2002). This aspect of human vari-
ation does not appear to be germane to the present
topic, however, so will be discussed no further.

Many genes damaging to normal human mental
activity have been discovered, but so far none of
substantial effect in the opposite direction. It is
instructive to consider some genome-wide searches
for genes influencing measured intelligence.

A genome-wide association scan for a qualitative
trait begins with the assay of a set of DNA polymor-
phisms spaced out across the entire genome in a set of
affected individuals (and possibly their families) and in
an unrelated control set of unaffected individuals. The
sets can then be compared by a range of standard sta-
tistical techniques to determine which alleles of which
polymorphic genes/sites differ in their frequencies in
the two groups. At the same time, or subsequently,
family studies show whether, or to what extent, the

elevated-frequency alleles segregate with the trait.
Consequently chromosomal sites can be mapped
which contribute to the risk of the trait. These are
termed QTL (quantitative trait loci), though of course
the trait, if it is a disease, is discrete insofar as the diag-
nosis of the disease is concerned.

In the case of a quantitative trait like a measure of
intelligence, it is the magnitude of the measure in each
individual which is associated with the relevant allele of
each segregating gene locus. A number of scans have
been published, with the results shown in Table 1. Even
the major study of Butcher et al. (2007) gives only
limited confidence that anything important or indeed
useful has yet been discovered, beyond perhaps confir-
mation that measured intelligence in the normal range
is a classical quantitative trait, influenced by very many
genes of individually tiny effect. We should also note
that any trait which is not defined relatively simply in
physical terms, and which has high heritability, is likely
to be similarly influenced. See, for example, the discus-
sion of alcoholism by Rodd et al. (2007). Normal
variation in many genes contributes, on their hypothe-
sis, to ‘physical and physiological robustness’ to
withstand the debilitating effects of alcohol, and sepa-
rately to ‘reactivity to its rewarding effects’, thereby
producing a phenotype likely to develop addiction.

Variation Associated With Malaria
A mutant of the hemoglobin β chain, ‘sickle hemo-
globin’, was discovered to be widespread in African
populations exposed to endemic malaria. Research
showed that heterozygotes HBBA/HBBS were pro-
tected against malaria as compared with normal
homozygotes HBBA/HBBA, whereas homozygotes
for the ‘sickle’ allele HBBS/HBBS suffered from
often severe anaemia. Allison (1955) was able to esti-
mate fitnesses as follows:

Genotype HBBA/ HBBA/ HBBS/
HBBA HBBS HBBS

Selective Malaria — Hemolytic
agent anaemia

Fitness 0.80 1 0.25
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Table 1

Chromosomal Regions/DNA Polymorphisms/Genes Associated With Measured Intelligence

Study size No. DNA markers No. regions Regions Other associations Authors
discovered

> 600 twin families 761 (micro-satellites) 2 2q24.1–31.1 Autism Posthuma et al. 2005
(D2S142– D2S2364)

6p25.3–22.3
> 320 twin families 795 1 D2S2313–D2S335 Luciano et al. 2006
200 + individuals at 1842 (simple 0
distributional extreme sequence repeat) Plomin et al. 2001
7000 individuals 500,000 SNPs 5 3q22.1, 6p24.1, Butcher et al. 2007

7q32.1, 11q12.3, 
16p13.3
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Haldane (1949) had earlier suggested that thalas-
saemia, another blood disease shown to be associated
with a series of hemoglobin variants, might be associ-
ated with malaria in some protective fashion, and this
has indeed been shown to be the case. ‘The picture
that is emerging, therefore, is of multiple red cell poly-
morphisms which protect against different forms of
malaria by different mechanisms’ (Weatherall 2007).
They all protect the individual in youth, when malar-
ial death and morbidity are particularly severe.

The genes of which alleles have been confirmed to
provide protection against malaria include, besides
Hbα and Hbβ, the Duffy blood group, glucose-6-phos-
phate dehydrogenase (G6PDH), tissue necrosis factor
(TNF), and HLA (Kwiatowski, 2005). Investigation of
these genes’ relationship with health in general, and
malaria in particular, has yielded many remarkable
insights, such as the relationship between selection and
recombination for an allele, HBBC, under strong selec-
tion (Wood et al., 2005). In this case, it is also possible
to estimate the approximate age of the mutation as just
a few centuries, on reasonable assumptions about pop-
ulation size and other factors.

In the case of HLA, Hill et al. (1991) showed that
the antigens HLA-Bw53 and HLA-DRB1*1302-
DQB1*0501 are independently protective against
malaria in a region of West Africa, providing more
protection than the hemoglobin alleles because of their
population frequencies. This is a case of special inter-
est as it involves both a single allele of HLA class I
and a haplotype of class II, and if selection has been
constant (an unrealistic assumption), a selection dura-
tion of 2000 to 7000 years, not nearly long enough to
induce LD found in the haplotype or between the two
classes. The major histocompatibility complex is also
involved in reducing the parasite burden in other pri-
mates, such as the fat-tailed dwarf lemur Cheirogaleus
medius and the Malagasy mouse lemur Microcebus
murinus (Schwensow et al., 2007)

Quite a different matter is whether these strong
selective interactions should ever have guided thinking

about common diseases, which usually cause post-
reproductive morbidity and mortality. As other
examples of past strong selection contributing to
present-day genomes arise (e.g., the proposal of Kaiser
et al. [2007] that resistance to an extinct retrovirus
has left humans vulnerable to HIV infection), they will
provide opportunities to test the hypothesis directly,
but few of the genes associated with malaria appear to
be relevant in complex, common human disorders.

Association With Disease
The original evidence for balanced polymorphism
came mostly from studies like that of Fisher (1939),
involving strong natural selection on visible traits in
insects and other organisms that could be studied
experimentally. Human populations could only
provide indirect evidence, though this was forthcom-
ing in substantial quantities. For example, associations
between particular human diseases and particular
polymorphisms were detected and verified some fifty
years ago. Table 2 displays a number of these associa-
tions. The work tended to be conducted because the
polymorphisms were assayed for other reasons than
investigation of disease association (e.g. blood groups
of blood donors), so that the studies, individually well
conducted, were not systematic or in many cases fol-
lowed up. In this context, it is noteworthy that some
established before the genomics era have stood the test
of time, and have led to other investigations of associ-
ation, linkage and causation. In these cases, it is likely
that there are causal factors in the chromosomal
regions marked by the polymorphism in question,
even if, as opponents of this research used to claim,
the associations were not clinically useful.

Genome-wide scans using very large numbers of
DNA markers, particularly single nucleotide polymor-
phisms (SNPs), are now being conducted
systematically, and will certainly lead to the discovery
of genes significant in disease causation. They could
also assist in disproving the CV-CD hypothesis,
despite being based by definition on assay of common
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Table 2

Associations Between Human Polymorphism (Other Than DNA Polymorphism) and Disease

Polymorphism Disease Phenotypes compared Relative risk Reference

ABO blood groups Duodenal ulcer O:A 1.90 McConnell 1969
Gastric ulcer O:A 1.19 McConnell 1969
Colorectal carcinoma O:A 0.90 Vogel 1970

0.42 Guleria et al. 2005
Mammary cancer O:A 0.92 Vogel 1970

0.31 Guleria et al. 2005
Secretor system Duodenal ulcer se:Se 1.46 McConnell 1969

Gastric ulcer se:Se 1.19 McConnell 1969
Major histocompatibility complex (HLA) A locus Psoriasis vulgaris A13: not-A13 4.30 Svejgaard et al. 1975
Major histocompatibility complex (HLA) B locus Ankylosing spondylitis B27: not-B27 120.90 Svejgaard et al. 1975
α1-antitrypsin Emphysema normal: deficient 27.67 Tarkoff et al. 1968
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variants, that is, polymorphisms. It is in this context
that LD comes to the fore: substantial LD over short
intervals arises because a selectively neutral polymor-
phism arises by mutation and sampling close to a
causal gene, and the association with the polymor-
phism arises because of LD.

Table 3 shows some of the results of one very large
genome-wide scan for seven diseases, using more than
300,000 SNPs and 2,000 cases for each disease with
3,000 unaffected controls for all diseases.

Table 4 shows some of the results of a number of
other DNA based genome scans or studies, several
published as followups to that in Table 3.

It is noteworthy that many studies have been con-
ducted of asthma traits, and many regions have been
identified in different studies, but few regions have
been consistently associated with the traits. In other
words, in different samples or populations, either dif-
ferent regions have been genuinely associated with the
traits, or many of the associations have been spurious.
Both explanations are sure to have some validity.
However, if we consider the original CD–CV hypothe-
sis, genuine but different associations in different
populations imply that different common variants are
causal in different populations, or that different causal
variants are common in the different populations.

It should also be noted that the predictive power of
these associations is usually modest, even when the P-
value associated with the result is very low indeed. For
example, consider the association of colorectal cancer
(CRC) susceptibility with alternative SNP alleles in a
region of Chromosome 8q24. The odds ratio is only
about 1.20, that is, persons carrying one allele are
only about 20% more likely to suffer from CRC than
persons carrying the other allele. Tomlinson et al.
(2007) concluded as follows: ‘Given that the allele fre-
quency of rs6983267 [the ‘susceptibility allele’] is
~50% in the European population, the risk associated
with hetero- and homozygosity implies that this
variant underlies ~20% of CRCs. Although it may
account for only ~1.1% of the excess familial risk of
CRC, under a multiplicative model of susceptibility,
the locus has the potential to have a substantial effect

on an individual’s risk by acting in concert with other
low-penetrance alleles. These data provide the
strongest evidence to date for common CRC suscepti-
bility alleles’. However, the study has in fact not
shown that a rare, highly penetrant allele in strong LD
with rs6983267 is not the causal agent, unlikely
though this may be.

Interaction
All of the analyses considered above have been based
on the hypothesis of independent gene action. It is
certain that this hypothesis is false, in the majority of
cases, however effective it may have been in practice
(especially when analyses have been undertaken as
effectively marginal; Ewens &Thomson, 1977).
Methods of multivariate analysis of fitness are being
developed (e.g. Jones et al., 2007), but they are not yet
applicable to human data. At the same time, cases of
strong interaction are being detected as the ability to
analyse metabolic pathways genomically increases,
such as the role of histone demethylases in X-linked
mental retardation (Tahiliani et al., 2007). However,
the extent of interaction involving a human trait or
disorder has not yet been assayed in the same way as
individual loci affecting a trait. This is not the case in
other species, though of course similar scans of indi-
vidual loci in other animals are conducted on the same
basis as in humans, with the possibility of experimen-
tal verification of what has been discovered (e.g. see
the analysis of feed conversion efficiency in cattle by
Barendse et al., 2007). In the plant kingdom, experi-
ments can readily be designed to detect interactions.

Luo et al. (2001) conducted a cross between a
japonica rice variety and an indica variety and assessed
heterosis and the contribution to heterosis of epistasis.
They had over 250 recombinant inbred lines from the
F10. Epistasis was taken to be a digenic phenomenon.
They used the estimation procedure of Wang et al.
(1999), and they grew the experiment at two locations,
which allowed a ready comparison of consistency. They
found 30 QTL, seven, fifteen, and eight for
panicles/plant, grains/panicle, and 1000-grain weight
respectively, and only one was consistent between the
two environments. They found eleven, twelve, and
twelve digenic epistatic interactions for these three com-
ponents of yield, and none was consistent between the
two environments. Furthermore, only eight of the 70
possible main effects associated with these interactions
were significant at the authors’ chosen .1% significance
level. Taken together, these results imply very high
levels of genotype–environment interaction. They also
show that heterosis is not the mirror-image of inbreed-
ing depression.

Whether these results, from a normally inbreeding
species, have any relevance to humans is uncertain,
apart from suggesting the likelihood of discovering
very many interactions, if not genotype-environment
interactions. Use of the tool PLINK (http://pngu.
mgh.harvard.edu/~purcell/plink/) may change this situ-
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Table 3
Results of One Multi-Disease Genome Scan
(Wellcome Trust Case Control Consortium 2007)

Disease No. genes detected Genes previously 
at very high identified as 

significance level associated

Bipolar disorder 1
Coronary artery 1 APOE
Hypertension 0
Crohn’s 9
Rheumatoid arthritis 2
Diabetes type I 7 HLA-DRBI
Diabetes type II 3 HLA-DRBI
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ation, but it is unlikely to simplify what is known. (Use
of PLINK has confirmed at least one case of epistasis;
see Hakonarson et al., 2007.) As noted earlier just two
diallelic loci require estimation of genotypic effects for
nine genotypes, so without any assumptions about gene
action, this requires estimation of at least nine parame-
ters. Sepúlveda et al. (2007) have presented a model
and analysis for a pair of diallelic loci interacting in a
way that can be analysed as variable penetrance,
thereby potentially reducing the number of parameters
to be estimated, and have applied it to mouse back-
cross data on susceptibility to Plasmodium berghei
ANKA. Such methods cannot be applied realistically
when many interactions have been identified.

What is interpreted as variable penetrance may be
related to other phenomena which have only recently
been clearly identified, but which are now being inten-
sively investigated. Epigenetic regulation is a prime
example. X-chromosomal inactivation was the first
human case to be well characterised, but imprinting
and other types of epigenetics have been established in
a number of cases. Tsankova et al. (2007) have listed
nine disorders, all involving mental impairment, which
arise from chromatin remodelling, in most cases hypo-
or hypermethylation. It is noteworthy than many of
these syndromes, though clearly coherent and likely to
be genetical in origin, showed no familiality when
originally defined (e.g. Angelman’s syndrome, Mayo et
al., 1973). Experiments on laboratory animals show
that chromatin remodelling can occur developmentally
or through long-term treatment, and this seems likely
to apply more widely, so that disorders of late onset
with risk factors such as chronic over-nutrition or lack
of exercise or smoking would be candidates.

Conclusion
As noted earlier, the sheer number of polymorphisms
identified by DNA analysis ruled out universal het-
erozygous advantage as a possible hypothesis to explain
widespread variation of any kind. This conclusion
applies even after allowing for forms of interaction
other than multiplicative (Sved et al., 1967).

Table 4 allows another conclusion to be drawn:
common variants are indeed associated with disease,
as first established half a century ago, but the frequent
lack of consistency among samples or populations
shows that the causal relationship is not clear, even if
the common variants are not themselves associated
through linkage disequilibrium with different rare
variants. Furthermore, because selection is largely
postreproduction, causal hypotheses must build on
very weak selection.

To go from an association to a causal relationship
requires several steps. First, the association must be
verified, either in fresh samples from the original pop-
ulation or in samples from other populations. This
step has been taken in a number of cases, as illustrated
in Tables 2 to 4. Second, other causes of the associa-
tion (such as population stratification through

introgression, for example, large groups of immigrants
from one population into two others, the association
then being detected in the two recipient populations,
e.g. Köhler & Bickeböller, 2005) must be ruled out.
Third, the problem mentioned in the previous para-
graph must be addressed. That is, LD analysis must
show definitively that the association is with the gene
(structural gene, regulatory element etc.) itself, not
with another in LD with it. An example of an appro-
priate analysis is given by Lowe et al. (2007). Fourth,
the nature of the causal relationship must be eluci-
dated. In the case of complex disorders of medium to
late onset, the problem is particularly difficult: the
cause of a disease may be a combination of environ-
mental stress with moderate genetical propensity. For
example, some cardiovascular disease may result from
sedentary habit plus excessive food intake plus geneti-
cally determined high blood pressure. Is the latter then
an outcome of inadequate level of production of some
gene product, so that a functional pathway adequate
over a short time-span is inadequate over a longer
time span, or is it a slightly less effective gene product?

In some cases, where an environmental trigger is
well understood or at least known, the fourth
requirement can be met. For example, consider some
of the polymorphisms associated with lung cancer.
Glutathione S-transferases are likely to be involved in
the catabolism of many of the compounds introduced
into the lung in smoking, and the very frequent null
allele of GSTM1 has a relative risk of at least 1.3
compared with the normal allele (Kihara et al.,
1994). Hung et al. (2003) showed, additionally, that
cytochrome P450 1A1 (CYP1A1) interacted with
GSTM1 in protecting/predisposing towards lung
cancer. Here, we probably have real examples of
CD–CV causation, but we have returned also to a
very strong and well identified environmental selec-
tive agent, smoking, just as we began with malaria.

The CD–RV hypothesis, which is not really anti-
thetical to CD–CV since they lie at the ends of a
continuous spectrum of frequency and influence, is,
as noted earlier, analogous to the case of rare mono-
genic disorders maintained at low frequency by
mutation and selection. It has long been known that
many of these disorders are much more frequent in
one population than in others, such as Huntington’s
chorea (1.7 in 10,000 in Tasmania), adult type
Gaucher’s disease (4/10,000 in Israel), porphyria var-
iegata (30/10,000 South African whites),
adrenogenital syndrome (20/10,000 Yupik Eskimos;
Brock, 1972). These high frequencies may have
arisen through drift or bottlenecking or causally, but
they illustrate the fact that deleterious genes can
increase in frequency in isolated, small, or derivative
populations, such as all human populations were
once. Furthermore, the genes involved in different
populations are themselves different. The simplest
explanation for this fact is chance. See Pritchard
(2001) for further discussion and modelling.
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If we bring these facts together, and consider a
complex disorder influenced by many genes, we have
the following likely causal circumstances. A complex
disorder is the outcome of the interaction of a
number of genes with the environment over many
years. The genetical component of the causal
complex may involve alleles of many of the genes in
the networks that influence the physiology
underlying the disorder. A particular allele of a par-
ticular gene may be identified as causal in one
population because it is frequent enough for its
familial outcomes to be identified and measured, yet
in another population it may be so rare as not to be
detectable because it does not contribute significantly
to the assessed genetical variation. Thus, both CV
and RV contribute to complex disorders, depending
how one assesses them, and we also establish a
simple explanation for the frequent failures of repli-
cation of association between allele and disorder
illustrated in Table 4. 
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