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COMMENT

Association and linkage: complementary
strategies for complex disorders

Nothen et al argue persuasively for the use of
association studies to identify the genetic de-
fects responsible for the functional psychoses
(schizophrenia and bipolar affective disorder).
We too have advocated this approach'-3 and
agree that advances in DNA technology4 and
analytical methods56 have made association
studies even more attractive. However, we
believe that there are other, complementary
approaches which also take into account the
probable complexity of the genetics of psych-
Os's.
Nothen et al follow Sobell et al' in pointing

out the advantages of investigating directly
sequence variations which are likely to affect
protein structure or expression (VAPSEs) in
large samples of unrelated patients and con-
trols since this does not depend upon the
existence of linkage disequilibrium between
marker and disease locus. Although this approach
is attractive it might not be so straightforward
as is supposed to prove that any variation
found in association with a disease is itself
responsible for increasing susceptibility rather
than another locus close by and in linkage
disequilibrium with it. Moreover, we feel that
it may be mistaken to dismiss association
studies using anonymous markers and relying
upon linkage disequilibrium. A number of
recent studies have found allelic association
between complex diseases and anonymous DNA
markers close to candidate genes, for example,
the TGF alpha gene in cleft lip and palate,7 the
glucokinase and glycogen synthase genes in
non-insulin dependent diabetes (NIDDM),89
the insulin gene and insulin depend-
ent diabetes,'0 and the myelin basic protein
gene in multiple sclerosis." Several of these
associations were based upon the use of micro-
satellite markers, the mutation rate of which
must therefore be low enough to permit the
maintenance of linkage disequilibrium.'2 Link-
age disequilibrium mapping by association
studies might therefore prove useful in other
complex disorders assuming low mutation
rates of both marker and susceptibility loci.
Under such circumstances, tight linkage can
result in allelic association persisting for many
generations. For example, at a recombination
fraction of 0.01 the 'half life' of an association
would be 69 generations or about 2000 years.'3
This means that it might be feasible to under-
take a systematic search of the entire genome
for association with susceptibility loci once a
dense marker map is available with highly
informative polymorphisms roughly evenly
spaced at about 2 cM intervals. So far such a
map is not available, but current progress with

automated methods and microsatellite markers
is rapid,'4 and the goal is foreseeable. The main
disadvantage of a systematic, whole genome
search, quite apart from the volume of work,
will be the familiar one of multiple testing and
how to set significance levels so as to reduce
type 1 errors without overlooking true posit-
ives. This can, at least in part, be overcome by
collecting a large sample and splitting it into
two halves, the first being the test sub-sample
in which a not too stringent oa level (say 0.01) is
set, and the second being a replication sub-
sample. The main advantage of a systematic
search is that, as in linkage-positional cloning
strategies, no previous knowledge of the patho-
genesis of the disorder is required.
As Nothen et al point out, there are also

methodological pitfalls in association studies
arising from population stratification and these
are exemplified in publications on classical
markers and schizophrenia.'5 The Haplotype
Relative Risk (HRR) method of Falk and
Rubinstein,' and its recent modification by
Terwilliger and Ott,6 is an apparently elegant
solution to this difficulty. However, Falk and
Rubinstein trios are significantly more difficult
to find than single cases, particularly in the
psychoses where onset is in adulthood and
family relationships often disrupted. Given
these difficulties, it may well be better to
extend collection slightly and to identify fami-
lies where there are two or more sibs affected
with the disorder as well as living parents.
These will then be useful both for association
studies using the HRR statistic and for linkage
studies using both parametric and non-para-
metric methods,'6 though there will be some
loss of power to the HRR if cases are ascer-
tained upon the basis of familial loading.
Nothen et al are sceptical of the use of

linkage analysis in the psychoses, and this is
understandable given the recent 'advances'
and subsequent retreats in this field.'7 The
approach being adopted by the majority of
workers is to study the segregation of markers
in large multigenerational families using either
a candidate gene or a positional cloning ap-
proach.3 As Nothen et al point out this will
only detect linkage if a gene or genes of major
effect are segregating in at least a proportion of
such families. This approach has been success-
ful in some complex disorders, such as Alz-
heimer's disease,'8 19 NIDDM,20 and breast
cancer.21 However, in these conditions there
was already some evidence before linkage
studies that major gene effects were operating
in cases characterised by high familial loading
and early age of onset.
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Whether or not genes of major effect exist in
schizophrenia or other psychoses it seems

likely that the commonest mode of transmission
is either oligogenic or polygenic. This would
accord with evidence from animal breeding
experiments, as well as human twin and adop-
tion evidence, that nearly all genetically
influenced behaviours, normal or abnormal,
are likely to reflect the additive or epistatic
effects of several, perhaps many, genes at dif-
ferent loci.22 In the case of schizophrenia,
study of the recurrence risks in various classes
of relative23 shows that they best fit an epistatic
model of two or three major loci but not a great
many loci or a single locus. Similar conclusions
have been reached by McGue and Gottes-
man.24
Given these complexities, there are good

arguments for conducting linkage analysis in
the psychoses in large samples of small nuclear
families. In particular, they are less likely than
large, 'high density' families to be segregating
more than one disease gene and are less sensi-
tive to alterations in phenotypic or genotypic
status.25 Moreover, as we have seen, this ap-
proach can readily be combined with associ-
ation studies using the Falk and Rubinstein
method.5 Analytical methods for studying
linkage in complex diseases are developing
rapidly'626 and data from studies of linkage
disequilibrium can be used to increase the
power of linkage studies.2728 Furthermore, the
power of sib pair methods can be increased by
adopting a quantitative trait locus (QTL) ap-
proach where a continuous measure of suscep-
tibility to disease, for example, 'Schizotypy'

29scores, is used rather than a simple dicho-
tomy (affected/unaffected). The usefulness of a
method, based on regression analysis but
requiring no prior assumptions about the

mode of transmission of the disorder, has been
shown in reading disability.30 Finally it is
worth reminding ourselves that families
containing two affected sibs are much more

common than multigenerational, multiplex
pedigrees. Not only does this mean that they
are easier to collect but also that the cases they
contain are likely to be more representative of
typical forms of psychosis. Thus, even if link-
ages are detected in studies of large pedigrees,
it will be necessary to test their generality in
studies of small families.
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