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Abstract

| review evolutionary-genetic models for the generation, maintenance and loss
of allelic variation underlying polygenic disease, in the context of affective
disorders and related conditions. Genetically-based liability to these disorders
appears to be due to some combination of mutation-selection balance involving
common, small-effect variants and rare, large-effect variants, and natural
selection involving antagonistic pleiotropy and balancing selection. At present,
the primary usefulness of evolutionary genetics in the study of affective
disorders is that it provides important insights into choices of genes, alleles, and
haplotypes for analysis via genome-scan and association studies, and
motivates a focus on the potential for pleiotropic, beneficial effects of alleles and
genotypes that also influence disease risk.

Introduction

Most evolutionary approaches to the analysis of human cognitive function,
affective states, and mental disorders have focused on the potential adaptive
significance of the phenotypes involved, in ancestral or modern environments
(e. g. Nesse 1999; Nettle 2001, 2004). According to such evolutionary
hypotheses, natural selection has optimized human mental phenotypes in the
context of functions that are related to reproductive success, and mental
disorders have been inferred to represent either unavoidable, maladaptive
byproducts of such selection (e. g., Burns 2006), tails of continuous distributions
of genetically-based cognitive-affective functional abilities (e. g., Nesse 2004),
or manifestations of associations between enhanced abilities in some domain of
performance, such as creativity, emotional sensitivity, or propensity to strive for
success, and increased risk of mental iliness (e. g., Nettle 2001, 2004, 2006a).
In this context, major depression and bipolar disorder can be interpreted as
forms of dysregulation of adaptive mental systems that regulate mood, where
low mood and high mood are normally-adaptive states that contextually-regulate
physiology, cognition and behavior to maximize fitness (Nesse 2000; Nettle
2004; Johnson 2005; Wolpert 2008).

Hypotheses for the adaptive significance of human mental traits are
extremely difficult to evaluate rigorously, as such tests require quantification of
cognitive, affective and behavioral phenotypes in relation to some measures of
performance or fithness that are relevant in the context of human evolutionary
history. Hypotheses of maladaptation are even more challenging to test, as
they require information on genetic, physiological, or developmental



mechanisms that allows exclusion of hypotheses based on adaptation or
adaptive tradeoffs (Crespi 2000; Nesse 2005). Moreover, even when analyses
of the functional design and adaptive nature of cognitive and emotional
phenotypes yield results consistent with optimization (e. g., Keller and Nesse
2005, 2006), the implications of such evolutionary, ultimate-level findings for
proximate-level analyses of the etiologies of mental disorders, or treatment
strategies, often remain unclear (Nesse 1999). As a result, most workers
studying or treating affective disorders do so in the absence of evolutionary
perspectives, which are viewed as either highly speculative or largely irrelevant.

Adaptive significance is not just a function of phenotypes — it is also a
property of the genetic, genomic and epigenetic variation that underlies
observed variation in mental traits or other phenotypes. Thus, just as a
phenotype may be adaptive or maladaptive in some environmental context, an
allele or haplotype may have increased or decreased in frequency as a result of
selection over evolutionary time, or it may be maintained at some intermediate
frequency. For evolutionary analyses of mental disorders, a focus at the level of
alleles and haplotypes offers a number of useful analytic properties, such as the
ability to infer the action of population-genetic processes, including selection for
advantageous alleles, selection against deleterious alleles, or genetic drift, from
data collected in extant populations (e. g., Biswas and Akey 2006; Sabeti et al.
2006; Boyko et al. 2008). Such evolutionary-genetic analyses permit rigorous
quantification of how natural selection, drift, mutation, and other processes have
influenced genetic liability to affective disorders, which in turn provides direct
insights into the proximate genetic, physiological and developmental
underpinnings of mental disorders, and the role of optimization by selection in
ultimate-level studies of adaptive significance (Crespi et al. 2007).

In this chapter | provide an overview of the evolutionary genetics of
affective disorders. My main goal is to integrate results from recent studies of
the phenotypic structure and genetic basis of affective and related mental
disorders with evolutionary models of the genetic, genomic and epigenetic
bases of polygenic human disease. | first define the cognitive-affective
phenotypes and psychiatric conditions under consideration, to elucidate their
phenotypic architecture, and | review the connections of phenotypic
architecture, and formal diagnostic categories, with variation at the genetic level.
Second, | attempt to square our knowledge of the genetic basis of affective and
other mental disorders with current evolutionary, population-genetic models for
the bases of human polygenic disease risk, to assess how well the ‘genetics’
meets the ‘evolution’ of mental disorders. Finally, based on the results of these
analyses, | suggest how molecular-evolutionary analyses can be applied to



further our understanding of the etiologies of affective disorders at both the
proximate and ultimate levels.

Phenotypic and genetic architecture of psychotic-affective disorders

Major depression, bipolar disorder, and schizophrenia exhibit broad partial
overlap in their constituent behavioral, cognitive, affective, and neurological
phenotypes, with gradations between them characterized in terms of
schizoaffective disorder, or depression (bipolar or unipolar) with psychotic
features (Baethge et al. 2005; Kempf et al. 2005; Boks et al. 2007a; Lin and
Mitchell 2008; Smoller et al. 2008). Discussion of the nature of psychological
variation between and within these conditions is beyond the scope of this
article. However, based on several criteria including patterns of shared
phenotypes between disorders, patterns of inheritance within families, and the
incidence of these disorders in neurogenetic syndromes (Boks et al. 2007b;
Gothelf 2007; Lin and Mitchell 2008), depression, bipolar disorder, and
schizophrenia can usefully be characterized as encompassing a ‘schizophrenia
spectrum’, ‘psychotic spectrum’, or, as described here, ‘psychotic-affective
spectrum’ (Marneros and Akiskal 2006; Crespi and Badcock 2008; Ivleva et al.
2008). These three conditions also partially overlap in their genetic
underpinnings (Craddock and Forty 2006; Potash 2006; Blackwood et al.
2007; Farmer et al. 2007; Lopez-Ledn et al. 2007; Owen et al. 2007; Goes et al.
2008), with some genes, such as DISC1 and G72, now known to harbor allelic
variants that affect susceptibility to all three disorders (Chubb et al. 2008;
Rietschel et al. 2008). Such patterns of partial phenotypic and genetic overlap
in psychotic-affective disorders have motivated the hypothesis that major
depression, bipolar disorder, and schizophrenia share some genetic risk
factors, but are also underlain by genetic variants that are more or less
specific to one or two of the disorders (Craddock et al. 2006; Craddock and
Forty 2006; Hamshere et al. 2006). The presence of a psychotic-affective
spectrum, analogous to the autistic spectrum, indicates that analyses of the
evolutionary genetics of affective disorders cannot be easily parsed from
analyses of disorders that involve strong elements of psychotic features,
mainly schizophrenia.

Conditions on the psychotic-affective spectrum also apparently grade
more or less smoothly into normality in non-clinical populations, with
schizophrenia grading into schizotypy (Claridge 1997; Fanous et al. 2007;
Stefanis et al. 2007), major depression grading into neuroticism (Fullerton et
al. 2003; Shifman et al. 2008), and mania in bipolar disorder grading into
hypomania and normality (Young, this volume). Such continuous variation in



phenotypes is indicative of polygenic underpinnings, with many genes, each of
small effect, mediating expression (e. g., Rapoport et al. 2005; Tamminga and
Holcomb 2005; Craddock et al. 2008; Shifman et al. 2008), and it suggests
that genetic liability to psychotic-affective spectrum conditions forms a
continuous spectrum with variation in human personality traits (Fanous and
Kendler 2004; Nettle 2006a), with important implications for the population-
genetic factors that generate, maintain and remove variation that affects
disease risk and phenotypic variation. However, the interface of personality
with psychiatric genetics has yet to be sufficiently developed to allow firm
inferences to be drawn regarding the nature of associations between normal
vs. more-or-less pathological cognitive-affective traits; for example, genetically-
mediated personality traits may modulate the clinical presentation of affective
disorders, rather than representing direct causal influences on the disorders
themselves (Serretti et al. 2006), and depressive personality disorder appears
to be at least partially distinct from major depression itself (Jrstavik et al.
2007).

Psychotic-affective spectrum conditions may be caused not just by
apparent cumulative and interactive effects of allelic variation with relatively-
small effects, but also by de novo genetic variations of relatively-large effect,
either at a genetic scale, such as breakpoints in the DISC1 gene leading to
major depression and schizophrenia (Muir et al. 2008), or at a genomic scale,
such as gene copy number variation due to duplications or deletions of
regions that contain multiple genes. Genomic alterations include, for example,
velocardiofacial syndrome due to deletions at 22g11.2, which involves an over-
20 fold increase in the incidence of schizophrenia, bipolar disorder, and major
depression (Gothelf 2007), and Klinefelter syndrome, due to one or more
‘extra’ X chromosomes in males, which involves a 4-10 fold increased risk of
these psychotic-affective spectrum conditions (Boks et al. 2007b). The degree
to which such large-scale genomic alterations represent the high end of a
continuum of genomic copy-number variants, that grade into smaller,
cumulative effects on liability that segregate in populations (rather than arise
sporadically, de novo), remains to be determined. However, recent findings
that at least 7-10% of cases of schizophrenia (Walsh et al. 2008; Xu et al.
2008), and autism (Sebat et al. 2007; Marshall et al. 2008), may be associated
with copy-number variants suggest that this source of genetic variability
contributes substantially to the general incidence of mental disorders.

A third important cause of gene-level variation affecting liability of
psychotic-affective conditions, in addition to genetic variants and genomic
copy-number variants of large or small effect, is epigenetic variation (Mill and
Petronis 2007), especially in genes subject to genomic imprinting (Crespi and



Badcock 2008). Imprinted genes, which are selectively expressed according to
their parent of origin (Tycko and Morison 2002; Haig 2004), comprise only a
small proportion of the human genome, but they are disproportionately
involved in brain development and function (Davies et al. 2008), and they can
be dysregulated in more ways than non-imprinted genes, due to: (1) functional
haploidy, such that all allelic variants can have immediate phenotypic effects;
(2) alterations in methylation status or histone modifications, in addition to
heritable changes in nucleotide sequence affecting expression and function;
and (3) the differential involvement of imprinted genes in highly pleiotropic
developmental systems mediated in part by antagonistic ‘tugs-of-war’ between
maternally-derived genes and paternally-derived genes (Haig 2004; Smith et
al. 2006; Smits and Kelsey 2006; Charalambous et al. 2007; Ubeda and
Wilkins 2008). In accordance with these properties of imprinted genes, they
exert highly-disproportionate effects on disease risk and progression in, for
example, placentation (Fowden et al. 2006) and carcinogenesis (Jelinic and
Shaw 2007). The degree to which segregating variation, or de novo
alterations, in imprinted genes affect susceptibility to psychotic-affective
disorders remains to be determined (Crespi and Badcock 2008; Crespi 2009).
However, Prader-Willi syndrome due to uniparental disomy of chromosome 15,
which is due to alterations to imprinted gene expression, is the most-penetrant
cause of psychotic-affective disorders known to date (Soni et al. 2007, 2008),
the imprinted LRRTM1 gene, associated with schizophrenia and
schizoaffective disorder, underlies one of the strongest genome-scan linkages
to schizophrenia (Francks et al. 2007), and a recent linkage study of anxiety
(Middledorp et al. 2008) implicated the imprinted gene cluster at 14932.2.
Crow (2008) has also suggested that epigenetic variation of large effect
underlies psychotic-affective disorders, a hypothesis that remains tenable to
the degree that genetic and genomic variants continue to explain only a
relatively small proportion of inherited or de novo risk.

Genetic, genomic and epigenetic variation exerts its effects on liability to
affective-psychotic conditions via alterations to more or less ‘normal’
neurocognitive architecture. In humans, a primary axis of such architecture is
sex, with males and females differing quantitatively in a large suite of
neurodevelopmental, neuroanatomical, psychological and other traits (Geary
1998; Baron-Cohen 2003). Sex-specific associations of alleles with some
psychotic-affective conditions (e. g., Pickard et al. 2007), and the higher
incidence of major depression in females than males (Marcus et al. 2008;
Smith et al. 2008), notably implicate sex as an important causal factor in the
evolutionary genetics of mental disorders. Crespi and Badcock (2008)
suggest that genomic-imprinting effects generate a second axis of human



cognitive variation, whereby a canalized neurodevelopmental continuum
stretches from a bias towards relative effects of maternally-expressed
imprinted genes, to dynamically-balanced normality, to a bias towards effects
of paternally-expressed imprinted genes. Considered jointly with the axis of
male-female variation, variation along such a genomic-imprinting effects axis
helps to explain several of the strong observed sex biases in the prevalence
and severity of both psychotic-affective and autistic-spectrum conditions
(Crespi and Badcock 2008), such as the overall male bias to autism, more-
severe autism in females, the overall female bias to depression, and more-
severe schizophrenia in males. This model points to genes underlying sex
differences in neurodevelopment, and imprinting effects, as important factors
in the expression of psychotic-affective conditions, in part via modification of
the penetrance of allelic effects (e. g., Zhao et al. 2007); it also suggests that
epistatic interactions between imprinted genes and non-imprinted genes
involved in sex differentiation, as apparently found in Turner syndrome (Crespi
2008) may play important roles in human development.

Evolutionary-genetic models of psychotic-affective conditions

The relatively-high heritabilities of neurodevelopmental conditions such as
schizophrenia and autism have been considered to pose an evolutionary
paradox, given that allelic variants increasing the risk of such conditions should
be strongly selected against, resulting in low levels of additive genetic variation
maintained in populations (Keller and Miller 2006). Three main categories of
evolutionary-genetic model have been proposed thus far to explain such an
apparent paradox in the maintenance of alleles for polygenic disease risk (Table

1):

(1) models based on a large number of slightly-deleterious variants, most of
small effect, subject to inputs via mutation across many loci, maintenance by
drift under sufficiently weak selection or small population size, and removal via
purifying selection (Hughes et al. 2003; Kryukov et al. 2007; Bodmer and Bonilla
2008);

(2) models based on the effects of rare, more highly-deleterious genetic or
genomic variants, with common variants of small effect exerting a relatively-
small influence on overall disease risk (Fearnhead et al. 2004; Zhao et al. 2007;
Bodmer and Bonilla 2008; Walsh et al. 2008); and



(3) models based on evolutionary advantages, now or in the past, of alleles that
also increase disease risk (Kryukov et al. 2007).

The first model corresponds to the common disease-common variants
hypothesis (Lohmueller et al. 2003), whereby polygenic disease is due to
cumulative and interactive combinations of many deleterious alleles, each of
small effect, in the context of the myriad mutational targets provided by large
numbers of genes, large mutation-prone genes, and complex pathways (e. g.,
Smith et al. 2006); by contrast, under the second model, segregating genetic
variation in disease risk has minor effects compared to larger-effect, de novo
variants. Variation is maintained under the third model by any of a number of
selective processes, such as balancing selection or antagonistic pleiotropy, that
can maintain risk alleles at non-trivial frequencies (Keller and Miller 2006;
Kryukov et al. 2007). These models are not mutually exclusive, and the first two
models may grade into one another given continuous distributions of
frequencies for disease risk alleles across loci, effect sizes, and levels of
penetrance (Boyko et al. 2008). Moreover, effects of genetic drift may interact
with effects of purifying selection, by generating increases in the frequencies of
more-deleterious variants in relatively-small groups, such as human founder
populations (e. g., Fearnhead et al. 2004; Lohmueller et al. 2008; Boyko et al.
2008). How well do these models with the available data, and what are the
implications for elucidating the genetic bases of neurodevelopmental disorders?

(a) Common or rare alleles subject to purifying selection

Slightly-deleterious alleles can be maintained at appreciable frequencies,
across many loci, when mutations to such alleles are common across the
genome and purifying selection is relatively weak. If risk alleles exhibit
appreciable allele frequencies and small effect sizes, then the common variant —
common disease paradigm described for schizophrenia, bipolar disorder, and
other diseases by Lohmueller et al. (2003) holds, but if disease is mediated
predominantly by rare alleles, then current molecular-psychiatric strategies for
identifying disease loci, such as whole-genome scans that probe relatively-
common variants, will be largely ineffective (Hughes 2007; Bodmer and Bonilla
2008; Boyko et al. 2008). Kryukov et al. (2007) integrated information from
known human disease mutations, human-chimp divergences, and human
genetic variation to show that up to 70% of low-frequency missense mutations
are deleterious, which implies that mutation-selection balance of low-frequency
alleles is a feasible population genetic mechanism for the maintenance of
common human polygenic diseases (see also Fay et al. 2001). For psychotic-



affective disorders, these inferences are consistent with results from five recent
studies: (1) a higher frequency of rare variants, for six schizophrenia-associated
genes, in patients than in controls (Winantea et al. 2006); (2) the presence of
rare variants of the SYNGR1 gene in schizophrenia patients but not controls
(Cheng and Chen 2007); (3) the observation that over 60% of cases of
schizophrenia in Daghestan genetic isolates were offspring of consanguineous
marriages (Bulayeva et al. 2005); (4) a significantly-higher incidence of rare,
large-haplotype, recessive genotypes in schizophrenia patients than controls
(Lencz et al. 2007); and (5) the presence of rare, high-risk allelic variants
detected in a study of the role of DISC1 alleles in schizophrenia risk (Song et al.
2008). These convergent findings should motivate genotyping strategies that
detect a higher proportion of low-frequency variants, given their potential
cumulative role in disease risk, and the resultant data sets will also allow robust
estimation of Tajima’s D-statistic (e. g., Winantea et al. 2006), whereby
evidence for purifying selection, balancing selection, and positive selection can
be inferred from the distribution of allele-frequency variation (Bamshad and
Wooding 2003; Biswas and Akey 2006).

Regardless of the spectrum of allele frequencies for risk alleles, there is
now considerable population-genetic evidence for the presence of abundant,
slightly-deleterious variants in humans, many of which are apparently subject to
purifying selection (Bustamante et al. 2005; Hughes et al. 2003, Yampolsky et
al. 2005; Hughes 2007; Lohmueller et al. 2008). Such purifying selection has
been detected, for example, via quantification of global reductions in human
among-population differentiation for amino-acid altering mutational sites,
especially for disease-related genes (Barreiro et al. 2008). Perhaps the most
important implication of these findings is that identification of sites that are likely
subject to purifying selection provides a strong clue to functional significance,
allowing efficient, evolutionarily-informed choices of SNPs and other variants for
linkage or association studies (Hughes 2007). Such studies will in turn
determine the degree to which mutation-selection balance across many loci can
cumulatively account for a substantial proportion of disease risk, for common
diseases in general and psychotic-affective disorders in particular.

(b) Rare genomic alterations subject to strong purifying selection

An important role for individually-rare, highly-deleterious genomic variants is
provided by Walsh et al. (2008) and Xu et al. (2008), who reported notably
higher frequencies of rare, high-penetrance structural genomic changes
(duplications and deletions) in schizophrenia cases than in controls (e. g., 15-
20% vs 5% in Walsh et al. 2008). These findings concord with recent studies of



autism reporting similarly increased frequencies of copy-number variants in
patients (Sebat et al. 2007; Marshall et al. 2008), with a stronger advanced
paternal-age effect in sporadic than familial schizophrenia (Sipos et al. 2004),
and with a recent genetic model of autism that posits a high incidence of de
novo large-effect mutations with higher penetrance in males than females (Zhao
et al. 2007). By this model, most of the genes thus far implicated in
neurodevelopmental disorders via association or linkage studies have been
suggested to represent modifier loci of small effect that are largely irrelevant to
the risk of disease (Zhao et al. 2007; Walsh et al. 2008). An important corollary
of this model is that only alleles of relatively large effect and penetrance will
result in familial concentration of disease cases (Bodmer and Bonilla 2008), a
pattern commonly found in psychotic-affective disorders (e. g., Potash et al.
2001; Schurhoff et al. 2003); this pattern may be interpreted as broadly
concordant with the rare, large-effect deleterious-allele model for genes or copy-
number variants, or as evidence that other population-genetic factors are
involved.

These recent studies are of considerable importance in revealing that
gene copy-number variation mediates a considerable proportion of the risk for
neurodevelopmental disorders (Cantor and Geschwind 2008), although bipolar
disorder and major depression have yet to be studied in this context. Such
analyses have, however, focused on relatively-severe cases (such as
childhood-onset schizophrenia, and Kanner autism), such that the expected role
of copy-number variants in less-severe conditions, such as high-functioning
autism, bipolar I, or mild unipolar depression, remains unclear. More generally,
the effects of relatively-common copy-number variants in modulating
dimensional variation in neurodevelopmental conditions and cognitive
phenotypes have yet to be assessed. Evidence for functional, adaptive effects
of such variants comes from Sharp et al. (2005), who show that genomic copy
number polymorphisms are common in humans and likely mediate normal
variation as well as disease, and from Hahn et al. (2007) and Jiang et al. (2007),
who describe evidence for an accelerated rate of evolution in gene copy number
among primates and along the human lineage, driven in part by positive
selection on brain-related genes.

(c) Common alleles subject to positive selection or balancing selection
Alleles or genotypes that increase susceptibility to affective disorders
may be maintained in human populations because they are, or have been,

advantageous in some context other than disease. The primary models based
on effects of positive selection (selection ‘for’ particular genetic variants, that
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arise and sweep through populations to some frequency; Sabeti et al. 2006;
Hughes 2007) that have been proposed include: (1) changing selection
pressures, such that common alleles that were advantageous in ancestral
environments (for example, ‘thrifty’ genes affecting the regulation of
metabolism) are now deleterious, and derived alleles are selected for (Di Rienzo
and Hudson 2005; Di Rienzo 2006), (2) balancing selection, whereby individuals
with heterozygous genotypes are favored, resulting in the maintenance at high
frequency of deleterious homozygotes, and (3) antagonistic pleiotropy, whereby
selected alleles exert positive effects in one context, or early in the lifespan, that
are stronger than, or balanced by, negative effects expressed in some other
context or later in life (Keller and Miller 2006; Kryukov et al. 2007).

The ancestral-susceptibility model has been supported by data from
molecular-evolutionary, geographic and physiological analyses of genes
involved in risk of hypertension, type 2 diabetes, and several other common
human diseases (e. g., Di Rienzo and Hudson 2005; Young et al. 2005;
Helgason et al. 2007). Lo et al. (2007) describe evidence that this model may
apply in the context of schizophrenia-protective haplotypes of the GABRB2
gene being subject to recent positive selection, although in this case the causes
and context of selection remain to be elucidated. More generally, an ancestral-
susceptibility model for mental disorders must posit and evaluate roles for
specific environmental or epistatic effects that mediate large-scale shifts in how
specific alleles influence disease risk. The most obvious difference between
ancestral and modern human environments, as regards susceptibility to
affective disorders, is the social environment shifting away from villages and
extended families towards the novel, large social groups of cities and the novel,
small groupings of more or less isolated nuclear families. However, reductions
in the strength of social support networks might be expected to simply increase
depression risk in modern environments, rather than change the direction or
nature of gene by environment interactions. Alternatively, the human social
environment may have qualitatively changed, in ways related to increased
levels of stress and complexity.

Evidence for balancing selection among genotypes, for genes whose
variants influence susceptibility of psychotic-affective disorders, is limited to
studies that show effects of heterosis for such genes as DRD2, DRD3, DRD4,
HTR2A, SLC6A4 and TPH1, in some physiological and behavioral contexts
(e. g., Comings and MacMurray 2000; Reuter and Hennig 2005). The general
paucity of population-genetic evidence for balancing selection on genes
underling mental disorders may arise in part from ascertainment bias in SNP-
based scans for selection, such that high-frequency variants are differentially
detected (Kelley and Swanson 2008). At the phenotypic and epidemiological
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levels, psychotic-affective cognition or disorders have been associated with
measures of enhanced creativity (Nettle 2001; Burch et al. 2006), mating
success (Nettle and Clegg 2006), socio-economic achievement (Jamison 1996;
Johnson 2005) and, in several studies, higher fertility of first-order relatives
(reviewed in Crespi et al. 2007; Crespi and Badcock 2008), compared to
controls. These findings are consistent with evolutionary benefits of alleles and
genotypes underlying such disorders but they do not directly or quantitatively
address any particular model based on positive or balancing selection.

Clear evidence for antagonistic pleiotropy of alleles underlying psychotic-
affective disorders has been reported for APOE genotypes, such that the E4
allele, linked with higher risk of major depression (Yen et al. 2007) and bipolar
disorder (Bellivier et al. 1997) is also associated with enhanced verbal skills in
childhood and other potential early-life benefits (Alexander et al. 2007).
Similarly, the schizophrenia-risk haplotype of DAOA, a gene additionally linked
with bipolar disorder (Prata et al. 2007), is also associated with enhanced
semantic fluency (Opgen-Rhein et al. 2008), and the schizophrenia-risk
haplotype of the PPP1R1B is associated with measures of enhanced
frontostriatal function (Meyer-Lindenberg et al. 2007). The generality of a role
for antagonistic pleiotropy in psychotic-affective conditions remains unclear,
primarily due to lack of study of this mechanism outside the context of
senescence theory (e. g., Capri et al. 2006). Pleiotropy itself is a virtually
universal mode of gene action (e. g., Knight et al. 2006; Barriero et al. 2008),
and most of the genes involved in neurodevelopment and neurological function
are known to be fundamentally involved in other processes as well (Kendler
2005), such as mediation of tumor suppression by the APC and TP53 genes,
both of which have been implicated in risk of psychotic-affective disorders (Cui
et al. 2005; Ni et al. 2005) and have also apparently been subject to positive
selection in the human lineage (Voight et al. 2006; Crespi et al. 2007). Another
example of pleiotropic effects in ‘neuronal’ genes is testicular functions in males,
given strong patterns of gene co-expression in brain and testis (Guo et al. 2005)
that are apparently underlain by shared receptor functions such as exocytosis
(Meizel 2004). Genes differentially expressed in testis exhibit notably-enhanced
signatures of positive selection in humans (Nielsen et al. 2005), selection that
may generate negative pleiotropic effects in the context of neuronal activities
(Qin et al. 2007).

The primary evidence congruent with a hypothesis of positive selection
having some role in the evolutionary-genetic basis of psychotic affective
disorders, either in increasing, maintaining or reducing levels of genetic
variation, is that a considerable number of the genes that have been linked with
schizophrenia, bipolar disorder, major depression, and other diseases (Barriero
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et al. 2008), show evidence of positive selection in recent human evolution.
These include some of the best-supported candidate genes for affective
disorders (Table 2), and for schizophrenia (Crespi et al. 2007), such as
DTNBP1, NRG1, and SLC6A4, and schizophrenia-associated genes show a
statistically-stronger signal of positive selection than a control set of genes
involved in neuronal activities (Crespi et al. 2007). A variety of hypotheses may
potentially explain the phenotypic basis of this molecular-evolutionary pattern,
including: (1) positive selection for alleles protective against mental disorders or
reduced cognitive-affective function (e. g., Weiss et al. 2007); (2) antagonistic
pleiotropy, such that advantageous effects of selected alleles or genotypes in
some context, such as creativity or social-emotional cognition, are not
outweighed by an increased risk of mental disorders conferred by these same
alleles, across evolutionary time (Nettle 2001; Burns 2006; Crespi et al. 2007),
or (3) positive selection in contexts unrelated to mental disorders, given the
highly-pleiotropic nature of most of the genes involved. These hypotheses can
be evaluated in two main ways:

(1) Genes, alleles, and haplotypes inferred as being subject to positive selection
in humans can be chosen as markers to evaluate their potential associations
with the risk of psychotic-affective or other polygenic disorders (Thomas and
Kejariwal 2004; Crespi et al. 2007). The beauty of this approach is that alleles
subject to positive selection are predicted to be functional (McVean and
Spencer 2006), which should increase the likelihood that associations will be
ascertained (Biswas and Akey 2006). Such studies can also be conducted in
the framework of which haplotypes are ancestral vs. derived in humans
ancestry, to infer the validity of the ancestral-susceptibility model in the context
of mental diseases (e. g., Weiss et al. 2007);

(2) Positively-selected SNPs and haplotypes, and disease-associated alleles,
can each be tested in relation to multiple cognitive-affective phenotypes (e. g.,
Comings et al. 2003; Meyer-Lindenberg et al. 2007) including those that may be
beneficial, rather than focusing exclusively on deficits and potential disease
endophenotypes. For example, two recent studies have indeed shown that
schizophrenia-risk alleles (for the SLC6A4 and TPH1 genes) were
pleiotropically-associated with measures of increased creativity (Bachner-
Melman et al. 2005; Reuter et al. 2006). Such studies allow testing of the idea
that having some moderate number of alleles associated with risk of psychotic-
affective disorders, across many loci, leads to enhancements in some cognitive
domains, while having too many’ such alleles increases risk of disease (Nesse
2004).
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A key consideration regarding the evaluation of alternative yet non-
exclusive models for the evolutionary-genetic forces affecting human disease-
related genes is that formal models for the maintenance of variation generally
assume equilibria between opposing population-genetic processes (Di Rienzo
2006), yet there is no good reason to expect that modern human populations
are in equilibrium (Lohmueller et al. 2008). Indeed, Hawks et al. (2007)
describe population-genomic evidence that humans are currently undergoing an
acceleration of adaptive evolution, due to a combination of larger population
sizes (creating more potential targets for adaptive mutation), expanding
populations (which increase the fixation probabilities of adaptive mutations), and
more-rapid environmental change (which generates stronger selection itself).
To the extent that such environmental change involves aspects of human social
and emotional cognition that mediate reproductive success, positive selection
on genes affecting liability to mental disorders is an expected consequence. It is
also of critical importance to avoid a false dichotomy between models based on
positive or balancing selection, and models invoking mutation-selection balance
(Nettle 2006b), because the processes are not incompatible and studies
conducted to date provide clear evidence for both (Fay et al. 2001; Bustamante
et al. 2005; Keller and Miller 2006; Crespi et al. 2007; Barriero et al. 2008).

Conclusions

The fields of molecular-genetic psychiatry and human evolutionary genetics
have burgeoned over the past 10 years but continue to develop in virtual
isolation. Study of the evolutionary genetics of psychotic-affective disorders is
thus in its infancy, but it holds enormous promise for future progress in both
domains. At present, the primary usefulness of evolutionary-genetic tools for
elucidation of the etiologies of such disorders is that they provide windows into
the expected functionality of specific genetic variants as either positively-
selected, subject to balancing selection, or subject to weak purifying selection,
they provide a temporal dimension to the distribution of human disease-related
genetic variation, and they provide insights into which methods are most likely
to efficiently detect loci and alleles underlying disease. As firm evidence
accumulates regarding the set of genes and alleles mediating the expression of
mental disorders, functional information in particular becomes increasingly
important in forging links from genetic, genomic and epigenetic variation to
physiology, neurodevelopment, cognition, and behavior (Kelley and Swanson
2008). Evidence regarding the adaptive significance of genetic variants
underlying susceptibility to psychotic-affective disorders will also allow much
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more robust evaluation of hypotheses that posit selective benefits to
phenotypes associated, in less extreme form, with disorders of cognition and
affect.
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Table 1. Three non-exclusive evolutionary-genetic models may help to explain
the role of different population-genetic forces in the origin, maintenance, and
loss of genetic variation that underlies susceptibility to affective disorders, and
each of these models has important implications for future analyses.

Evolutionary-genetic
model

Population-genetic
forces

Implications for
future studies

Many variants, each of
small effect; variants rare
or common

Rare variants, each of
large effect

Common variants, each
of small to moderate
effect

Weak purifying
selection on
de novo and
segregating
variants

Strong purifying
selection, mainly
on de novo variants

Positive selection,
antagonistic
pleiotropy, balancing
selection

Target alleles

apparently subject to

weak purifying

selection; analyze
common and rare variants
in association and genome
scan studies

Most known risk variants
of small effect are more or
less irrelevant;
systematically target

copy number variants and
rare alleles

Target alleles and
haplotypes apparently
subject to selection
test for beneficial
effects of risk and
protective variants
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Table 2. Evidence of positive selection is available for each of a large suite of
genes that harbor variants implicated in bipolar disorder (most genes), major
depression, and schizoaffective disorder. Details of the Voight et al. (2006)
results are available in the Haplotter web interface, and Crespi et al. (2007,
Table 4) collates relevant information on positive selection from previous
studies. Most of the genetic-association citations are available from Carter
(2007) and Crespi et al. (2007); additional citations are available upon request.
Genes in boldface exhibit especially well-replicated associations, and many of
the genes have also been associated with schizophrenia risk. Alleles or
haplotypes that have been inferred as subject to positive selection in humans
are especially likely to exhibit functional effects on affect and cognition, and so
may be especially useful targets for molecular-psychiatric analyses.

Gene Evidence for positive selection in humans
ALG9 Voight et al. (2006)

APOE Crespi et al. (2007, Table 4)

BRD1 Voight et al. (2006)

CABIN1 Voight et al. (2006)

CAPON Voight et al. (2006)

CLOCK Voight et al. (2006)

DISC1 Crespi et al. (2007)(human-chimp lineage)
DOCK9 Voight et al. (2006)(p=0.0504)

DRD4 Crespi et al. (2007, Table 4)

DTNBP1 Voight et al. (2006), Crespi et al. (2007, Table 4)
GABRA1 Voight et al. (2006)

GRM3 Voight et al. (2006), Crespi et al. (2007, Table 4)
HMG2L1 Voight et al. (2006)

IMPA2 Voight et al. (2006)

LRRTM1 Voight et al. (2006), Francks et al. (2007)
MAOA Crespi et al. (2007, Table 4)

NPAS3 Crespi et al. (2007, Table 4)

NR3C1 Bustamante et al. (2005)

NR3C2 Bustamante et al. (2005)(p=0.068)

NRG1 Crespi et al. (2007)

PAX1 Bustamante et al. (2005)
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Table 2 (continued)

Gene Evidence for positive selection in humans

PDE11A Voight et al. (2006)

PDLIM5 Crespi et al. 2007, Table 4), Voight et al. (2006)
(selected SNPs, not gene-wide significant)

PIK3C3 Voight et al. (2006)

PLCG1 Voight et al. (2006)

RFX4 Voight et al. (2006)

SLC12A6 Voight et al. (2006)

SLC6A3 Bustamante et al. (2005)(p=0.06)

SLC6A4 Bustamante et al. (2005), Voight et al. (2006)

SYNGR1 Voight et al. (2006)

SYNJ1 Voight et al. (2006)

TOM1 Voight et al. (2006)

TPH1 Bustamante et al. (2005)(p=0.06)
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