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INTRODUCTION

Missing Heritability

Over the last four decades, the search for causal genes for a large 
number of Mendelian disorders has been remarkably successful 
and has led to a better understanding of the biological causes 
of these disorders. This understanding has been instrumental 
in developing several preventive and corrective measures, some 
currently in practice with still others under development. It has 
launched a new era in diagnosis, treatment and prediction of 
the prognosis based on genetic mutations and their functional 
consequences and has fuelled hopes that similar strategies 
will be effective in localizing genes and mutations underlying 
susceptibility to common and complex diseases. Advances in 
molecular technology have led to a shift away from DNA marker-
based strategies towards genome-wide association studies 
(GWAS). These assess the potential association of hundreds 
of thousands to millions of genetic markers to the disease 
phenotype in a single experiment. GWAS approaches are not 
hypothesis-based and therefore are suitable where we have little 
understanding of the biological pathways involved. In contrast, 
candidate gene studies are entirely dependent on an accurate 
understanding of the underlying biological mechanisms: a 

factor that may account for the failure to replicate the results 
of candidate gene studies. The underlying rationale for GWAS 
is the ‘common disease, common variant’ hypothesis (Schork 
et al., 2009).

Early GWAS on complex phenotypes were inadequate in two 
ways. First, they used too few (thousands) genetic markers and 
second, they studied a relatively small number (hundreds) of 
patients. Other limitations included imprecise phenotyping 
and control groups of questionable comparability. Today 
GWAS have been aided by comprehensive ‘SNP chips’ with 
millions of markers that are able to capture most (if not all) 
common variation along the genome. They also use thousands 
of patients and some have moved to international collaborative 
experiments. However >400 GWAS studies (http://www.
genome.gov/gwastudies/) published to date have failed to 
offer as persuasive an explanation as anticipated. With a 
few exceptions, the most common variants identified confer 
relatively small increments in risk (1.1-1.5-fold). Also, the 
identification of causal variations to date cannot account for 
estimates of heritability. As an example, over 40 genes identified 
for human height account for only 5% of the heritability 
(Visscher, 2008) while only five loci identified for macular 
degeneration explain over 50% of its heritability estimate 
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(Maller et al., 2006) This begs the question, where are the genes 
and genetic mutations that contribute to the high heritability 
estimates of most complex phenotypes and disorders?

A review by Manolio et al. (2009) has termed this phenomenon 
missing heritability. Manolio argues that a search for missing 
heritability is important because understanding this genetic 
variation will contribute to better diagnosis, prevention, and 
treatment of diseases which are common and cause major health 
and societal burdens. It appears that there are many contributors 
to missing heritability. They range from experimental 
efficiency to biological assumptions regarding the genetic and 
environmental architecture of the disorder. Predisposition may 
involve a large number of variants of small effects and/or rare 
variants with larger effects.

Also, current studies are still plagued by low power to detect 
potential gene-gene and gene-environment interactions; 
inadequate accounting for a shared environment among 
relatives and still unknown and poorly understood genetic 
alterations during development, differentiation and ageing. 
Furthermore, some complex disorders, such as neuropsychiatric 
disorders have no biological diagnostic tests and are especially 
prone to diagnostic uncertainty and error. This is particularly 
problematic in situations where subjects are assessed by different 
diagnosticians such as when samples are pooled in order to 
achieve sufficient numbers for analysis. Finally, most GWAS 
have been undertaken on European populations rather than 
using a representative sample of humans.

Each complex disorder poses a unique set of challenges in 
exposing heritability at the level of genetic/epigenetic variation. 
In this paper we will focus specifically on the missing heritability 
in schizophrenia, a disease where attempts thus far have not 
led to expected success.

Schizophrenia: As a Complex Disorder

Schizophrenia (SCZ) (MIM 1815000) is a severe neuropsychiatric 
disorder characterized by abnormalities in the perception, and 
experience of reality and social dysfunction. Individuals with 
SCZ present with auditory hallucinations, paranoid or bizarre 
delusions, and disorganization. SCZ is a complex disorder with 
overlapping yet diverse symptoms. Diagnosis is based on the 
symptoms outlined in the diagnostic and statistical manual of 
mental disorders DSM IV rather than on any biological markers 
and thus relies on the patient’s self-reported experiences and 
observed behaviour. Furthermore, there is uncertainty about 
whether the diagnosis represents a single disorder or a number 
of discrete syndromes with different causation.

Studies suggest that genetics and early environmental 
and social processes are important factors contributing to 
causation (Pedersen & Mortensen, 2006). Recreational and 
some prescription drugs can cause or worsen symptoms 
(Donoghue et al., 2009). Given its worldwide and lifetime 
prevalence of 1% (Perala, 2007), it is a major health and 
societal burden. It is notable that monozygotic (MZ) 

twins, who apparently share 100% of their genetic makeup, 
is concordant in only ~50% (Gottesman, 1991) of cases. 
Moreover, the degree of manifestation in terms of timing 
and severity may vary among individuals affected with this 
disease, even in the same family. The disease clusters in some 
families and genetic relatedness to an affected individual is 
one of the greatest risk factors (Sullivan, 2005). Sullivan et al. 
(2003) used meta-analysis to assess the heritability of SCZ 
from pooled twin data. They found evidence for substantial 
additive genetic effects, with an 81% (95% confidence interval, 
73%-90%) estimate of heritability in liability to SCZ. These 
results are similar to most other published results. Recently, 
Lichtenstein et al. (2009) used familial relationships to assess 
the heritability of SCZ and bipolar disorder. They found that 
the heritability for SCZ and bipolar disorder was 64% and 
59%, respectively. Shared environmental effects were modest 
(SCZ: 4.5%, 4.4%, 7.4%; bipolar disorder: 3.4%, 2.3%, 6.2%) 
for both disorders. The co-morbidity between disorders was 
mainly (63%) due to additive genetic effects common to both 
disorders. The results are consistent with a view of SCZ as 
a complex trait that results from genetic and environmental 
etiological influences. It suggests that components of genetic 
variation, particularly additive genetic variation may account 
for up to 80% of the phenotypic variability in the population 
and some causal genes may have pleiotropic effects, yielding 
endophenotypes that may be common to neuropsychiatric 
disorders beyond SCZ.

What is Heritability?

The heritability of a trait is defined as the proportion of 
phenotypic variance in a population attributable to genetic 
factors (broad sense heritability, H) or additive genetic 
factors (narrow-sense heritability, h2). This ratio of variances 
is used to assess if genetic variations play a significant role in 
explaining the observed phenotypic variation of a trait. For 
most traits, heritability will vary across environments and 
populations and over time depending on the manifestation 
and degree of genetic variation. In humans, it is typically 
estimated from the discordance of MZ and dizygotic twins 
(DZ) [broad sense heritability as (DZ-MZ)/DZ] or familial 
relatedness [narrow-sense heritability as additive genetic 
variance (VA)/phenotypic variance (VP)]. Here, the estimate 
of narrow-sense heritability is based on presumed familial 
relatedness which may not be realistic. For example, full 
sibs are expected to share on average half their genetic 
complement, but this proportion can vary in one large study 
it ranged from 0.37 to 0.6212. The underlying assumptions 
permit over/under estimates of heritability, but more often 
such estimates are missinterpreted as transmissibility. In 
future, it will be possible to refine these estimates using actual 
genetic relatedness based on the degree of genetic sharing 
from genome-wide assessments.

What Do We Know about the Genetics of SCZ?

Over 40 years of genetic research on SCZ have established that the 
disease is multifactorial and genetically heterogeneous. A number 
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of genes predispose to the development of schizophrenia (http://
www.schizophreniaforum.org/res/sczgene/default.asp) and most 
have relatively small effects (Allen et al., 2008). Recent studies 
of CNV indicate the involvement of a large number of rare/very 
rare variants of major effects (The International Schizophrenia 
Consortium, 2008; Walsh et al., 2008). Such results are 
not compatible with the common disease-common variant 
hypothesis. However, these results will accommodate the role 
of background genotype (epistasis). Further, some of the SCZ-
associated variants argue for a pleiotropic effect as some genetic 
variants are seen in a number of related disorders (Lichtenstein 
et al., 2009). Once again, consistent evidence for any single gene 
in a causal role for SCZ has not been unequivocally established. 
This dilemma is exemplified by the results of a number of more 
recent and comprehensive studies that have concentrated on 
GWAS. This approach is considered highly effective for three 
reasons. First, analysis using high-density arrays with markers 
covering the complete genome is now financially practical. 
A large amount of data can be gathered for a relatively small 
investment. Second, an ever-increasing number of patients can 
be included in a meta-analysis that will increase the likelihood of 
identifying variants of small effects. Thus, the trend is to develop 
international collaborations which pool different collections of 
patient DNAs. Finally, the results are generated hypotheses free 
and used for testing different and unrelated genetic models. 
Genetic studies on SCZ have particularly relied on GWAS.

There are two features of this dataset that deserve elaboration. 
First, these reports have, to date, identified over 30 risk markers. 
Second, most but not all markers have been identified in a single 
study. Collectively these results appear to argue that SCZ is 
characterized by rare mutations at a large number of loci and 
that no single gene/mutation is either necessary or sufficient 
for the development of this complex disease. While GWAS for 
complex diseases or traits has now been with us for a number 
of years, mental disorders have proven particularly resistant to 
this approach.

Thanks to the sharing of data between three large consortia, 
a meta-analysis was carried out on GWAS results of 
European descent (Shi et al., 2009; Stefansson et al., 2009; 
The International Schizophrenia Consortium, 2009). All 
three resulting papers report that they were able to see 
associations between SCZ and SNPs in or close to the major 
histocompatibility complex (MHC) on chromosome 6. The 
results have rekindled speculation that SCZ may be a response 
to infection. This is not a new hypothesis (Crow, 1988; O’Reilly 
& Singh, 1996; Yolken et al., 2000; Brown, 2006). It is known 
that some events early in life, such as perinatal infections, 
maternal malnutrition and birth in winter or spring are also risk 
factors for SCZ. Each of these factors may allow for exposure to 
infectious agents which in turn could provoke the development 
of SCZ as adults. So far, hard evidence has been lacking. 
However, some evidence suggests a role for retroviruses exists. 
Deb-Rinker et al. (1999, 2002) isolated and identified human 
endogenous retrovirus (HERV) sequences from the genomic 
DNA of affected members of three MZ twin pairs discordant for 
SCZ. This was followed by a report of the HERV-W family of 
endogenous retroviruses in the cerebrospinal fluid individuals 

without any evidence of neurological or psychiatric diseases 
(Karlsson et al., 2001). Similar results were also obtained on 
brain tissues (Weis et al., 2007) and blood samples (Huang et 
al., 2006). All provide evidence of endogenous retrovirus activity 
in cerebrospinal fluids, brains and blood of affected individuals. 
The delineation of a role for retroviruses or other infectious 
agents potentially interacting with MHC genes now offers a 
novel lead in the pathogenesis of this multifactorial disease. 
It is also noteworthy that, using GWAS, other diseases have 
shown ‘hits’ in the MHC, including neurological conditions 
(Alzheimer’s disease) (Bryan et al., 2008) and autoimmune 
disorders (Crohn’s disease, both types of diabetes, and multiple 
sclerosis) (Bruder et al., 2008).

Recent Novel Insights Through Twin Studies in SCZ

Since the genomes of MZ twins are, at a minimum, almost 
identical, cases of discordance provide opportunities to identify 
factors that influence phenotypic differences. Most complex 
disorders display less than 100% concordance between MZ 
twins. SCZ is no different in that MZ twins show a concordance 
rate of ~50% and DZ twins are concordant in only 16% of 
the cases (Gottesman, 1991). The reduction in concordance 
from the genetic relatedness (100% for MZ and 50% for DZ 
twins) has often been explained by reduced penetrance and/or 
variable expressivity, which assumes that only a proportion of 
individuals with the causal genotype actually manifest any or 
even some of the SCZ symptoms. Not surprisingly, epigenetic 
mechanisms have been implicated in the discordance of MZ 
twins for SCZ (Singh et al., 2002) and a number of reports 
have identified gene specific DNA methylation differences 
between MZ twins discordant for the disease (Petronis et 
al., 2003; Zhang et al., 2007). Epigenetic differences (loss or 
gain of CpG dinucleotide methylation) in promoter region 
methylation have been observed between MZ twins discordant 
for some diseases (Singh et al., 2004). The significance of 
somatic mutations or epigenetic changes that create genetic 
diversity among developing neurons has not been investigated 
but may explain the discordance of MZ twins for a variety of 
behaviours including psychosis.

Recent studies have begun to challenge some of the genetic 
assumptions regarding MZ twins. For example, evidence 
is accumulating that MZ twins are not only different in 
epigenetic features but may also be different genetically. Bruder 
et al. (2008) reported that all of the 19 pairs of MZ twins he 
assessed were different for structural variations commonly 
referred to as copy number variation (CNV). This led Singh 
et al. (2002) to propose that such structural de novo changes 
operating somatically may account for the discordance of MZ 
twins for SCZ. Further, using genomic DNA hybridization to 
the Affymetrix 6.0 array, Singh identified an 11 Kb deletion in 
the cluster of cadherin genes (CDH 12 and CDH 18) on 5p14 
in an affected member of a discordant MZ twin pair (Petronis 
et al., 2003). The genomic region missing in the affected twin 
belongs to the type II cadherin gene family which is involved 
in neuronal cell adhesion (Zhang et al., 2007).
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Various neurodevelopmental events (Singh et al., 2004) may 
cause genetic mosaics. For example, Westra et al. (2008) showed 
that aneuploid cells from mitotic nondisjunction are present 
in the proliferating cerebellum. In fact, they may account for 
20% of the cells in different brain regions, particularly neuronal 
and glial cells. Although not assessed, such mechanisms may 
cause MZ twins to be discordant for behavioural abnormalities 
including SCZ. Further, Coufal et al. (2009) demonstrated that 
neural progenitor cells undergo LINE1 (L1) retrotransposition 
in the hippocampus and several other regions of the brain 
contributing to individual somatic mosaicism. The results 
suggest that de novo L1 retrotransposition events in the 
human brain may be programmed and not just an accidental 
occurrence. It is also likely that some genetic variants can 
lead to stochastic variation in epigenetic status that in turn 
causes increased variability for a phenotype (Irizarry et al., 
2009). The relative frequency of such events leading to 
differential mosaicism in developing brains will likely differ in 
MZ twins, adding yet another source of genetic individuality. 
Unfortunately, this form of genetic variation will not be detected 
by traditional genetic studies that rely on DNA from blood or 
buccal cells. We propose that incidental neurodevelopmental 
episodes (Singh et al., 2004) leading to somatic mosaicism via 
aneuploidy, retrotransposition, CNV, DNA methylation and 
other mechanisms affecting neurodevelopment explain at least 
some of the missing heritability in SCZ. A review by Kumar et 
al. (2013) summarises the current status of SCZ genetics and 
various approaches.

Explaining Missing Heritability of SCZ

Genetic relatedness is the most important risk factor for SCZ, 
and the heritability estimates for the disease have consistently 
been high (56-81%). However, an extensive search for the causal 
genes, mutations and mechanisms using traditional methods 
has been hampered by poorly understood genetic architecture, 
including epigenetics and the environment. As discussed 
above, the missing heritability for SCZ could be attributed to 
heterogeneous sources and traditional methods (which have 
been successful in the search for causal genes in Mendelian 
disorders) have not been effective in identifying it. Could it 
be that some of the critical assumptions in these experiments 
have not been fulfilled? The answer to this question must be 
yes, as the inconclusive and hard to replicate results attest. 
Could it be that the estimate of heritability is unreliable and 
represents an overestimate? For a variety of reasons, the answer 
to this question is probably yes. Further, fundamental gaps 
in the molecular interpretations of estimates of quantitative 
genetics and the underlying heterogeneity in SCZ exist. For 
example, all genetic relatedness (sibs, MZ twins etc.) used in 
the calculation of heritability are presumed and not determined 
experimentally. Could it be that the diagnosis of SCZ has 
been problematic? The answer again is, yes. It is based on a 
heterogeneous set of symptoms rather than a precise test for 
an entity called SCZ. Furthermore, not all individuals included 
in all DNA studies have been assessed by the same criteria or 
confirmed by following them over time. This may overestimate 
heritability and the results generated on such samples will be 
difficult to replicate.

An overestimation of heritability for SCZ will also result from 
the assumed genetic relatedness of individuals including the 
genetic identity of MZ twins. The diagnostic heterogeneity 
and assumptions about the degree of genetic relatedness may 
also confound the biological hypothesis to be tested. In this 
case, the additive model involving multiple genes, each with 
the relatively small effect that forms the foundation for the 
CD-CV hypothesis will require larger and more genetically 
heterogeneous samples to test in the future. Quantifying 
linkage disequilibrium variation between populations will be 
particularly relevant when amalgamating findings from multiple 
GWAS (Teo et al., 2009).

SCZ appears to be a neurodevelopmental disorder (Rapoport 
et al., 2005). Neurodevelopment is poorly understood but 
includes neuron formation, migration, synaptogenesis, pruning, 
apoptosis and activity related changes. These processes determine 
anatomical structures; establish neural connectivity and 
communication that maintains cognitive processes (attention, 
memory, language and emotions). The neurodevelopmental 
process is often assumed to follow the developmental programs 
common to other organs and tissues. The prominent feature 
of these processes is that mitosis follows differentiation (due 
to differential gene expression), where all daughter cells are 
expected to be genetically identical. As discussed above, this 
may not always be the case. In fact, mitosis during neuronal 
differentiation may yield genetically discordant daughter cells. 
This could be due to variable and individual specific mosaicism 
caused by mitotic aneuploidy (Westra et al., 2008), CNV, DNA 
methylation (Fraga et al., 2005) or L1 transposition (Coufal et al., 
2009) among other mechanisms. Many of these mechanisms 
may be sensitive to environmental factors. Once again, such 
indirect contributory features of brain function are beyond the 
scope of traditional genetic studies. Those traditional strategies 
have been at least partially successful. A large number of alleles, 
with weak individual association to SCZ, points to a polygenic 
model. These alleles are not shared with any non-psychiatric 
disorders but overlap with other psychiatric conditions (The 
International Schizophrenia Consortium, 2009) and contribute 
to at ~3% of the heritability of SCZ. A finding of considerable 
interest is the increased mutational burden in SCZ as conferred 
by rare CNV (The International Schizophrenia Consortium 
2008; Walsh et al., 2008). Studies have also revealed an up to an 
eightfold increase in the rate of de novo CNV in sporadic cases 
compared with familial cases and control subjects (Xu et al., 
2008). This suggests that there may be distinct differences in 
the genetic determinations of sporadic versus familial cases of 
SCZ, which goes beyond the common disease-common variant 
model, the dictum that has inspired many SNP association 
studies in SCZ. Such variants may be fully penetrant or involve 
allelic heterogeneity. It is thought that these rare alleles could 
be recurrent in the population (either inherited or sporadic) but 
would remain at low frequency due to the selective disadvantage 
they confer.

Finally, the parent of origin effect has not been included in 
any GWAS on SCZ. Recently, Kong et al. (2009) genotyped 
Icelanders and used detailed genealogical information together 
with the long-range phasing of haplotypes, to determine the 
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parent of origin for the vast majority of SNPs. More importantly, 
they identified a set of SNPs whose effect on the phenotype was 
dependent on whether they were inherited from the mother 
or the father.

Re-appraisal of the Common Disease-Common Variant 
(CD-CV) Model

The CD-CV model proposes that common alleles with small to 
moderate disease risks may have an additive or multiplicative 
effect on SCZ; this universally accepted dictum has inspired 
many SNP association studies investigating common 
polymorphisms in SCZ (Reich & Lander, 2001). However, the 
CD-CV model alone, has not been able to explain the genetic 
architecture of SCZ. Another proposed theory that has received 
increasing attention in the past decade is the CD-RV (common 
disease-rare variant) model, which suggests heterogeneity 
of SCZ comes from multiple rare variants (Pritchard, 2001; 
McClellan et al., 2007; Cirulli & Goldstein, 2010; Robinson, 
2010).

Recent large-scale association studies have successfully 
identified numerous risk variants. Recent CNV studies 
corroborate that rare risk loci, individually or collectively, 
could predispose to SCZ (The International Schizophrenia 
Consortium, 2009) supporting the CD-RV model. Apart from 
locus heterogeneity, CNV studies showed that even within the 
same disease-associated genomic locus there could be allelic 
heterogeneity (The International Schizophrenia Consortium, 
2008). Some of these rare alleles could be recurrent in the 
population (either inherited or sporadic) but would remain at 
low frequency due to the selective disadvantage they confer, 
while others may be private events found only in singleton 
individuals or individual families.

Population Genetic as a Confounding Factor in 
Heritability Estimates

Reproducing any novel discoveries from these genome-wide 
scans in independent studies is now a prerequisite for the putative 
findings to be accepted. So, the current trend in genome-wide 
surveys of common diseases and complex traits fundamentally 
aims to detect indirect associations where the single nucleotide 
polymorphisms (SNPs) carrying the association signals are not 
biologically active but are in linkage disequilibrium (LD) with 
some unknown functional polymorphisms. The problem of 
portability of phenotypic associations in replicative studies or 
meta-analyses is in the patterns of LD between populations. 
Genome-wide analyses of LD variations between populations 
that allow the identification of candidate regions with a different 
pattern of LD are the new way to identify a disease association 
in a disparate population. Meta-analyses of genome scans for 
the same diseases across different cohorts, in particular across 
different ethnic populations, will be greatly enhanced by first 
understanding the extent of LD differences in candidate regions 
between these cohorts, since true association signals can be 
weakened in the presence of significant variations in regional 
LD when the underlying causal variants exist on different 

haplotypic backgrounds. The next phase of genetic studies will 
aim to progress beyond identifying associations to establishing 
the causal mechanisms of disease. This is where the ability to 
quantify LD variation between populations will be particularly 
relevant when amalgamating findings from multiple genome-
wide scans of the same disease.

Other Probable Sources of Missing Heritability

a. Genetic interactions as a contributing factor
Quantitative geneticists have long known that genetic 
interactions can affect heritability calculations. Biological 
processes often depend on the rate-limiting value among 
multiple inputs, such as the levels of components of a molecular 
complex required in stoichiometric ratios. Geneticists have 
harnessed the genetic interactions model and have identified 
several loci with additive effects in several human diseases, 
viz., Hirschsprung’s disease, ankylosing spondylitis, psoriasis 
and type I diabetes. The potential magnitude of missing 
heritability is well illustrated in Crohn’s disease, for which 
GWAS have so far identified 71 risk associated loci (13). Under 
the usual assumption that the disease arises from a strictly 
additive genetic architecture, these loci explain only 21.5% of 
the estimated heritability.

b. Epigenetics
The determinants of this phenomenon are hypothesized to 
include environmental factors and still-unknown epigenetic 
mechanisms. Epigenetics refers to modifications to DNA, 
histones and nucleosomes which are reversible, affected by the 
environment and may persist over generations (Bird, 2007). 
Similarly, some heritable genetic variants can lead to stochastic 
variation in epigenetic status (DNA methylation) (Javierre et al., 
2009) and might contribute to the low heritability of some 
phenotypic effects.

c. Other forms of variation could account for missing 
heritability

In the last few years, research has focused on single nucleotide 
polymorphisms (SNPs) and recently copy number variation 
(CNV) in the search for underlying genetic aetiology of complex 
disorders enabling interrogation of hundreds of thousands 
of SNPs/CNVs in one assay. However, SNPs are not the only 
form of genetic variation other forms of variation viz., Variable 
number tandem repeats (VNTR) polymorphisms, and insertion/
deletion (indels) have been consistently shown to be associated 
with complex disorders including SCZ and ignored as ‘junk’ 
DNA, viz., 1. VNTR lies within the third exon of the dopamine 
receptor D4 (DRD4) gene. 2. VNTR polymorphisms within the 
serotonin transporter (5HTT) gene and the monoamine oxidase 
A (MAOA) gene (Brookes, 2013). In summary, the investigations 
involving VNTR and other forms of repetitive DNA still hold 
substantial potential for a role in complex disorders via possible 
functional properties. These variations could perhaps account 
for the missing heritability.

d. Gender difference as contributors of missing heritability
There is now ample evidence of gender differences in basic 
neural processes and behaviours. Behaviours in mammals can 
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be considered sexually dimorphic. It is proposed to be the end 
result of reciprocal influences between genes, and activational 
effects of neuroactive hormones and steroid receptors on the 
brain, learning, social and other environmental influences. 
Gender differences in central 5-HT neurotransmission appear 
to depend partly on sex-related variation mechanisms (Loucif 
et al., 2006). Sex differences could result from parent-of-origin 
effects, linkage to sex chromosomes, genetic interaction, or from 
differences arising from sex-specific hormonal environments.

e. Parent-of-origin effect
Although many associations between sequence variants and 
human traits have been discovered through genome-wide 
associations, the impact of parental origin has largely been 
ignored in complex disorders. Effects of susceptibility variants 
may depend on from which parent they are inherited. The allele 
that confers risk when paternally inherited is protective when 
maternally transmitted. The most obvious scheme is imprinting 
in which the effect is limited to the allele inherited from a parent 
of a specific sex (Kim et al., 2013). Most reports of genome 
wide association studies have treated the paternal and maternal 
alleles as exchangeable because the information required is often 
unavailable. As a result, it reduces the power of such studies 
to discover some susceptibility variants and underestimates 
the effects of others, contributing to unexplained heritability. 
Even when association can be established, the true effect is 
underestimated e.g., Imprinting studies in SCZ (Gulyás-Kovács 
et al., 2018). Although many mechanisms can lead to parental-
origin-specific association with a phenotype, sequence variants 
located close to imprinted genes are more likely to exhibit such 
behaviour (Maja et al., 2014). The complexity of imprinted 
regulation in brain, and its central roles in neural processes 
are becoming increasingly appreciated (Perez et al., 2015). 
Determination of the parental origin of alleles in large samples 
opens new avenues to study associations between sequence 
variants and human traits.

f. Genetic drift
Genetic drift is the fortuitous occurrence due to bottleneck 
and/or founder effects that may result in the fixation of rare 
harmful alleles modifying the genome of populations. Further, 
the Hardy–Weinberg principle states that within sufficiently 
large populations, the allele frequencies remain constant over 
generations unless the equilibrium is disturbed by migration, 
genetic drift, genetic mutations, gene flow, or selection. The 
effect of genetic drift is more notable when few copies of an 
allele exist, and the effect is less notable when many copies exist. 
Ashraf et al. (2014) using a 1000 genome dataset demonstrates 
that genetic drift can strongly affect the joint distribution of 
effect size and SNP frequency and that the bias can be positive 
or negative depending on subtle details in complex traits.

g. Epigenetics
Epigenetics, the determinants of this phenomenon are 
hypothesized to include environmental factors and still-
unknown epigenetic mechanisms. Epigenetics refers to 
modifications to DNA, histones and nucleosomes which are 
reversible, affected by the environment and may persist over 
generations (Bird, 2007). Similarly, some heritable genetic 

variants can lead to stochastic variation in epigenetic status 
(DNA methylation) and might contribute to the low heritability 
of some phenotypic effects (Javierre et al., 2009). 

Consistent components of complex traits, such as those 
linked to human stature/height, fertility, food metabolism and 
hereditary defects have been shown to respond to environmental 
or nutritional condition and to be epigenetically inherited 
(Tripaldi et al., 2013). To this end growth anomaly, viz., Prader–
Willi, Angelman’s, and Rett syndrome are shown to be under 
heritable epigenetic control (Simeone & Alberti, 2014). Further, 
altered balance of epigenetic networks has been reported to 
cause major pathologies, in complex phenotype syndromes 
(Esteller et al., 2001; Melanie et al., 2019). Another unique 
feature of epigenetics is its transgenerational inheritance either 
in male or female gametes (Anway et al., 2005). Thus, epigenetic 
programs contribute to the “missing heritability” in studies of 
complex traits. 

h. Modifier Genes/Intermediate phenotypes 
In complex diseases, many variants are expected to influence 
several intermediate traits termed as modifiers (Riordan & 
Nadeau, 2017). Several such examples include Age-of Onset 
(AAO) LRRK2G2019S mutation in Parkinson (Trinh et al., 2016). 
Some individuals that carry disease alleles are nevertheless 
healthy despite affected family members in the same 
environment (example-Dtnbp1 haplotypes in SCZ) (Bergen, 
2014). Thus, identifying disease-associated modifier genes/
genetic variants and the underlying genetic background, their 
mode of action is essential to advance our understanding of 
complex traits and could provide clues to missing heritability.

CONCLUSION

In conclusion, the missing heritability in SCZ appears to be 
accounted for by a number of factors not all have been addressed 
in the review. These include imprecise diagnosis of the disease 
and/or its specific endophenotypes, limited understanding of 
neurodevelopment including the factors which may affect it, 
imprecision in the determination of genetic relatedness, the 
inclusion of patients and controls representing diverse groups 
of humans and the lack of consideration of parental origin of 
genetic markers. Future models must take into consideration the 
relatively small and variable effects of rare and singleton alleles 
and other forms of variation, viz., VNTR. Also, incorporating 
epigenetics and parent of origin will add value to the gene 
hunting exercise.
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