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Editorial

The 1000 Genomes Project: deep genomic sequencing
waiting for deep psychiatric phenotyping

Ridha Joober, MD, PhD

Douglas Mental Health University Institute, Department of Psychiatry, McGill University, Montréal, Que.

Recently, the interim results of the 1000 Genomes Project were
published and revealed that the genome of an apparently
healthy individual contains hundreds of potentially harmful,
rare variants occurring at various places among thousands of
possible different loci.1 Genetic variants are divided into 3 do-
mains according to their frequency: very rare (< 1%), rare
(1%–5%) and common variants (> 5%). This division is based
on the assumption that the rarer a variant, the more strongly
selected out of the gene pool. This selection pressure is due to
a substantially reduced reproductive fitness that is associated
with the phenotype caused by this variant.

Results from the last few decades of research in psychiatric
genetics strongly suggest that genetic variants at the 2 ex-
tremes of the frequency spectrum (< 1% and > 5%) seem not
to play a meaningful role in psychiatric disorders. Very rare
mutations, which are most efficiently detected through re-
verse genetic mapping, have not been uncovered despite
very serious efforts. Similarly, common variants that were
the focus of recent genome-wide association studies appear
not to greatly increase the risk for psychiatric disorders, al-
though more work is needed in this field.2 Even in somatic
disorders, most of the heritability (> 95%) remains unex-
plained by common variants.3 Thus it is hoped that many
rare genetic variants with relatively high penetrance may
capture most of the heritability, which is often greater than
40%, of psychiatric disorders.

The 1000 Genomes Project

The primary purpose of the 1000 Genomes Project is to iden-
tify the largest number of rare genetic variants. In its interim
analysis, the 1000 Genomes Project reported sequence results
on the genomes of 2 families (1 Yoruba family from Ibadan,
Nigeria, and 1 family from Utah, United States, with Euro-
pean ancestry), each comprising 2 parents and 1 daughter,
and those of 60 nonrelated individuals from different races. In
addition, 8104 exons from 906 randomly selected genes were
entirely sequenced in 697 unrelated individuals. To date this

is the most intensive deep sequencing effort in so many indi-
viduals, revealing 14.4 million single-nucleotide polymor-
phisms (SNPs), 1.3 million short insertions/deletions  (indels)
and 20 000 large structural variants. Even more impressive is
the number of genetic loci with variants potentially harmful to
gene integrity in this otherwise unaffected sample: 714 small
indels, 77 stop losses, 1057 stop- introducing SNPs, 517 splice
site–disturbing SNPs, 954 small frameshift indels and
147 genes disturbed by large deletions. It was estimated that
an individual genome differs from the reference human
genome by 190–210 in-frame indels, 80– 100 variants that lead
to a premature stop codon (hence truncated proteins), 40–
50 splice variant mutations and 220– 250 frame shift variants.
It was also estimated that each genome is heteroyzygous for
50–100 variants that could cause 1 or more inherited disorders
from among those listed in the Human Gene Mutation data-
base. These 530–610 gen etic variations affecting the structure
of proteins can, alone or through interacting effects, be harm-
ful and cause various behavioural phenotypes. These esti-
mates are bound to increase as more genomes are deeply
 sequenced and analyzed. How can this dormant load of harm
inform the genetics of psychiatric disorders?

Psychiatric genetic research

The response of the research community may be that every in-
vestigator who has studied patients with a specific disorder
will explore a number of these potentially harmful variants;
many variants will be discovered in a few patients, and results
will be published. Of course, investigators will also search for
these variants in other samples of patients with a variety of
psychiatric disorders, and they will likely find variants and
publish their results. Associations between rare variants and
psychiatric phenotypes that have been published so far may
reflect this trend. For example, 22q11 deletion was initially
found to be overrepresented in patients with schizophrenia,4

mood disorders,5 anxiety disorders and  attention-deficit/
hyperactivity disorder,6 pervasive developmental disorders7
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and various levels of intellectual deficit.5,8,9 The same pattern of
indiscriminate association of many psychiatric phenotypes
(e.g., mental retardation, schizophrenia, autism) and neuro-
logic disorders (e.g., epilepsy) with chromosomal variants
(e.g., translocation disrupting DISC110–13) and copy number
variations (CNVs)14–17 is increasingly reported as investigators
search for these rare variants in patients with various disorders
or in carriers of a specific rare variant. Also, rare single point
mutations that potentially disturb gene functions have been re-
ported in several psychiatric phenotypes. For example, muta-
tions in SHANK3, a gene important for synaptic integrity, were
reported in patients with autism18 and schizophrenia.19 Given
the large number of rare mutations with potential impact on
brain development, there is no doubt that this field of research
will result in a plethora of case reports or small series of
case–control studies, each with a mutation associated with var-
ious phenotypes. This will amplify the already plethoric and
controversial genetic association literature. However, because
these genetic variants are rare, most of the studies, even those
with large samples, will identify only a few participants (pa-
tients and controls) carrying these mutations, and results will
be difficult to reproduce. One of the major problems in inter-
preting these associations is the question of whether they arise
from an increased frequency of these genetic events in patients
or from the underrepresentation of genetic events in controls.
For example, given that intellectual deficiencies seem to be a
common phenotype associated with rare variants, particularly
CNVs,20 any sample of controls that does not include partici-
pants with intellectual deficiencies will result in spurious ap-
parent overrepresentation of these rare events in patients with
psychiatric disorders. A testimony to this problem of recruit-
ing appropriate participants is that the very large Icelandic
control sample (33 250 participants) used in many recent CNV
studies did not include participants with any 22q11 microdele-
tions,21 despite a prevalence of this mutation of about 1 in 4000
in the general population. Thus, it is possible that published
associations between various mental disorders and increased
rates of CNVs might be driven by the confounding effect of IQ,
which is often slightly but significantly reduced in many pa-
tients with major psychiatric disorders.22 Supporting this hy-
pothesis is the fact that bipolar disorder, which is not associ-
ated with a reduction in cognition,22 has not been associated
with an increased frequency of CNVs.23

Genotypic and phenotypic mapping
approaches

The question is how to take advantage of the incredibly rich
knowledge gleaned from the 1000 Genomes Project without
falling into the opportunistic “publish or perish” approach,
which may mar the psychiatric genetics literature. I believe
that particular attention to epidemiologic questions of sam-
pling and phenotypic char ac terization is critical if this field is
to advance. A systematic reverse phenotypic approach might
be an adequate response. 

Reverse phenotypic mapping is a concerted effort to collect
a large, representative sample of the general population, re-
gardless of psychiatric phenotype (Ph). Subsequently, the fre-

quency of affected and nonaffected participants is deter-
mined for specific genotype variants (Gv) in each of the loci
showing rare variations in a potentially harmful site; a sig -
nifi cant association is identified when the probability of the
phenotype given a specific genotype at the locus (Ph|Gv) sur-
passes a statistically significant threshold. In other words, I
propose to divide a population of people into 2 groups, 1
with a particular rare genetic variant and 1 without, and then
determine the phenoytpic differences between the 2 groups.
In such an analysis, phenotypic differences would be defined
in various ways using different approaches. For example, if
an association were identified with a conglomerate psychi-
atric phenotype (i.e., all psychiatric disorders grouped to-
gether), a second round of fine phenotypic mapping would
be conducted by excluding specific phenotypes, 1 at a time,
until the best signal of association is identified. Of course,
many sophisticated statistical approaches can be implement -
ed to help in this reverse phenotypic mapping.

The opposite has been happening in traditional reverse
gen etic mapping approaches, which collect patients with spe-
cific phenotypes and use them to search the genotype space
for genetic variants, such that the probability of Gv|Ph sur-
passes a certain threshold. Subsequently several rounds of
fine genetic mapping are performed to identify the genetic
variant that gives the highest signal. In this form of reverse
gen etic mapping, Mendelian phenotypes (those that segregate
in families according to the laws of Mendel) represent robust
phenotypic markers that are critical to reliably chart the gen -
omic space and identify causative mutations. This approach
failed in psychiatric genetics because psychiatric phenotypes
are not appropriate phenotypic markers. Consequently, I pro-
pose that a reverse phenotypic mapping approach will take
better advantage of our currently advanced genetic know -
ledge to chart the elusive psychiatric phenotypic space.

Of course, the question of the depth of phenotype character-
ization of randomly recruited participants is critical. Without
deep phenotyping, deep sequencing may only lead to indis-
criminate association of a large number of rare genetic variants
with few psychiatric syndromes. Depth of phenotype charac-
terization refers to the richness of charting the behavioural
phenotype space using genetically pertinent phenotypic mark-
ers. However, current psychiatric classifications (that include
only a handful of major psychiatric disorders) are probably not
an adequate match to the thousands of rare genetic variants,
nor do these psychiatric disorders show robustness as pheno-
typic markers (e.g., they do not show Mendelian segregation).
Thus, it may be necessary to use other behavioural phenotypic
markers to chart the rare variants space onto the behavioural
space. Unfortunately, contrary to genetic markers that are nat -
urally defined by their molecular structure, reliably assayed
and stable over time, behavioural phenotypes are neither nat -
ur ally segmented, easily and reliably defined nor stable over
time. This will make this reverse phenotypic mapping much
less obvious than reverse genetic mapping. Nevertheless, a
 reverse phenotypic mapping program may start using the cur-
rent classifications of mental disorders (DSM or ICD) supple-
mented by neuropsychologic, neurophysiologic and be hav -
ioural traits as well as symptom dimensions and functional
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outcomes that are amenable to high throughput phenotyping
approaches. Ultimately, other phenotypes that are now being
generated from various phenotypic initiatives24,25 could be used
and refined in subsequent reverse phenotypic mapping itera-
tions. In doing so, the behavioural phenotype space can be re-
shaped using biologic anchors, namely rare genetic variants,
which may turn out to be the “gold standard” needed to build
a biologically rooted psychiatric classification. This approach
contrasts sharply with reverse genetic mapping, which tries to
find genes for psychiatric phenotypes derived on the basis of
various criteria with little biologic relevance.

Implications for future research

Assuming that there are about 3000 loci with rare variants in
the human genome, that the average frequency of these rare
variants is 2.5% and that the average relative risk associated
with a risk variant is 2, a crude estimate of a sample size allow-
ing detection of a risk variant associated with a conglomerate
psychiatric phenotype with a 90% statistical power and a type-
I error of p < 0.0001 (allowing correction for multiple testing) is
between 1200 and 1300 affected participants randomly sam-
pled from the general population. Assuming that the preva-
lence of the aggregate psychiatric phenotype is 2.5%, we will
need to identify 45 000 participants from the general popula-
tion and characterize them with a relatively well-conceived
battery of psychiatric phenotypes to answer systemically the
question of the association of rare variants with behavioural
phenotypes. For fine behavioural mapping, it is possible that 2
or 3 times this number will be needed to reshape these behav-
ioural phenotypes. It is also possible to restrict deep phenotyp-
ing to subgroups of the sample whose members share rare
variants that are believed to be highly pathogenic. This oppor-
tunistic approach may help identify some phenotypic regular -
ities in some of these subgroups without the need for deep
phenotyping the entire sample, thus making reverse pheno-
typic mapping more feasible, at least in its earliest stages.

These numbers may appear to be very high and should be
more accurately calculated as a function of various param -
eters. The procedures proposed to perform deep phenotyp-
ing may seem quite complex and will certainly be very
costly. However, we need only remember that billions of dol-
lars and decades of concerted efforts have been dedicated to
chart the human genome. Given the complexity of the human
behavioural phenome, at least commensurate efforts and ex-
penses are probably needed to accomplish this effort.
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