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Abstract | Contemporary sequencing studies often ignore the diploid nature of
the human genome because they do not routinely separate or ‘phase’ maternally

and paternally derived sequence information. However, many findings — both

from recent studies and in the more established medical genetics literature —

indicate that relationships between human DNA sequence and phenotype,
including disease, can be more fully understood with phase information. Thus,
the existing technological impediments to obtaining phase information must be
overcome if human genomics is to reach its full potential.

Advances in DNA-sequencing technologies
have made it possible to efficiently charac-
terize large segments of, if not entire, indi-
vidual human genomes'. Sequencing the
genomes of members of the same family*,
from individuals with and without a par-
ticular disease®, or from individuals sampled
randomly from the population, can lead to
insight into the role of both common and
rare DNA sequence variants in mediating
phenotypic expression. However, most studies
of this kind typically involve sequencing
DNA samples that contain both the mater-
nally and the paternally derived DNA asso-
ciated with the homologous chromosomes
inherited by an individual. As such, they
essentially ignore the phase of the DNA in
those samples — that is, they ignore the
unique nucleotide content of the two homol-
ogous chromosomes an individual possesses,
referred to as an individual’s ‘diplotype’
Human genome-related initiatives, such as
the International HapMap Project and the
1000 Genomes Project, have considered

the importance of haplotyping. However,
this is usually in the service of assessing,
through linkage-disequilibrium measures,
the likelihood that variants at one genomic
position indicate the presence of variants at
neighbouring positions. Rarely does con-
temporary consideration of phase informa-
tion concern the molecular physiological

consequences of having variants uniquely
distributed across two homologous
chromosomal copies of a genomic region’.
The dearth of phased human genomic
data is primarily due to the computational
complexity associated with, and the lack of
cost-effective approaches for, obtaining
phase information. Well-established phe-
nomena such as compound heterozygosity
in monogenic disorders support the impor-
tance of phase information for relating
genotype to phenotype. In addition, recent
studies have described settings in which the
characterization of the specific nucleotides
on each homologous copy of a gene or
genomic region inherited by an individual
is essential for understanding phenotypic
expression®*™'!. Here, we discuss these stud-
ies and consider specific instances in which
the specific set of variants on each homolo-
gous chromosome contributes to phenotypic
expression and disease states. We also briefly
describe other settings in which phase infor-
mation is important for human genomics
research. We provide an overview of current
methods for obtaining phase information,
and discuss their limitations and prospects
for future improvement. We also coin the
term ‘diplomics’ to refer to scientific inves-
tigations that leverage phase information
in order to understand how molecular
and clinical phenotypes are influenced by

unique diplotypes. We ultimately argue that
diplomic investigations will be key to the
design and conduct of future functional
genomic studies, as well as large-scale
human DNA-sequencing initiatives.

Diplotype is important for function

To understand the importance of phase
information in human sequencing studies,

it is necessary to understand the settings in
which the balance of cis- and trans-acting
variants on the two homologous copies of a
genomic region affect phenotypic expression
(FIG. 1). A number of recent studies have used
high-throughput DNA sequencing to inves-
tigate how nucleotide variation affects gene
function in a way that depends on which
chromosome homologue this variation

is located"> ',

Widespread allele-specific expression. The
ability of a cell to selectively express a gene
on a single chromosome while the gene on
the homologous chromosome is silenced is
a well-characterized phenomenon in diploid
cells. This effect can be caused by, but is not
necessarily limited to, nucleotide variation or
methylation at the locus that regulates or har-
bours the affected gene. Recent studies have
indicated that such allele-specific expression
(ASE) is widespread in humans. Two groups
recently used RNA sequencing to study how
cis-acting sequence variation influences
gene expression'®'". Both groups showed
that 1-5% of human genes are influenced by
cis-acting DNA sequence variants (known
as expression QTLs, or eQTLs) in the con-
texts that they tested. Most heterozygous
cis-acting eQTLs resulted in one copy of the
gene being expressed at a higher level than its
homologous copy — hence exhibiting ASE.
There are a number of possible biological
mechanisms responsible for ASE. Kasowaki
et al8, for example, showed that the binding
strengths of two transcription factors (TFs)
exhibit wide variation at ~25% of specific TF
target sequences across different individuals.
Differences in binding strength across indi-
viduals were frequently associated with the
existence of genetic variants in these binding
regions. Such differences in binding strength
were not only shown to be correlated with
differences in the expression levels of genes
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Figure 1| The distribution of variants between homologous chromo-
somes can affect gene function. A | Distribution of variants that affect
regulation and protein function, showing the two homologous gene
segments in a single diploid individual. Aa | In this case, the leftmost
homologue does not contain variation that influences either the expres-
sion or the structure of the encoded protein. By contrast, the rightmost
homologue contains sequence variation in the promoter that reduces
overall expression of the gene and exonic sequence variation that
upsets the amino-acid sequence of the encoded protein. Ab | Here, the
variants in the promoter and exonic sequence are distributed between
different homologues. The combination of these homologues in a single
individual can lead to haploinsufficiency if the homologue that does
not have a functional variant cannot compensate for the affected
homologue. If it can compensate, the overall functioning of the gene
could be normal, owing to both the downregulation of the aberrant
protein and the normal expression of the wild-type protein. B | Potential
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functional effects of haplotypes involving structural variants. Scenarios
are shown involving copy-number variants and point mutationsin a
diploid setting. The possibilities depicted in parts Bb and Bc reflect
increased and decreased overall gene expression, respectively, relative
to that in Ba. C | Unmasking of deleterious mutations through gene
deletion. A genomic region is shown that harbours a gene that is often
either partially or completely deleted and that also harbours function-
ally relevant point mutations. Ca | Neither homologous copy of the
gene harbours a variant. Cb | One of the gene homologues carries a
point mutation. Cc | Both gene homologues carry a point mutation.
Cd | One of the gene homologues carries a deletion and the other carries
a point mutation. Ce | Both of the gene homologues carry a deletion.
Cf | One of the gene homologues carries a deletion. Each situation could
produce a different phenotype; for example, in part Cd the deletion
depicted could unmask the deleterious effect of the point mutation on
the other chromosome.
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Table 1 | Example clinical conditions and disorders influenced by compound heterozygosity in single genes

Disease Gene names
Blistering skin COL7A1
Cerebral palsy PROC

CMT SH3TC2 KARS
Deafness GJB2
Haemachromatosis HFE
Mediterranean fever MEFV

Miller syndrome DHODH
Paraganglioma SDHB
Hyperphenylalaninaemia PAH

FBPase deficiency FBP1
Ataxia-telangiectasia ATM
Glycogen storage type |l GAA
Chondrodysplasias DTDST
Turcot’s syndrome PMS2

CMT, Charcot-Marie-Tooth neuropathy; FBPase, fructose-1,6-bisphosphatase; PAH, phenylalanine hydroxylase.

associated with the TF target sites, but also to
have clear segregation in families — therefore
exhibiting heritability — thus confirming

the genetic origins of the variation in gene
expression levels®'.

Epigenetic changes in a genomic region
can also influence gene expression in a
chromosome- or allele-specific manner.
Zhang et al.' studied whole-genome methy-
lation and gene-expression patterns in 153
adult cerebellum samples as a function of
the existence of inherited DNA sequence
variants. They identified a number of highly
significant associations between apparently
cis- and trans-acting SNPs and specific
methylation patterns. Many of the SNPs
that influenced methylation, and so exhib-
ited allele-specific methylation (ASM), also
influenced the expression levels of particular
genes. ASM may also influence disease
susceptibility, as suggested by Steffanson
and colleagues in a study of genetic variants
associated with type 2 diabetes'’. Other
studies suggest that ASE or ASM may be
widespread even across different cells within
an individual'®', although the degree to
which this heterogeneity can be attributed
to the effect of heterozygous cis-acting
variants is an open question.

Studies showing widespread ASE and
ASM make it clear that the specific DNA
sequence and/or epigenetic context associ-
ated with each of the two homologous copies
of a gene or regulatory element influences
the function of these elements in their
combined, diploid state. Importantly for the
focus of this Opinion article, the effect of

Mutations implicated in compound heterozygosity Refs
G2316R, G2287R 59
N2I,S181R 60
Y169H, R954X, L133H, Y173SfsX7 9,61
Additive effect of multiple reported recessive and dominant mutations 62
H63D, 2282Y 63
E14Q, M694l. M694l alone is associated with a mild phenotype 64
G152R, G202A 4
V110F and splice donorc.200 + 7A>G 65
Multiple PAH variants explained non-PKU hyperphenylalaninaemia cases when 66
acquired as compound heterozygote

G164S, 838AT 67
Attenuated phenotype: D2625E, A2626P and splice site c.496+5 G>A 68
R600C and splice site c.546G>T. Splice variant has reduced expression 69
T266l, 340AV 70
1221AG, 2361ACTTC 71

ASE and ASM on gene function is likely to
be compounded if there are other forms of
variation in the same gene (FIC. 1A). A case in
point is that of chromogranin A (CHGA),

in which common variation in the promoter
region has been shown to affect expression
and result in ASE. In addition, coding
variants have been identified that alter
cholinergic inhibition owing to encoded
structural deformations that they induce in
proteins®. Simply cataloguing the genotypes
by combining sequence information from
the two chromosomes and ignoring whether
heterozygous variants are in cis or trans with
other variants would provide incomplete
knowledge of an individual’s phenotype with
respect to both gene expression and protein
function. Thus, the haplotype combinations
(diplotype) that an individual possesses

are paramount to understanding whether
an inhibitory allele is overexpressed or
underexpressed relative to the normal allele.
Such phenomena are discussed further
below in the context of complex disease.

Duplications, deletions and chromosome
inequivalence. There is a growing litera-
ture on the existence and effect of different
numbers of copies of entire genes or parts of
genes in individual genomes*"**. Knowledge
of the number of functioning copies of a
gene in a single human genome is crucial for
determining the potential phenotypic effect
of such copy-number variations (CNVs).
However, it might be just as important to
know how those gene copies are distributed
across the two sets of chromosomes in each

cell. For example, heterozygous cis-acting
sequence variations may exist in the sur-
rounding regulatory regions of these gene
copies and so influence their function. Thus,
the specific combination of gene copies and
cis-regulatory variants on each chromo-
somal homologue may dictate the function
of those gene copies (FIG. 1B). In this context,
it is known that many cancers have somati-
cally acquired ‘amplifications’ in the form
of increased copies of particular genes®.
Many of these genes have also been found
to possess point mutations that influence
the function of particular copies®, which
may, in turn, influence tumorigenesis®.
Understanding the phenotypic effects of
deletions also requires knowledge of how
variation is partitioned between chromo-
somes. An example is the phenomenon

of ‘unmasking’ potentially deleterious
mutations in one copy of a gene when the
homologous copy is deleted® (FIC. 1C).

Diplotypic effects and disease

In addition to the influence of haplotype-
specific cis-acting variation on gene func-
tion in cellular and molecular physiological
settings, there have been many documented
instances in which specific diplotypes
influence disease and clinically relevant
phenotypes. We describe examples of such
cases below.

Compound heterozygosity. Human disorders
often exhibit subtle variation in their pheno-
typic manifestations. Many studies investi-

gating the genetic mechanisms that underlie
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Table 2 | Example studies assessing the effect of combinations of unique gene-specific diplotypes on a complex phenotype

Gene Phenotype assessed

ADRB2 Response to asthma therapy

HG1 HGH expression

FANCD2 Breast cancer

IL1B IL-1P activity

PRKAG3 LDL cholesterol

ATM Non-small-cell lung cancer

MDR1 Multiple myeloma

NPAS3 Schizophrenia and bipolar disorder
ADIPOQ Rosiglitazone response

Genetic basis Refs
Complex promoter and coding-region haplotypes at the ADRB2 locus alter receptor 72
expression

Non-additivity of the effects of 16 HG1 SNPs with individual effects, depending on 73
haplotype context

If at least one copy of a specific FANCD2 haplotype is present, carriers are at fourfold risk 74
Individual SNPs in the IL1B promoter have either an upregulatory or downregulatory 75
effect depending on haplotype context

Homozygotes for specific alleles in a specific PRKAG3 diplotype exhibited the highest 76
LDL cholesterol of all the frequent diplotypes

On the basis of haplotype and diplotype analyses, a specific diplotype at the ATM locus 77
confers risk

Protective effects were identified in heterozygotes and homozygotes for a specific 78
diplotype at the MDR1 locus

Combinatorial action of haplotype pairs was associated with overall susceptibility 79
A specific diplotype at the ADIPOQ locus exhibited stronger association with enhanced 80

response than other diplotypes

HGH, human growth hormone; IL-1B, interleukin-1f; LDL, low-density lipoprotein.

this variation, especially in the context of
monogenic, overtly Mendelian disorders,
have implicated the phenomenon of com-
pound heterozygosity (TABLE 1). Compound
heterozygosity occurs when the two
homologous copies of a genomic region each
harbour unique sequence variants, but at
different positions in that region. These vari-
ants are thought to perturb the function of
the two homologous copies of a gene in dif-
ferent ways, with their combined molecular
effects resulting in a phenotype that is dis-
tinct from that seen if one homologous gene
carries both deleterious variants*. Thus, in
settings in which compound heterozygosity
may have a role, merely knowing that an
individual is heterozygous for mutations

or variants at relevant loci is not enough:
knowledge about the specific diplotype

is essential.

Additional instances of clinically relevant
compound heterozygosity have been uncov-
ered in large-scale human sequencing
studies. For example, Roach et al.* sequenced
the genomes of a pair of siblings with two
apparently recessive disorders, Miller syn-
drome and primary ciliary dyskenesia, and
also sequenced the genomes of their parents.
Sequence information from the siblings was
phased by tracking the transmission of vari-
ants from parents to offspring, although not
all variants could be unequivocally deter-
mined as maternal or paternal in origin. For
Miller syndrome, two variants at different
positions in the same gene, one on the mater-
nally inherited homologue of the gene and
one on the paternally inherited homologue,
were proposed to influence the disease.

Other instances of compound heterozygosity
occur in the context of the ‘two hit’ model of
cancer, in which an individual inherits a dis-
ruptive cancer-susceptibility variant in one
homologue of the gene and then develops

a disruptive somatic mutation at a different
position in the other homologue. This leads
to dysfunction in both gene copies and a
potential tumorigenic effect®. It is unclear
how often the phenomenon of compound
heterozygosity is likely to affect different dis-
eases. However, the fact that there are many
known instances in which it does so suggests
that studies that use sequencing to identify
variants that influence a disease need to

take this possibility into account, a task that
clearly requires phase information.

Complex diplomic phenomena in common
disease. Documented instances of com-
pound heterozygosity have typically involved
low-frequency, highly penetrant alleles. It is
unclear how such effects relate to the higher-
frequency alleles of low effect size that have
been shown to contribute considerably to
many complex, common disorders over the
past few years®. Despite this, some research-
ers have begun to consider the influence of
haplotypic effects in the context of genome-
wide association studies investigating com-
mon disorders that may reflect compound
heterozygosity**. In addition, there is grow-
ing evidence for the involvement of specific
diplotypes, involving combinations of multi-
ple cis-acting variants — some in regulatory
regions and some in coding regions — in
giving rise to phenotypic effects that con-
tribute to common diseases. The principles

discussed above and illustrated in FIG. 1 are
also likely to apply in such settings. TABLE 2
summarizes a range of recently documented
instances and we describe some specific
examples below.

Two groups identified a strong association
between systemic lupus erythematosus
(SLE) and haplotypes that contain variants
in the protein-coding region of the gene
tumour necrosis factor a-induced protein 3
(TNFAIP3)***'. Two additional haplotype
blocks located ~200kb upstream and down-
stream of the TNFAIP3 coding region also
showed strong independent signals for
association with the disease but were not in
linkage disequilibrium with the variants
in the coding-region haplotype. The findings
raised an important question about how
these variants modify autoimmune disease
susceptibility in different haplotype confor-
mations. Although neither of the studies
explicitly investigated how the variants
directly interacted when in cis confirmation,
they did provide indirect evidence that the
specific diplotype is important.

Graham and colleagues also studied
another potential SLE gene, interferon
regulatory factor 5 (IRF5)*2-*, which also
harbours multiple coding and non-coding
variants that exhibit associations with
autoimmune diseases. Three separate vari-
ants were identified within the IRF5 coding
region that disrupt IRF5 function through
different mechanisms: abnormal splicing of
exon 1b, a 10-residue deletion in exon 6, and
disruption of a cleavage and polyadenylation
specificity factor (CPSF) site®. Again, an
important question is how the distribution
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Figure 2 | Strategies for empirical haplotype reconstruction.
a| A hypothetical 100kb stretch of sequence harbours multiple variants
compared with the human reference, as designated by the coloured
squares. Variants can be homozygous (solid coloured squares) or het-
erozygous (split coloured squares). b | Sequence reads from libraries of
multiple insert sizes can be leveraged to link heterozygous sites
together. Informative reads are highlighted and displayed a second
time against the diploid reconstruction. The assembly consists of blocks
of sequence with gaps arising when variants fall outside the distance of
the insert sizes used for sequencing. c | Parental information allows for
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the separation of chromosomal variants except in instances in which
both parents are heterozygous, as demonstrated by the black box in the
child’s assembly. d | Laboratory-based methods such as the sequencing
of fosmid pools allow for the separation of homologous chromosomes.
DNA is sheared, ligated with fosmid vector sequence, packaged and
transfected into the bacterium Escherichia coli. Pools of fosmid
sequence — each containing only a small fraction of the total genome
broken into ~40 kb segments — are sequenced independently. The
sequenced libraries are then mapped and assembled for phase
reconstruction.

of these variants across the two homologous
copies of IRF5 in an individual affects overall
IRFS5 function. For example, the combina-
tion of a variant in a splice site and a CPSF
mutation on the same chromosome may
have a more attenuated effect than if the
two variants are on different chromosomes,
because in the former case the existence of
one functional gene copy with neither vari-
ant may compensate for the affected copy
with two mutations. Interestingly, Graham

and colleagues, and others, have identified
further associations implicating addi-
tional cis-acting regulatory variants in SLE
susceptibility® .

A recent example of a complex setting
implicating cis-acting variants along with
structural or repetitive sequences on single
chromosomes involved the study of muta-
tions that cause facioscapulohumeral
muscular dystrophy*. Here, the contraction
of microsatellite repeats has a phenotypic

effect only when variants that modify the
stability of the double homeobox 4 (DUX4)
transcript are on the same chromosome as
the repeats.

Importance of phase in other settings

In addition to the importance of phase infor-
mation in resolving how combinations of
variants uniquely situated on each homolo-
gous genomic region may affect diploid
gene function, there are other settings in
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Table 3 | Example methods and software for haplotyping and phasing

Method Data type* Comments Refs

name

Hapi Pedigree genotype*  Dynamic programming-based haplotype assembly 81

ZRBA Pedigree genotype  Zero-recombination block partition algorithm 82

He et al. Sequencing reads® Dynamic programming-based haplotype assembly 58

HapCUT Sequencing reads Max-Cut-based algorithm applicable to arbitrary 56
length reads and insert sizes

HASH Sequencing reads Markov chain Monte Carlo algorithm for haplotype 57
assembly

SHAPE-IT  Genotype! Tree representation of hidden Markov model 83

Beagle Genotype Fast and accurate algorithm for phasing using a 84
haplotype-cluster model

HaploRec  Genotype Uses frequencies of haplotype fragments for phasing 85

fastPHASE ~ Genotype Haplotype-clustering model for phasing large data 86
sets

HAP Genotype Imperfect phylogeny approach 87

PL-EM Genotype Expectation-maximization algorithm combined with 88
partition-ligation

Merlin Pedigree genotype  Uses sparse gene-flow trees to reduce computing 89
requirements

Phase Genotype One of the most accurate phasing method available 90
but slow on large data sets

Allegro Pedigree genotype  Uses multiterminal binary decision diagrams for 91
large pedigrees

Arlequin Genotype Expectation-maximization algorithm for few markers 92

CRIMAP Pedigree genotype  One of the first pedigree haplotyping programs 93

*Provides the setting in which the method was developed. *Corresponds to family-based phasing with
genotype data. SCorresponds to assembly algorithms for DNA-sequencing read data. IRefers to settings
involving unrelated individuals with genotype data to be phased on linkage-disequilibrium data.

which phase information is important®. For
example, in the context of human population
genomic studies, Nievergelt et al. demon-
strated that greater differentiation of human
populations can be obtained by exploring
within- and across-population haplotype
diversity than by focusing on multilocus
genotype diversity®®. In terms of cataloguing
human genetic variation, Shendure and col-
leagues have shown that resolving the exist-
ence of structural variants within genomes
can be enhanced greatly if phase information
is considered™. Studies of the evolution of
genomes across species can be enhanced

by comparing individual chromosomes®.
Finally, classical transplantation studies often
exploit haplotype matching to determine
optimal host-donor relationships*.

Approaches for diplotyping

Given the importance of knowing the
unique nucleotide content associated with
each of the two homologous copies of a
genomic region for assessing diploid gene
function, it is important to consider how
this knowledge can be obtained for any

individual or group of individuals. There are
several approaches for determining phase
from DNA sequence and genotype data

(FIG. 2). These approaches can be broadly
classified in two categories. First, there are
methods that leverage genotype informa-
tion from individuals of either the same
population or the same family as a ‘target’
individual whose genome is to be phased.
Second, there are methods that physically
separate the nucleotide content and unique
variants on each homologous chromosome.
Importantly, although laboratory and com-
putational methods have the potential to
phase or separate two homologous chromo-
somes, only methods that leverage genotype
data from parental lineages can determine
whether a particular phased chromosomal
copy was inherited from an individual’s
mother or father. Knowledge of the specific
parental origins of chromosome regions,
rather than just the nucleotide content of
chromosome homologues, may be of use

in the context of parent-of-origin effects
such as epigenetic imprinting, as recently
demonstrated for type 2 diabetes”.

Methods that use information from other
individuals. Using information from parents
or other relatives is a powerful approach to
phasing an individual and has been used
in many, if not most, classical family-based
human genetic-mapping studies used
to identify genomic regions harbouring
disease-predisposing variants. Pedigree-
based mapping methods such as those that
calculate the logarithm of odds (LOD) or
that use the transmission disequilibrium
test (TDT) track, for example, the transmis-
sion of a putative disease-causing variant
and a genetic marker together on a single
chromosome from generation to generation.
Thus, these strategies heavily depend on
phase information in the genomic regions
of interest. The same approach has been
applied to dense genotype data generated
by SNP arrays*!, as well as whole-genome
sequencing (FIC. 2¢); for example, in the study
by Roach et al.%, discussed above, in which
the genomes of two siblings with differ-
ent Mendelian disorders were sequenced*.
Roach et al. reported that by sequencing
the parents of the two target individuals,
they could separate as much as 96.8% of
the genome into maternally and paternally
inherited chromosomal or haplotypic com-
plements. Leveraging parental information
to phase genomes provides excellent accuracy
and demonstrates the added benefit that
current family-based genome-sequencing
studies will be able to exploit. However, for
population- or case—control-based studies
this strategy would entail a substantial
increase in costs associated with the need to
sequence the additional genomes of relatives
in addition to those of the target individuals.

The use of genotype data from a larger
set of unrelated individuals to phase a target
individual can provide a cost-effective
method for separating homologous chro-
mosomes with respect to common variants.
This approach is based on shared ancestry
of the target individual and the larger set of
individuals so that linkage-disequilibrium
patterns between variants can be exploited
in haplotyping the target individual*>*.
However, this approach assumes the avail-
ability of genotypes from additional indi-
viduals of the same or a similar population
as the target and, although the definition of
‘similar’ is often vague, genotype data from
individuals of an appropriate population
might not be available.

Population-based approaches also
assume that there are reliable statistical
and computational techniques available
to conduct the phasing. Most population-
based phasing methods (and related
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genotype-imputation methods*!) can pro-
duce reliable haplotypes for moderately long
stretches of a chromosome. Human genetics
research has a long history of efforts to refine
probabilistic phasing methods that leverage
data on relatives, entire pedigrees or popula-
tion linkage-disequilibrium data*>*$ (TABLE 3).
However, these methods are notorious for
‘switching error’ inaccuracies, which arise
when chromosomal segments have been
phased accurately, but their connections

to each other to form larger haplotypes or
contigs are incorrect”. Deeper catalogues of
genetic variation across many populations
may reduce switching errors, but they might
be hard to eliminate entirely owing to varia-
tion in recombination rates and the genetic
diversity within and across human popula-
tions. Another problem with the population
approach is that it requires the larger set of
individuals to have been genotyped previ-
ously. As a consequence, these individuals
may not be useful for phasing rare variants
possessed by the target individual, because
rare variants are not likely to have been
observed (or may not even exist), and so
genotyped, among the larger set of individu-
als. Hence, reliable linkage-disequilibrium
information about those variants might not
be available to facilitate phasing. Finally, the
population-based phasing approach obvi-
ously could not work for private variants
possessed only by the target individual. This
caveat may be of increasing importance in
future studies, as shifts in emphasis begin

to focus on understanding rare and even

de novo variation and its role in human
diseases. In this context, private variants, or
variants private to a specific population not
previously studied, are unlikely to be accu-
rately phased using data sets such as those
associated with the 1000 Genomes Project,
given their focus on specific populations®.

Methods based on information from a
single individual. The second set of phasing
methods works by seeking to resolve the
haplotypic arrangement of two or more
neighbouring variants empirically from
sequence data gathered on a single individ-
ual. Such methods provide a direct approach
to phasing and can be used to phase de novo
mutations, which, when combined with
knowledge of the parental origins of variants
surrounding a de novo mutation, can be used
to assess, for example, parent-of-origin and
paternal age mutation rates, something that
is not feasible using other approaches*-.
Phasing techniques that physically separate
chromosomes fall into two broad categories®":
separation of complete chromosomes before
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Figure 3 | Phase reconstruction using mate-pair information. Simulated 100 bp mate-pair read
coverage of various depths (sequence (fold) coverage, x-axis) for chromosome 1 of a Yoruban indi-
vidual. All simulations were done using SNP calls (for chromosome 1) for the Yoruban individual
NA19240, obtained from the 1000 Genomes project (released December 2008). Paired-end reads
were simulated with the starting position of one read, chosen consistently at random on the chro-
mosome, and the insert length sampled from a normal distribution with a given mean insert length
(2,5 or 10kb) and standard deviation equal to 10% of the mean. For each simulation experiment, we
constructed a graph with nodes corresponding to the heterozygous SNPs and edges corresponding
to reads that cover multiple variants. The N50 was calculated using the number of variants in each
connected component of this graph that correspond to the phased haplotype blocks. The vN50 is
defined as the point at which half of the heterozygous loci of the chromosome are contained in
contigs with the vN50 or greater number of variants. Mate-pair libraries outperform reads of the
same length because the size distribution of the insert consists of lengths greater than 10 kb, allow-
ing for longer connections than are possible with single reads alone. The software used in the simu-
lation studies is available from the Polymorphism Research Laboratory (see Further information).

sequencing, and reduction of the complex-
ity of mixtures of paternally and maternally
inherited DNA. Physical separation of
entire chromosomes is not trivial because

it involves the isolation of chromosomes
from a single cell, amplification of the

DNA from those isolated chromosomes,
and then sequencing. The use of sophisti-
cated microfluidic technologies has recently
been applied to this process™ and represents
a substantial improvement over previous
methods™.

Complexity reduction involves the
separation of genomic DNA into pools that
contain DNA from regions of the genome
that are either maternally or paternally
derived®. A compelling recent example of
this approach used 115 fosmid libraries
to reconstruct the diploid sequence of
the genome of a South Asian individual®
(FIG. 2d). As an alternative to the use of fos-
mid libraries, pooled maternal and paternal
DNA samples diluted to a point at which
only a fraction of a complete genome is

present for sequencing could be used. With
the proper assessment of the dilutions, each
pool will be expected to contain only a single
chromosome at any particular region®.
Cloning- and dilution-based methods for
complexity reduction are straightforward
and probably within the capabilities of most
sequencing laboratories with standard equip-
ment, but result only in large contigs that
reflect haplotypic segments of a chromosome
that still need to be stitched together to
characterize an entire chromosome — a
process that could be error prone.

As an alternative, phase can be recon-
structed from diploid DNA from a single
individual using computational approaches
that link partially overlapping DNA-
sequencing reads harbouring variants at
heterozygous positions™* (FIC. 2b). This
approach requires long DNA-sequencing
reads or mate-pairs of variable insert size
in order to reliably capture multiple hetero-
zygous sites that can be used to assemble
reads into larger contigs on the basis of
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their overlapping nucleotide content™. This
approach was used in the construction of
the first diploid genome’, although, owing
to limitations in the available sequence data
and the number of heterozygous positions
spanned by the sequencing reads, only ~70%
of the genome could be phased. Current
sequencing projects that use a limited
selection of short insert size, paired-read
distances are not well designed for phase
reconstruction. Future work should focus
on improvements to mate-pair construction
and projects that leverage variable insert size
libraries, which, coupled with longer reads,
should allow reasonably sized haploid
contig assemblies (FIC. 3).

Diplomics: a new frontier?

We have emphasized why an understanding
of how specific combinations of genetic
variants on the two homologous copies of

a chromosomal region influence diploid
gene function is crucial for human genetic
research. There may, however, be other
phenomena that reflect the consequences
of diploidy that we have not touched on
here. For example, differences in the mere
lengths of inherited genomes (owing to, for
example, copy-number variations, repeat
polymorphisms or large indels) may affect
DNA packing and epigenomic phenomena.
For these reasons, the science of diplomics
should receive greater attention in the
human genetics community in the future.
However, as we have argued, diplomic
enquiry requires more sophisticated
sequencing and study-design strategies
than those in current use. For example,
better a priori chromosome-separation
techniques are needed for human sequencing
studies, as are sequencing technologies that
generate longer reads to facilitate de novo
haplotype-based assemblies. We foresee that
a re-emergence of family studies will occur to
help to resolve important diplomics-related
issues, such as those involving complex forms
of compound heterozygosity. Finally, in
order to fully understand how the diplotypic
genomic ‘whole’ functions over and above
its haplotypic ‘parts, we believe that more
relevant functional assays, perhaps involving
the simultaneous introduction of different
haplotypic complements into functional
assays or transgenic animals, are needed.
Ultimately, if collaborative science teams are
to make headway in unravelling the secrets
of the human genome, especially in refining
the functional and clinical effects of human
genomic variation, then it makes no sense to
ignore one of its most fundamental aspects:
its diploid nature.
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