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Abstract
The publication of the highest-quality and best-annotated
personal genome yet tells us much about sequencing technology,
something about genetic ancestry, but still litle of medical
relevance.

Which country has published the largest per-capita number
of personal genomes? The United States, the United
Kingdom? Actually, it is Korea. A recent article in Nature
by Kim et al. [1] presents the genome sequence of a Korean
male, AK1 - the seventh published sequence of an indivi-
dual human genome and the second from Korea. The rapid
progress in personal genome sequencing is possible
because so-called ‘next-generation’ sequencing technology
has decreased costs by orders of magnitude and increased
throughput. But those advantages come at a price: short,
error-prone reads derived from single molecules that have
to be stitched back together to make a best-guess at the
starting sequence. We are still at the stage of working out
how to apply the available technologies to coax out
biological information: the goal of a US$1,000 genome
providing life-changing personal medical insights is still
some way off.

Genome sequencing is still an imprecise
science

The first aim of a genome-sequencing project is to
assemble around 6 billion As, Cs, Gs and Ts, comprising
the diploid genome of the individual, in the right order.
This is a challenge both of scale and because of sequence
complexities such as repeated elements. By a series of
frankly heroic measures, Kim et al. [1] have succeeded in
generating a sequence that is likely to be substantially
more complete and accurate than any other individual
human genome derived so far using the new sequencing
technology. Nonetheless, the effort invested in producing
such a high-quality sequence, including the cloning and
high-coverage sequencing of large segments of the genome
from bacterial artificial chromosomes (BACs), is not
routinely feasible and the final product is still far from
complete. The clear message is that sequencing technology
still has a long way to go before we enter the era of cheap,
complete and reliable individual genome sequencing.
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The high depth of coverage for the AK1 sequence (most parts
of the genome were sequenced around 28 times (28x))
meant that most variant sites (arising from heterozygosity
within AK1’s diploid genome or homozygous differences
between this and the reference genome) that could be
detected were called accurately. However, the sensitivity of
variant detection was low: the authors estimate that they
missed 6% of single nucleotide polymorphisms (SNPs) and
more than 20% of insertion/deletion variants (indels). Over
a whole genome that would add up to 150,000 missed SNPs
and perhaps 60,000 unseen indels. The true number missed
is likely to be substantially higher, however, as the set of
‘true’ calls used to derive the SNP sensitivity estimates (from
the Illumina 610K genotyping array) is biased towards
regions that are likely to be easy to both genotype and
sequence. The sensitivity of SNP and indel detection in
repetitive or copy-number-variable regions will be lower.
Finally, a non-trivial proportion of any genome (150 Mb of
the Venter genome [2], and almost 6% of the reads from the
first Korean genome [3], for example) is not present in the
‘reference human genome’ sequence and so reads cannot be
mapped to these sections or variants called at all.

The authors invested particular effort in the identification
of larger indels, known as copy number variants (CNVs),
using both targeted sequencing of BACs and high-
resolution chip-based approaches. Large numbers of high-
quality CNVs were detected, but it is worth noting that
such variants will also have been missed in highly repetitive
regions of the genome and that structural rearrangements
that do not change DNA copy number - such as inversions -
are likely to have been substantially under-called.

Comparison between the individual genomes sequenced so
far (Table 1) is complicated by differences in chemistry,
coverage, alignment and variant-calling algorithms used,
but perhaps most of all by the absence of ‘ground truth’
large-scale sequence data from which unbiased estimates
of error rates could be deduced. So far, only one individual
genome has been sequenced using two technologies - the
anonymous Nigerian Yoruba male (NA18507) sequenced
by both Ilumina GA (Solexa) [4] and Applied Biosystem’s
SOLiD [5] systems - but no explicit comparison of the two
versions has yet been published.
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Table 1

Summary of seven personal genomes in order of date of publication

Year Individual Population Platform Coverage Reference
2007 Craig Venter European Capillary 7.5x [2]
2008 James Watson European 454 7.4x [10]
2008 NA18507 Nigerian (Yoruba) lllumina GA 40.6x [4]
2008 YH Han Chinese lllumina GA 36x [11]
2008 AML patient European lllumina GA 14x,33x* [12]
2009 Seong-Jin Kim (SJK) Korean lllumina GA 29x [3]
2009 NA18507 Nigerian (Yoruba) SOLiD 17.9x [5]
2009 AK1 Korean lllumina GA 27.8x [1]

*Normal genome sequenced to 14x, tumor genome to 33x. Note that NA18507 has been sequenced twice using different technologies. AML, acute

myelogenous leukemia.

Mitochondrial DNA (mtDNA) provides a useful test case:
its high copy number and lack of repeats should lead to a
high-quality sequence, and because many thousands of
additional mtDNA sequences and their phylogeny are
available [6], we can assess a new sequence even without
ground truth. In the case of AK1, the sequence passes this
test, but assessment of heteroplasmy - variation of this
multicopy molecule within an individual - remains proble-
matic, because of alignment difficulties at some positions,
such as 3521.

Individual genome sequences as indicators of
ancestry

With the first individual human genome sequences now
available, what biological information can we hope to gain
from them? One area is ancestry: we are curious about our
ancestors and as humans are genetically slightly more
similar to their geographical neighbors than to people from
further away, with enough genetic information we can infer
the geographical ancestry of an individual on a remarkably
fine scale [7]. It is reassuring to see that the published
personal genomes do fit expectations. As Figure 1 reveals,
Venter falls within the European region, whereas the
Watson genome sequence displays, in addition to the
expected major European component, a strong minor
ancestry component corresponding to the dominant
component in African populations. This could be regarded
as support for the notion that Watson has considerable
African admixture, a claim made previously in the main-
stream media but never (to our knowledge) formally
supported in the literature. However, a plausible alterna-
tive explanation is that this component is an artifact of the
low coverage and poorer sequence quality in the Watson
genome. Unsurprisingly, the Yoruba NA18507 genome
falls alongside the other HapMap Yoruba (YRI(HapMap)
in Figure 1), and the Han YH genome with the other Han
groups from HapMap (CHB(HapMap) in Figure 1). The
two Korean genomes, SJK and AK1, show close affiliation
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with populations from East Asia. These conclusions are
reinforced by Y-chromosomal and mtDNA analyses. The
mtDNA haplogroups (groups of similar haplotypes, charac-
terized by a single SNP, that share a common ancestor) of
SJK and AK1 are both D4, respectively, whereas the Y
haplogroups are O2b and O3a, all haplogroups prevalent in
the Korean population [8].

All of these conclusions could have been obtained by
standard genotyping at a price three orders of magnitude
lower than the cost of a complete genome sequence, so
does the full sequence provide extra insights? Ahn et al. [3]
emphasize the differences between the SJK (‘Korean’) and
YH (‘Chinese’) genomes, and we expect that rare variants
usually missed by genotyping will provide much more
information about fine-scale ancestry. But many more
personal genomes will be needed before we can benefit
fully from such comparisons.

Kim et al. [1] report a strong correlation between regional
SNP and indel densities as an unexpected finding, and
propose that “unifying molecular or temporal considera-
tions underpin the generation and/or removal of both
types of variants”. In fact, this correlation is a straight-
forward prediction from population genetics: SNP and
indel densities both depend on the coalescence time (that
is, the time since the most recent common ancestor)
between AK1 and the reference genome. Because coales-
cence time varies across the genome, both densities would
be expected to vary in a correlated fashion.

How far are we from genome-based
personalized medicine?

The primary goal of human genome sequencing is not, of
course, to obtain ever-finer insights into genetic ancestry
or the consequences of coalescence times, but rather to
generate information to inform the practice of individua-
lized medicine. Here, there are two concerns: firstly, the
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Figure 1

Ancestry inferences from personal genomes in a worldwide context. The program STRUCTURE was used to assign six personal genomes
(Table 1) and individuals from the HGDP-CEPH and HapMap panels to seven clusters on the basis of their genotypes as described
previously [9]. Upper section: each thin vertical bar represents an individual and is divided into colors corresponding to their inferred ancestry
from the seven genetic clusters. Individuals are ordered according to their name or code (personal genomes) or population of origin (HGDP-
CEPH and HapMap). Personal genomes fall predominantly into the green (NA18507; African), cyan (Venter, Watson; European) or orange
(YH, SJK, AK1; East Asian) clusters. Lower section: expanded view of the personal genome inferred ancestries.

incomplete detection of genetic variants already noted
means that a non-trivial fraction of the variants affecting
health are missed by current genome sequencing
approaches; secondly, our current ability to interpret the
medical significance of identified variants is rudimentary.

Kim et al. [1] applied an unpublished algorithm (Trait-o-
matic) to identify those variants within the AK1 genome
that have been associated with phenotypic traits, including
increased risk for a wide variety of common diseases, as
well as protein-altering variants in positions that are
strongly evolutionarily conserved or in genes associated
with severe disease. This analysis identified 773 potentially
medically relevant variants. As in the ancestry analysis, the
common variants highlighted could just as easily have been
identified using a SNP genotyping chip. Still, many of those
are robustly associated with traits (that is, they have
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achieved genome-wide significance and independent
replication) but also generally have very low predictive
value for disease risk. The potentially more interesting
variants in the AK1 genome are those that could not have
been identified by SNP chips: low-frequency variants that
might be expected to disrupt the function of important
genes. The authors identified a total of 504 variants in AK1
that alter the protein sequences of genes associated with
diseases or traits, but this list illustrates the serious
challenges associated with the functional interpretation of
such variants.

There are some straightforward results: for instance, the
AK1 genome reportedly carries single copies of premature
stop-codon mutations in genes associated with severe
recessive diseases such as cerebral palsy, retinitis pigmen-
tosa and malonyl-CoA decarboxylase deficiency; these are
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unlikely to be associated with a disease phenotype in AK1
himself, but might (if genuine) be important for genetic
counseling. In contrast, the clinical importance of the vast
majority of the 773 variants highlighted by Trait-o-matic is
far from clear. For instance, what is a clinician to make of
novel protein-altering variants in genes known to be
associated with cancer risk or progression? And how
should a sequenced individual respond to a bewildering
array of variants associated with increased risk of depres-
sion, bipolar disorder and schizophrenia?

A further layer of uncertainty is added by the fact that
most of the common variants currently associated with
complex traits and diseases have been ascertained and
studied only in populations of European origin, and the
possibility of altered risk profiles due to different gene-
gene and gene-environment interactions in non-Euro-
pean populations is largely unexplored. Clearly, much
further work remains to be done before individual
genome sequences can serve as a routine source of infor-
mation for clinical decision-making.

Personal genomics is in its infancy. Like all infants, it
makes a lot of noise and attracts a lot of attention, but is
poor at communication: readers will not find comparisons
of the two Korean genomes, or the two versions of the same
Yoruba genome, for example. But the infant will grow, and
the publication of AK1 and other individual genomes do
represent important milestones on the path towards
affordable, medically relevant personal genomics.
However, they are also useful reminders of just how far we
still have to go before this destination is reached.

Some key steps that we look forward to, in addition to
decreasing cost and increasing accuracy, are technical
advances such as de novo assembly - the stitching together
of reads without the use of a reference sequence, a process
that will benefit from longer read lengths - and
improvements in phenotype interpretation, as noted
earlier. Some personal genomics subjects have bravely
presented their genomes to the world ‘warts and all’ along
with their names, whereas others have masked certain
regions or chosen to remain anonymous. Any position can
be criticized and the ethical implications of revealing all
this information are just being worked out. We all owe a
debt to these pioneers.
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