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The first wave of personal genomes documents how no
single individual genome contains the full complement
of functional genes. Here, we describe the extent of vari-
ation in gene and pseudogene numbers between individ-
uals arising from inactivation events such as premature
termination or aberrant splicing due to single-nucleotide
polymorphisms. This highlights the inadequacy of the
current reference sequence and gene set. We present a
proposal to define a reference gene set that will remain
stable as more individuals are sequenced. In particular,
we recommend that the ancestral allele be used to define
the reference sequence from which a core human refer-
ence gene annotation set can be derived. In addition, we
call for the development of an expanded gene set to in-
clude human-specific genes that have arisen recently and
are absent from the ancestral set.

Variations in the era of personal genomes

Over the last decade, technological advances have led to
the generation of an unprecedented amount of human
genomic data and dramatically increased our knowledge
of variability in the human genome. The first draft se-
quence of the human genome was a composite haploid
sequence assembled from several individuals (Lander
et al. 2001). The first diploid genome of a single individual
was published in 2007 (Levy et al. 2007). Since then, next-
generation sequencing technologies have begun to pro-
vide whole-genome sequence information at an accel-
erated pace, and several personal genomes have been
published, with many more to follow (Levy et al. 2007;
Wang et al. 2008; Wheeler et al. 2008; Ahn et al. 2009;
Kim et al. 2009; McKernan et al. 2009; Pushkarev et al.
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2009; Drmanac et al. 2010; Lunshof et al. 2010; Lupski
et al. 2010; Rasmussen et al. 2010; Schuster et al. 2010).

While the initial human genome was assembled and
annotated as “the reference,” the recent personal genome
sequences provide us with a glimpse of the extent of
human genetic variation. This genetic variability mani-
fests itself not only in single-nucleotide polymorphisms
(SNPs), but also in insertion/deletions (indels) and copy
number variations (CNVs) of blocks of varying lengths in
the genome (Conrad et al. 2006; Mills et al. 2006; Redon
et al. 2006; Korbel et al. 2007).

The availability of sequences from tens of personal
genomes has revealed considerable variation between in-
dividuals. This is an opportune time to think about ge-
nome annotation in a new context in that the new data
enable us to redefine the reference gene sequences and
the reference gene set. With personal genome sequencing
endeavors rapidly moving ahead, it is vital to establish a
stable foundation to facilitate the interpretation of fur-
ther personal genome sequences.

Current status of gene annotation: impact
of genetic variability

The human reference genome is a haploid sequence de-
rived as a composite from multiple individuals. Current
gene annotations are based on this reference. One prob-
lem with genome annotations is that they are histori-
cally heavily biased toward protein-coding genes. While
the rationale behind this is based on the well-understood
importance of protein-coding genes, identification of pseu-
dogenes and events that may lead to gene inactivation
have been largely ignored in the automatic annotation
process. Moreover, genetic variations that can affect gene
annotations have not been systematically integrated into
annotation pipelines. This problem is most severe for
interindividual variations that affect genes in such a way
that a locus is a functional gene in some people but a
pseudogene in others.

Besides the bias toward annotating coding genes, there
are other factors such as assembly errors, base-calling
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errors, and rare alleles in the reference genome that can
contribute to erroneous gene annotation. Another diffi-
culty in using the current human genome as the reference
is that it does not represent the enormous genomic diver-
sity in the human population.

The definitions of the terms “gene” and “pseudogene”
have broadened in the post-genomic era (Gerstein and
Zheng 2006; Gerstein et al. 2007; Zhang et al. 2010). In
this Perspective, we define genes as protein-coding loci
and pseudogenes as protein-coding loci that may become
nonfunctional due to loss-of-function (LOF) variations
such as nonsense SNPs or SNPs that affect canonical
splice sites. At one extreme, LOF events can affect one
single individual in the population, perhaps leading to the
deactivation of an important gene and giving rise to a
disease in that individual. However, sometimes a LOF
mutation becomes more common in the population and
may even become fixed (MacArthur and Tyler-Smith
2010). Thus, LOF variations can affect genes in various
ways: Some genes will get inactivated, while others may
retain some or all of their function; still others may be
either on the way to pseudogenization or evolving into
genes with new or related functions.

LOF events include SNPs that introduce premature
STOP codons (nonsense SNPs) and lead to truncation of
the protein, SNPs in splice sites, and indels and CNVs
that can lead to changes in gene expression and function.
A recent estimate of the number of genes in the human
genome draws attention to the fact that the number of
genes will vary between individuals due to CNVs (Pertea
and Salzberg 2010). An analysis of CNVs of three per-
sonal genomes shows that, on average, 73-87 genes vary
in copy number between two individuals (Alkan et al.
2009).

A careful analysis of human gene annotation suggested
that the human genome apparently contained 1177 or-
phan ORFs that are not conserved across species (Clamp
et al. 2007). While the majority of these were shown to
be spurious genes, 168 candidates were identified as po-
tential human-specific genes present mostly in duplicated
regions. It has been postulated that new genes derived
from segmental duplications evolve rapidly and may
contribute to human-specific cell signaling pathways,
as they are often related to cell proliferation, immunity,
and inflammation responses (Stahl and Wainszelbaum
2009).

Consequences of gene inactivation events

Gene inactivation events can have widely varying effects
on human phenotypes. LOF due to nonsense mutations
has been implicated as disease-causing in ~15%-30%
of monogenic inherited diseases such as cystic fibrosis,
hemophilia, retinitis pigmentosa, and Duchenne muscu-
lar dystrophy (Mort et al. 2008). However, there are also
examples where such events appear to have been evolu-
tionarily advantageous, resulting in the LOF allele in-
creasing in frequency in the human population through
positive natural selection. For instance, both the ACTN3
and CASP12 genes contain nonsense SNPs leading to
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premature STOP codons that result in the presence of
both the active and inactive forms of the genes in the
human population. The stop variant in CASP12 is the
most common allele in all human populations, and is
close to a frequency of 100% in many Eurasian popula-
tions; this inactive form is associated with increased
resistance to sepsis (Xue et al. 2006). Likewise, the stop
variant in ACTN3 has reached a frequency of ~50%
throughout Eurasia but is rare in African populations,
and is associated with reduced muscle strength and en-
hanced endurance athletic performance in humans and
a knockout mouse (MacArthur et al. 2007).

Advantageous LOF variants are likely to be the excep-
tion rather than the rule, but the sheer scale of LOF
variation in the human genome suggests that many of
these variants do not cause severe disease. One genotyp-
ing study analyzed 805 putative nonsense SNPs from
the database of SNPs (dbSNPs) (Sherry et al. 2001) in 56
worldwide populations, and identified 169 genes contain-
ing nonsense variations in apparently healthy individ-
uals, some of which were present at a high frequency in
one or more populations (Yngvadottir et al. 2009). This
study also showed that two individuals would differ by
~24 genes because of nonsense SNPs. Ninety-nine genes
were homozygously inactivated in one or more individ-
uals. The analysis was necessarily limited in scope by
the availability of candidate polymorphisms, but demon-
strated that many genes are nonfunctional in some frac-
tion of healthy individuals. Variation in the number of
functional genes between people means that no individ-
ual genome possesses the full complement of functional
human genes.

SNPs and gene inactivation

In this Perspective, we focus on nonsense SNPs and SNPs
in splice sites because these are more clearly defined
at the sequence level than many CNVs and indels, and
their consequences are easier to predict from sequence
data alone. Nevertheless, several complexities associated
with such predictions need to be considered.

Nonsense SNPs

A premature STOP codon might affect all transcripts of
a protein, or only some isoforms. When a nonsense SNP
affects all transcripts of a gene, we can predict loss of gene
function if the truncation makes it a candidate for non-
sense-mediated decay (NMD), as shown in Figure 1A
(Matsuda et al. 2008). Although transcripts that contain
a premature STOP codon at distances >50 base pairs (bp)
upstream of the last exon-exon junction are likely to
be degraded by the NMD pathway, it is known that
~5%-25% of residual mRNA remains (Isken and Maquat
2007). If a transcript containing a premature STOP is not
degraded by NMD, the function of the protein may still
be affected if the truncation removes a functional or
structural domain, as shown in Figure 1A. Thus, it is
nontrivial to predict whether a nonsense SNP will in-
activate a gene.
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Figure 1. Consequences of nonsense SNPs and SNPs in canon-
ical splice sites. The SNP is indicated by a red line in A and D,

and a SNP in either of the canonical splice site positions is
indicated by a red line in B and C.

SNPs in splice sites

Variations in canonical splice sites may affect splicing and
lead to gene inactivation. We consider the two consensus
bases in the internal intronic sequences flanking coding
exons as the canonical splice sites (5’-GT ... AG-3'). The
effects of splice SNPs on gene structure and function
are not obvious, and the consequences of such changes
are complex (Krawczak et al. 1992; Chillon et al. 1995;
Baralle and Baralle 2005). For example, a SNP at the splice
donor site can lead to one of the following outcomes, as
shown in Figure 1B: (1) The spliceosome does not recog-
nize the donor site, and hence the intron is not excised.
This leads to an mRNA with a retained intron. (2) A
downstream cryptic donor splice site could be revealed
and result in the production of a novel mRNA. (3) An
upstream de novo donor splice site could be activated and
also lead to the production of a novel mRNA. (4) Exon-
skipping could occur as a result of a weak accepter site in
the splice site preceding the donor site and/or due to the
use of new intronic cryptic splice sites. Several instances
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of exon-skipping have been reported to result from donor
splice site mutations (Aoshima et al. 1996; Chambliss
et al. 1998).

Similarly, a SNP at the splice accepter site can affect
splicing in several ways. A commonly seen effect is the
skipping of the exon 3’ of the accepter site because the
accepter site is not recognized (Fig. 1C). In all of these
different splicing scenarios, several outcomes are possi-
ble. The change in splicing pattern may result in the
inclusion of a premature STOP codon either directly or
via a frameshift, and in turn lead to NMD or the trun-
cation of a functional or structural domain. Alternatively,
the change in gene structure may lead to a plausible full-
length coding sequence that nevertheless misfolds due
to insertion or deletion of additional amino acids, or the
splice variant may produce a stable full-length protein
that is structurally or functionally distinct from the
“canonical” coding sequence encoded by the locus.

SNPs in alternate isoforms

The impact of SNPs that affect only some isoforms of
a gene is even more difficult to interpret. Figure 1D
illustrates the effect of a SNP on two isoforms of a gene.
Only isoform 1, consisting of three exons, is affected
when the SNP is in exon 2. On the other hand, when the
SNP is in the third exon, both isoforms are affected. Tran-
script complexity is an often-overlooked aspect in ge-
nome analysis despite the fact that alternatively spliced
isoforms are common. It is known that different isoforms
of protein-coding genes may be expressed in different cell
types. Therefore, SNPs affecting only some transcripts
could have profound tissue-specific effects. It has been
shown that SNP variation among transcripts in B cells is
associated with loci related to four autoimmune diseases
(Fraser and Xie 2009).

In the above discussion, we elaborated on the effects of
SNPs on gene function. While it is clear that SNPs can
lead to inactivation of genes, prediction of gene inactiva-
tion is not easy and requires experimental validation.
Despite these uncertainties, some of the SNPs in the cate-
gories above lead to LOF and thus affect gene annotation.

Survey of personal genomes for impact of gene
inactivation on gene annotation

Most of the examples discussed above were known before
the current era of personal genome data. However, the
availability of large numbers of individual whole-genome
sequences now allows us to get an initial sense of the ex-
tent of genetic variation discovered by personal genome
sequencing and its inferred impact on protein-coding gene
annotation.

We surveyed the sequence variations in 21 recently
published personal genomes and exomes for nonsense
SNPs and SNPs in canonical splice sites using a uniform
gene annotation (Table 1). All of the genomes contain
many nonsense SNPs, ranging from 41 to 160 per indi-
vidual (Table 1). A large proportion of these SNPs are seen
in only one individual (singletons) (Table 1).
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Table 1. SNP statistics in published personal genomes
and exomes

STOP STOP
Genome gained lost  Splice Reference
ABT? 158 33 120  Schuster et al. 2010
AK1 160 26 85 Kim et al. 2009
Ancient 58 18 5 Rasmussen et al. 2010
MD8§? 75 25 88  Schuster et al. 2010
NAO07022 66 20 50 Drmanac et al. 2010
NA12156 45 11 5 Ng et al. 2009
NA12878 42, 8 5 Ng et al. 2009
NA18507° Bentley et al. 2008;

118 38 67 McKernan et al. 2009

NA18517 54 11 5 Ng et al. 2009
NA18555 41 9 3 Ng et al. 2009
NA18956 46 5 4 Ng et al. 2009
NA19129 52 9 6 Ng et al. 2009
NA19240 83 30 56 Drmanac et al. 2010
NA20431 81 24 60 Drmanac et al. 2010
NB1? 73 23 81 Schuster et al. 2010
PO 129 26 52 Pushkarev et al. 2009
SJK 81 20 50 Ahn et al. 2009
TK1? 82 23 83 Schuster et al. 2010
Venter 71 15 71  Levy et al. 2007
Watson 124 25 70  Wheeler et al. 2008
YH1 63 23 63  Wang et al. 2008
Total® 855 107 536
Singletons 669 54 431

All published SNPs were mapped on to the same gene annota-
tion data set, GENCODE version 2b, obtained from ftp://ftp.
sanger.ac.uk/pub/gencode/release_2b, so as to be able to com-
pare them in a consistent manner (Harrow et al. 2006).

#The SNPs reported here for these individuals are based on their
whole-genome sequence and/or their corresponding exome and
do not include genotype data.

PThe whole-genome sequence of NA18507 has been reported by
two different groups using different sequencing platforms. Here
we report the union of SNPs obtained from the two different
studies.

“Represents a set of unique SNPs obtained from combining the
SNPs in all the personal genomes and exomes.

The personal genome sequences have been obtained
using different technologies and differing depths of se-
quence coverage. Therefore, the range of SNP numbers
represents a combination of genuine diversity and exper-
imental artifacts, with the latter being due to differences
in sequencing platforms, depth of coverage, and different
algorithms used for mapping reads to the genome and for
calling genetic variants. In the following sections, we
thus restricted the analysis to the subset of potential LOF
SNPs found in both dbSNP129 and at least one of the
personal genomes to obtain a more confident data set. We
further narrowed the set to SNPs that affect all tran-
scripts of a gene to obtain a SNP set with likely functional
significance. After applying these criteria, the set of LOF
variants contains 217 SNPs that introduce a premature
STOP, 33 SNPs predicted to disrupt a STOP codon
present in the reference, and 64 SNPs within canonical
splice sites.
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SNPs that introduce new STOP codons

Of the 217 STOP-causing SNPs, 113 lead to truncated
genes that are predicted to be targets for NMD. Figure 2A
shows the frequency distribution of SNPs that lead to
premature STOP codons in four different HapMap pop-
ulations, and it is clear that the nonsense SNP is the
major allele in a number of genes (Thorisson et al. 2005;
Altshuler et al. 2010). Thus, in some cases, the gene vari-
ant containing the premature STOP codon is the pre-
dominant form present in most humans.

Figure 2A also shows that, while in most cases the
frequency of the nonsense SNP is broadly similar across
human populations, in some cases there is considerable
variation. For example, Figure 3A shows the truncation of
Zonadhesion (ZAN) at Trp 1883 due to the introduction
of a premature STOP codon. However, while the fre-
quency of the nonsense SNP for CEU and YRI is <3%, it is
~50% for the Asian populations (CHB and JPT). We see
a similar trend in the personal genomes where only the
Asian individuals, AK1 and YHI, contain the STOP allele.
It is easy to see that if the reference genome were that of
an Asian individual, the truncated form might be anno-
tated as the representative ZAN gene.

Unlike ZAN, in the ZNF117 locus, the nonsense SNP
occurs at a high frequency in all populations and also
corresponds to the ancestral allele at this position (Fig.
3B). Thus the nonsense SNP in ZNF117 represents an
example where the reference genome is different from the
majority of analyzed humans.

SNPs that disrupt STOP codons

A nonsynonymous polymorphism at a STOP codon leads
to elongation of the protein, as translation of mRNA
continues until the next in-frame STOP codon is reached.
In Figure 4, we illustrate an example of an annotated gene
that likely represents a nonfunctional variant. In FMO2,
a'T/C SNP changes the annotated STOP codon to Glu 472
and extends the protein by 64 amino acids (Fig. 4). The
truncated form, although not a candidate for NMD, does
not appear to be catalytically active (Dolphin et al. 1998),
and, although the functional allele is the longer version
of FMO2, the shorter inactive form is annotated as if it
were a functional gene.

The functional allele exists in a minority of humans
and is predominantly seen in the African population
(Whetstine et al. 2000). Multiple sequence alignment of
several mammalian species shows that the longer form
is also present in other species (Fig. 4). There is thus a
compelling argument that the minor allele encoding the
longer, functional, and evolutionarily conserved protein
should be annotated as the gene. A number of other ex-
amples where genes exist in both the active and poten-
tially inactive forms in humans are shown in Figure 2B.
In particular, the reference genome has a STOP codon
early in the coding sequences of TAAR9 and SERPINB11.

Splice site SNPs

Of the 64 SNPs in splice positions from our SNP set, the
reference genome has a noncanonical base at the annotated
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splice site in 13 cases. This may represent a variant or
error in the reference, an incorrect splice site annotation,
or a noncanonical but functional splice site. Figure 5 de-
picts a SNP A/G, rs2276122, where a new accepter splice
site is created in intron 1 of TMPRSS4. This leads to al-
ternative splicing at this newly formed accepter site,
resulting in a protein that has two additional amino acids
inserted in its sequence relative to the reference protein.
Thus, the gene structure is changed relative to the ref-
erence due to a polymorphism, resulting in creation of
an alternate accepter site.

In Table 2, we summarize the examples discussed
above that could potentially inactivate or alter gene
structure and consequently affect gene annotation. The
table highlights several issues in gene annotation in the
context of SNPs. It is clear that sequence variations
need to be taken into consideration for gene annotation
purposes. Here we pose a key question: What sequence

ZNF443 |

NPPA |
AC126365.6
FMO2
HSP90AB3P

W CEU M CHB WJPT MYRI

should be used as the reference for gene annotation, given
that some genes are nonfunctional in some humans?

Defining the reference sequence

Here we present five models for selecting the reference
allele: (1) the allele present in the current reference, (2) the
allele present in a chosen high-quality individual genome,
(3) the most common human allele, (4) the ancestral
allele, and (5) the maximum coding potential allele.

Current reference allele

The current human reference is a composite of sequences
from multiple individuals. While it does not represent
any single individual, it is also not representative of
the diversity that we see from the personal genome se-
quences. There is also an inherent bias toward annotating
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genes that are functional in the reference genome, result-
ing in events that may lead to gene inactivation being
largely overlooked in automatic annotation processes.
We earlier described cases in which the reference allele
is the minor allele and therefore is not representative of
the majority of all humans. Thus, annotation based on
the current human reference genome does not provide an
accurate and complete set of the genes found across
all human populations. We continue to use the initial
human genome as the reference sequence, despite it being
an arbitrary choice, because it provides us with a conve-
nient high-quality assembly and annotation.

Allele from a single individual’s genome

Alternatively, a single individual genome sequence could
be used as the reference. One advantage of using an
individual genome would be that it includes haplotypes
that are actually present in the population; the critical
disadvantage is that any one individual represents an
arbitrary choice and would not be representative of the
diversity of gene content seen in the human population.
In addition, choices would have to be made between the
two alleles at heterozygous positions, including between
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active and inactive forms of a gene. Another issue with
using an individual genome is that, while we assume that
the genome is representative of a healthy individual,
one cannot rule out the possibility that some genes may
represent a disease state even though the disease was not
apparent in the individual sequenced. Thus, there is a
potential to contaminate the reference gene set with genes
representative of a disease state (e.g., fusion genes from
an undetected cancer).

Most common human allele as the basis of annotation

Reference alleles at polymorphic sites could be defined
using the most common allele obtained from alignment
of multiple individual genome sequences. The problem
with this approach is that, in many cases, both allelic
variants at a given position may occur at similar frequen-
cies, making it difficult to pick the most frequent ref-
erence allele. This issue is compounded by potential
biases in the choice of individuals sequenced; it would
result in a relatively unstable reference gene set, as new
sequenced genomes would alter the observed frequency
of alleles and thus result in inclusion or exclusion of dif-
ferent alleles in the reference gene sequence over time.
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Figure 4. A T/C SNP, 1s6661174, at the annotated STOP codon of FMOZ2 leads to loss of the STOP codon (TAG to CAG). This results
in a 535-residue protein, 64 amino acids longer than the annotated FMOZ2 protein. The C allele is present in many mammalian species
and is seen predominantly in the African genomes. The homozygous C/C genotype is seen in TK1 (Khoisan African genome), and the
heterozygous T/C genotype is seen in four (MDS8, NB1, NA19240, and Yoruban) of the 21 personal genomes, as indicated on the right
side of the figure. The SNP is labeled in red in the personal genome sequences.

Ancestral allele as the basis of annotation

The ancestral allele at any variable site in the genome is
defined as the allele present in the common ancestor of
all humans, a state that can typically be inferred confi-
dently through comparison with outgroup species, usu-
ally nonhuman primates such as chimpanzees or ma-
caques, at the majority of locations in the genome where
such comparative data are available.

The primary benefit of using ancestral state to define
the reference allele is that it represents a fundamental
attribute of a polymorphism rather than an arbitrarily
defined one. However, this approach also raises chal-
lenges: Incomplete genome sequences of nonhuman spe-
cies mean that ancestral state cannot be accurately as-
signed for a small but nontrivial fraction of human
polymorphisms, and some positions (hot spots) mutate
so frequently that ancestral state information is lost.

TMPRSS4 - - -
E:.5|:>Iice."\cce;:uturSh:es
Reference allele : _ Isoform 1
Minor allele L QD P S
Human TCCTTCAATTACAGGATCCT
. Chimp TCCTTCAATTACAGGATICCT-
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§°5%  Elephant -TCCTTCRARCTTACAGGATCCT-
Platypus "TCTGGCTTETTA@CAG@GAC;CCA"‘
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gt TCCTTCAGTTAICAGGATICCT-
1 e TCCTTCAGTTAICAGGATICCT-
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Figure 5. The SNP A/G, 12276122, activates a cryptic splice site. A G at this position leads to creation of a new accepter site and
insertion of two amino acids, leucine and glutamine, in isoform 2. The homozygous G/G is seen in three (AK1, NA12156, and
NA20431) and the heterozygous A/G genotype is seen in four (YH, NA18956, PO, and Watson) of the 21 personal genomes, as indicated
on the right side of the figure. The SNP is labeled in red in the personal genome sequences.
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Table 2. Examples of genes where SNPs can affect gene annotation

Gene Type of SNP dbSNP ID Ancestral allele Reference allele Comments

FMO2 STOP loss 156661174 T/C Nonreference Major Reference is the major allele, but it is
nonfunctional. Should it be annotated
as the gene?

ZAN STOP gained 152293766 G/A Same as Major allele in CEU/YRL.  Let us assume that the Asian genome was

the reference. Which allele should be
annotated as the gene?

reference In the Asian population,
both alleles are present

at 50% frequency.

ZNF117  STOP gained rs1404453 C/T Nonreference

TMPRSS4 Splice variant 1s2276122 A/G Same as
reference

Minor Here the reference allele encodes a longer
protein relative to the majority of the
humans and the ancestor. Which one
should be the gene?

Major Splice site polymorphism leads to different
gene structures. Which one should be in
the reference gene set?

We anticipate that the issue of incomplete comparative
data will be largely resolved as additional nonhuman
primates (including from fossils) are sequenced and the
genome assemblies of currently sequenced species are
improved. In the case of LOF variants, it would be pos-
sible to use the functional allele as a proxy for ancestral
state when it cannot be unambiguously assigned.

However, inferring ancestral state will remain compli-
cated for some regions of the genome such as highly
repetitive, recently duplicated, and copy number variant
regions. For example, the chromosome 17q21.31 MAPT
inversion polymorphism, enriched in Europeans, contains
a 970-kb region that has been predicted to be inverted
at least three times independently in the human, chim-
panzee, and orangutan lineages (Zody et al. 2008). For
such complex cases, ancestral state inference will require
high-quality, long-read sequence data from multiple pri-
mate species, along with careful manual annotation of
the resulting assemblies.

It is also difficult to infer ancestral state for some genes
and gene families that have undergone human-specific
expansion, such as olfactory receptors, defensins, and zinc
finger transcription factor genes (Newman and Trask 2003;
Schneider et al. 2005; Hamilton et al. 2006; Groth et al.
2010). In some cases, the assignment of ancestral alleles
may not be possible, as orthologs may be difficult to
identify. However, in many cases, it will still be possible
to reconstruct the ancestral state using a combination of
human variation data and the sequence of closely related
genes.

Maximum coding potential allele as the basis
for annotation

We define the maximum coding potential allele as a
functional allele present in any one individual. In this
all-inclusive reference sequence, the functional allele of
a gene would be present in the reference genome even if
it has been seen in only one individual, with every other
sequenced sample carrying a pseudogene.

The benefit of this approach is that it is comprehensive:
By including all potentially functional genes, the inclu-
sive reference set would incorporate as much potentially
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functional coding sequence as possible—a feature of major
interest to biological and medical researchers. However,
this method ignores the evolutionary impact of gene in-
activation by including a gene as functional even though
it has become inactivated in a majority of populations
and individuals. Moreover, there is a danger of including
potential disease alleles in the reference.

Distinguishing benign LOF variants in apparently
healthy humans from disease-causing variants will be a
challenging task given that some rare variants, especially
heterozygous ones, might represent hitherto undiagnosed
or future disease states. Recessive disease-causing vari-
ants are benign in the heterozygous state but may result
in severe Mendelian disease when present in the homo-
zygous state. Nonetheless, it is likely that these marginal
cases can be resolved through careful manual annotation
(Harrow et al. 2006).

In choosing between these models, an additional factor
to consider is that the model is applicable to other
species. While several large-scale sequencing projects of
other genomes are under way, some will not be performed
at the same scale as for humans, in terms of both the
sequencing accuracy and the number of individuals sam-
pled. Careful manual analysis for other large-scale ge-
nome annotation projects may not always be feasible. For
consistent genome annotation across species, the human
reference annotation should be based on criteria that
make it a suitable model for comparative genome anno-
tation and analyses. We also note that, in many regions,
there will be a need for more than one reference sequence,
especially for genomic locations such as the HLA cluster,
where multiple highly divergent haplotypes coexist in
the population. In this case, the MHC Haplotype Project
(Horton et al. 2008) annotated eight haplotypes and chose
a single haplotype, PGF, as the reference MHC sequence
simply because this is the longest MHC haplotype.

Concluding remarks

The tremendous growth in human genome sequence data
in the last decade has clearly revealed the challenges of
defining a single reference genome and reference gene
set due to interindividual variability. However, resolving



these challenges will be crucial if we are to have a refer-
ence gene set that provides maximum power for studies
using large-scale sequencing to identify human functional
variation.

Two desirable qualities of a reference gene set are that
it (1) contains as much of the functional protein-coding
sequence in the genome as possible, and (2) be relatively
stable over time; i.e., unlikely to change frequently as
more personal genome sequences become available.
Weighing the benefits and limitations of each of our
models, we propose that the reference sequence be de-
rived on the basis of the ancestral allele, and the ref-
erence gene annotation be based on this sequence.

The ancestral allele model is nonarbitrary, should be
relatively stable over time, and is applicable to genome
annotation of other species. However, a drawback of this
model is that information about some human-specific
changes, such as duplications that have arisen since the
most recent common ancestor of a region of the genome
and remain polymorphic, will be excluded. Therefore, we
propose that a second “expanded” human gene set be de-
fined to include such cases in addition to the core reference
gene set. Representing this rich knowledge base will re-
quire improved visualization platforms within existing
browsers as well as comprehensive manual annotation.

While the focus of this Perspective has been on protein-
coding genes, it should be noted that a reference sequence
derived from the ancestral allele provides a consistent frame-
work for annotating both coding and noncoding regions of a
genome. Referencing the noncoding regions of the genome
based on the simple criteria outlined in the earlier section
will not be straightforward, as these regions are more
variable than coding regions and there can be tremendous
diversity in some duplicated regions that are both lineage-
and individual-specific (Ewing and Kazazian 2010).

We can extend the concepts introduced here for the
reference gene set to the entire human genome sequence.
Specifically, we can represent all polymorphic positions
in the reference genome with the most likely ancestral
allele, wherever this state can be inferred. Under this
scenario, the reference sequence would correspond to a
reconstruction of the haplotype present in the most
recent common ancestor of all humans. Such a choice
provides a uniform and consistent basis for choosing one
variant over another at every variable position, avoids
biases arising from an arbitrary reference genome, and
would provide a coherent framework for the next gener-
ation of medical and functional genomics.
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