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I.  INTRODUCTION

Everyday experience shows us thatall human beings are unique in their
external appearance and can be safely distinguished if only sufficient
independent physical traits are compared. From so-called identical twins
we learn that a considerable part of this phenotype is inherited.

One of the principal discoveries of modern experimental biology was
the importance of proteins for cellular and organismal life. “Life is the
form of existence of protein bodies™ stated Friedrich Engels, the co-
founder of Marxism, in his “*Dialectics of Nature,” which appeared at
about the same time as Darwin's writings. This was a bold speculation,
which at the time only a political philosopher might make, but it was
soon confirmed by biochemical facts. With proteins as the basis of cellular
physiology and biochemistry, the problem arose whether they exist as
uniform entities or whether as incdlividual variants such as does any other
biological trait. Slight variation between species was detected when the
first proteins, such as hemoglobin or collagen, were systematically
studied.
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Soon individual variation was also detected, mainly in human proteins.
In particular, immunology demonstrated the intraspecies individuality
of proteins. The first systematically studied object was the system of blood
group antigens, beginning with the ABO system detected by Landsteiner
and Wiener in 1901. The blood groups were demonstrated (1913) to
be stable individual properties of cellular antigens, and their individuality
was heritable, strictly following mendelian rules. In later years several
hundred blood groups were detected, and the topic developed into a
discipline of its own (Race and Sanger, 1975). Blood group antigens
became the model of human biochemical individuality and of inheri-
tance of traits. Family as well as population genetics in humans rested
on blood group antigen diversity as a main methodical tool, as the
application to paternity conflicts and to ethnological history testifies.

Clinical genetics contributed knowledge on individual genetics from
a quite different field, usually based on the study of rare diseases that
were found to segregate in certain families. It was surmised that absence
or deleterious variation of proteins is responsible for the majority of
diseases whose transmission follows mendelian principles. Pauling
coined the term ‘‘molecular disease” for sickle cell anemia caused by
a biochemically demonstrable variant of hemoglobin (Pauling et al.,
1949). Later on Ingram (1956) showed, by way of peptide fingerprint
analysis, the exchange of one amino acid in sickle cell hemoglobin. This
was the first case of an individual variant on the level of primary molecular
structure of a protein.

In the 1950s, new methods of protein separation were developed that
enabled the systematic study of molecular variation in many more human
proteins. Starch gel electrophoresis allowed the separation of closely
related protein variants by differences in charge and molecular size.
Smithies (1955) detected the amazing polymorphism of haptoglobin.
In Iater years the method was extended to the study of allozymes (enzyme
polymorphisms).

Electrophoresis remained for several decades the most powerful
method for demonstrating polymorphism in human proteins. The strik-
ing biochemical individuality of human proteins emerged slowly. Harris
(1966) demonstrated the existence of many polymorphisms in 3 of 10
enzymes studied in detail. He found an average heterozygosity (in his
case the mean fraction of electrophoretically visible allele differences)
of 10% in a sample of ethnic Europeans. Later on he extended the set
of enzymes and confirmed the range of frequency values.

Harris was also among the first to present the distribution of enzyme
polymorphisms in different human populations (Harris and Hopkinson,
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1972). Their cumulative mean value was 28% polymorphism and 6.7%
heterozygosity.

Electrophoresis as a method of study of molecular differences has its
limitations. It can demonstrate variation of the primary structure only
if it changes migration in the electric field, which is the case only for a
fraction (about one third) of the conceivable variants; the others are
electrophoretically silent. On the other hand, different amino acid re-
placements may cause the same electrophoretic variant and thus be
indistinguishable. Furthermore, the whole method was applicable only
to selected types of proteins and could not yield a genetically satisfac-
tory overview.

With the advent of protein sequencing, also in the 1950s, attempts
were made to study protein variation directly on the primary structure.
However, the method was very expensive and time-consuming and could
not be applied to population genetics. It remained confined to evolution-
ary study of differences between species (applied to molecular phyloge-
netics) and to the demonstration of sequence mutation in important
heritable diseases.

The advent of various techniques of DNA analysis (restriction fragment
length polymorphism [RFLP] analysis, gene cloning and sequencing,
hybridization with polymerase chain reaction (PCR) generated probes)
in the 1970s led to an explosion of studies on individual variation in
coding and noncoding sequences of the human genome. Cooper ¢ al.
(1985), for instance, used the RFLP technique to show a nucleotide
diversity (i.e., on the nucleotide level the fraction of differences between
two alleles randomly selected from the population) of 0.0037 in a bulk
DNA segment of the human genome; Nei (1975) arrived at a much
lower value (of 0.0004) in the coding regions of the genome (comprising
only 5% of the human genome). Li and Sadler (1991) collected data
from 49 fully sequenced genes (75 kb of coding and perigenic regions)
and found “‘low nucleotide diversity in man,” namely only less than 1
polymorphism per 1000 sites, in contrast to certain strains of Drosophila
whose genome was shown to contain about 10-fold more variants.

This chapter describes recent developments in the study of the individ-
ual variation in the coding part of the human genome. It is now possible
to estimate genetic parameters on the molecular scale. This field is still
in its infancy, although the necessary large-scale array technology is
expected to mature soon and will be applied to genomic sequences of
large population samples. The studies so far published are still restricted
to certain segments of the genome (where interesting genes are located).
Larger noncoding regions have not been studied. Meanwhile our group,
as well as others, concentrated on database analysis of expressed se-



412 SHAMIL SUNYAEV ET AL.

quence tags (ESTs) as a source of preliminary statistical information of
the amount and distribution of individual variation along the whole
human genome. As the most recent and presumably most efficient
method of study is the indirect one, namely establishing genomic nucleo-
tide variation of DNA or of cDNA derived from expressed genes rather
than directly of protein sequence, it is important to put variation in
coding and noncoding genomic parts into comparative perspective.

II. POLYMORPHISM VERSUS MUTATION—NEUTRAL DRIFT VERSUS SELECTION

If in a DNA or protein sequence a single position is variant, this
may be called a polymorphism or mutation. The difference is set by
convention: a mutation is rare, and a polymorphism is common. By
implication, a mutation may be deleterious, or in rare cases it may be
advantageous for the reproductive fitness of its carriers. A widespread
polymorphism, on the other hand, is unlikely to affect the fitness to
such an extent. A frequency value of 1% of the polymorphic allele is
usually taken as a threshold between mutation and polymorphism (Ki-
mura, 1983; Li, 1997). A polymorphic site is called biallelic if two variants
segregate in the population, and multiallelic if there are more than two
variants, which is a rare event in human sequences.

There is a long-standing controversy whether mutation or selection
is the major driving force of molecular evolution. ‘‘Neutralists™ say that
its rate is mainly determined by an excess of mutation, and the main
changes in time are explainable by a selectionally neutral drift of genes
in the space of possible sequence variation. ‘‘Selectionists’” say that there
is always enough variation (i.e., mutation) in a population, and decision
comes from environmental change and selection against unfit or in favor
of fit variants. Proponents of the neutralist theory are Kimura (1983)
and Li (1997), whereas the neodarwinian selectionist argument has been
stressed by others (Gillespie, 1994) . The truth is perhaps that both factors
play a role, and which of them dominates depends on the particular
problem.

A polymorphism can be a risk factor for an individual’s health or life
expectancy without impairing its reproduction. This appears to be the
case for many common human diseases, which manifest themselves only
after the generative period, so that evolutionary selection against such
a trait cannot be operative.

III. PopruLATION DYNAMICS OF SEQUENCE VARIATION

A polymorphism that occurs at considerable frequency in a population
is likely to be very old (i.e., must have originated many generations ago).
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Population genetics has produced a detailed theory of the relationship
between frequency, drift, and selective value of genetic variation (Nei,
1975; Hartl and Clark, 1989; Li, 1997). The problem with its straightfor-
ward application is that the main parameters, such as history of popula-
tion size, fixation rate, and selective pressure, are difficult to establish.

The age of a common variant, i.e., the number of generations during
which it existed, is in the numeric range of the effective population size
N, provided that the mutation rate did not vary dramatically and that
the selective value is nearly neutral. A rare variant, on the other hand,
may be rare because reduced reproductive fitness has prevented its
spreading over the population. In this case it is on its way to extinction
or to equilibrium with new mutations, but it may also be a neutral
polymorphism on the rise, i.e., a young one; a polymorphism that is just
disappearing because of random genetic drift; or linked to a site that
is functionally favorable and is therefore “‘hitchhiking” with that site
under heavy selective pressure (see discussion by Chakravarti, 1998, and
Clark et al., 1998).

The effective population size N, (defined as the number of people
contributing chromosomes to the next generation) is lower than, but
in the order of magnitude of, the true size N of a breeding population.
If N fluctuates with time, then the average effective population size is
an intermediate value (the harmonic means) between all values that it
had during the evolution, but such a value is closer to the value of the
“bottleneck” of the population history. Also geographic or other causes
of isolation of subpopulations tend to modify the effective population
size. As all such circumstances are difficult to retrace after many genera-
tions, the estimation of the effective population size is a difficult under-
taking. Bipedal tool-using hominids have occupied much of the Old
World for approximately 1 million years. Modern human population
appears to have originated from a small group (of a few thousand, at
most) about 100,000 years (about 5000 generations) ago. It underwent
several narrow environmental bottlenecks since, so 1000 to 5000 genera-
tions might be the age of most segregating sites on the human genome.
Our population size remained at a low value (perhaps as low as 10¢, see
also Bergstrom et al., 1998) for a long time and exploded at an exponen-
tial rate only about 50,000 years (about 1000 generations) ago (Harpend-
ing et al., 1998). For species older than Homo such an estimate is even
more difficult to obtain.

The usual situation at a molecular site (such as a sequence position)
is monomorphism (only one nucleotide present in the population) or
biallelism. Multiallelism is rare. This fact can be explained by population
dynamics over a large number of generations. When a variant is deleteri-
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ous or very favorable, it will soon die out or replace all others, respectively.
If it is neutral, or nearly so, then the theory predicts that a newly appear-
ing variant in a population of N individuals has a chance of %N of
becoming fixed (replacing the competitor) or 1%2N that it will disappear
again by random drift (Kimura, 1962). Fixation of a neutral allele, if it
occurs, takes roughly N generations (Kimura and Otha, 1969), which
can be longer than the existence of that species, whereas disappearance
or fixation due to selection, if it occurs, is complete after a number of
generations proportional to log N, i.e., rather soon. This holds when
the mean number of new mutations at sites per generation is small. The
evolutionary story of a site depends then on its selective value. If it is
advantageous or disadvantageous, long periods of monomorphism of a
site are interrupted by short periods where rare variants appear and
disappear or become fixed very quickly. Neutral sites, on the other
hand, display slow changes of frequency together with long fixation or
elimination time. Thus common polymorphisms are liable to be neutral
or nearly neutral variants.

The mutation rate u of the nucleotide (or amino acid) at a sequence
site is related to the popular notion of a ““molecular clock” (Zuckerkandl
and Pauling, 1965), because it determines after which time the clock
ticks and a new mutation arises because of a copying error during meiosis.
Whether this clock ticks uniformly is a topic of prolonged debate (sum-
marized in Li, 1997). The question is usually treated by comparing
sequence difference at (supposedly) neutral sites with evolutionary dis-
tance between species.

Typical values of u range between 107 and 107 per individual site
per generation. The actual value seems to vary for different types of
replacements, in different gene regions, in different genes and different
populations, and between species. Under the neutral hypothesis it is
possible to equate mutation rate (number of mutations appearing every
generation) and evolutionary rate (number of substitutions reaching
fixation per generation), independent of the population size. If selection
is operative at a site, the evolutionary rate will explicitly depend, apart
from the mutation rate, on effective population size and selective advan-
tage (Kimura, 1983).

In an extant population the heterozygosity at a given site may be
measured. Under the neutral hypothesis and assuming that the mutation
rate is sufficiently low, one may calculate the product 4N,u, which is in
the numerical range of the expected heterozygosity. A typical nucleotide
heterozygosity is in the range of 5/10,000, which implies that if wis 107
or (107*) then N, is 500,000 (or 50,000, respectively).
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IV. SpECIES DIFFERENCE VERSUS INTRASPECIES VARIATION

Molecular phylogeny is a discipline that studies species differences
between DNA or protein sequences. Its basic tenet is that during evolu-
tion, the sequences have drifted apart by mutation and selection as well
as by random drift and fixation of variants in certain positions. The
earlier two species separated the more differences became fixed. Phyloge-
netic trees are constructed on the basis of mutual differences of protein
and/or DNA sequence. Comparison of intraspecies variation with
between-species variation may in the future yield information on the
neutralist/selectionist alternative. McDonald and Kreitman (1991) de-
vised an interesting test against neutrality that compared the ratio of
silent/replacement mutation of a given locus within a species with the
same ratio between two related species. Under the neutral theory this
should be equal (corrected for sample size), but in fact it is not (see Li,
1997, and Hudson, 1993, for a discussion).

V. Srupies ON SINGLE-NUCLEOTIDE PoOLYMORPHISM (SNPs)

Large-scale identification of single nucleotide polymorphism is one
of the major goals of the genome research in the next years. This will
furnish rich information about individual genetic diversity in humans.
A further obvious application is the usage of mapped SNPs as genetic
markers of susceptibility for diseases or of variation in drug response.
Also SNPs that in themselves affect the phenotype are important. Such
variations may occur in noncoding regulatory regions or splice sites of the
DNA, but perhaps more frequently in the primary structure of proteins. If
variation of primary structure is involved and its common polymorphisms
are known, study of direct association between gene polymorphism and
traits may be more powerful than the indirect demonstration of the
responsible locus by linkage mapping to marker loci [compare the rele-
vant discussion by Risch and Merikangas (1996) and Collins et al. (1997)].

Chip-based technology for finding SNPs in the human genome are
emerging (Wang et al., 1998; Winzeler et al., 1998; Hacia, 1999; Ramsay,
1998) and will enable the study of polymorphism in large populations.
It requires knowledge of polymorphic sequence tagged sites (STSs),
allowing the synthesis of specific oligonucleotides on the chip. To find
¢SNPs, one must screen large sets of overlapping oligonucleotides over
the whole coding segment of many individual chromosomes. So far this
systematic identification of SNPs has been confined to limited gene
regions of special interest (Harding et al., 1997; Nickerson et al., 1998).
Another study (Wang et al., 1998) covered a broad part of the genome,
but only with a small population sample. Winzeler et al. (1998) screened
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the whole (but relatively small) yeast genome, whereas Chee et al. (1996)
studied the complete variation of the complete (and again relatively
small) mitochondrial genome of humans on several dozen individuals.

Wang et al. (1998) studied SNPs in the human genome. They examined
2.3 megabases of human genomic DNA by gel-based and DNA chip
methods and identified more than 3000 SNPs and established the geno-
mic location of more than 2000 among them to provide a powerful
mapping tool for genetic studies of traits important in medical applica-
tions. They produced DNA chips that allow simultaneous genotyping of
500 SNPs. Part of their study dealt with the frequency of SNPs in gene
regions of the genome, by genotyping individual variation at sequence-
tagged sites obtained from 3'ESTs (two-thirds) and from random geno-
mic sequence (one third). Their estimate of average heterozygosity was
4.5 in 10000 sites. A difference between this value in 3'ESTs and random
ESTs was interpreted to be consistent with more selective constrain in
coding than in noncoding regions. The authors did not specifically
address the frequency of cSNPs in the narrower sense.

Nickerson et al. (1998) studied the individual genomic variability of
a contiguous stretch (9.7 kb) of the human lipoprotein lipase gene by
sequencing 142 chromosomes from individuals from three very different
ethnic origins; 90% of this region was noncoding (introns) and 10%
was coding, which is fairly typical for human genes. They found 79 single
base substitutions and 9 insertion/deletion variants; 81 variable sites
were found in the noncoding region of 8736 nucleotides (nt). There
were 7 variants in the coding region of 998 sites; 4 of some were missense-
variants on the protein sequence level. More than half the variants were
found in more than 10% of the individuals examined. The nucleotide
sequence diversity, defined as expected heterozygosity averaged over all
sites, was 1 per 500 nt overall (approximately equal over all ethnicities),
but was fairly different in different parts of the gene. It was highest in
regions of genomic repeats (1 per 312), followed by noncoding regions
(1 per 476) and coding regions (1 per 2000 nt). There was 1 segregating
variable site per 142 nt in coding and 1 per 108 nt in noncoding regions.
Obviously ¢cSNPs are more carefully selected against and tend to occur
predominantly at low frequency. This explains why the ratio of segregat-
ing sites in coding versus noncoding parts may be about unity, but the
frequency-dependent score of heterozygosity is not.

A series of papers with first systematic studies of SNPs in selected genes
have been published recently (Cargill ¢ al., 1999; Halushka ez al., 1999,
Hacia et al, 1999). In all studies high-density variant detector arrays
(Chee et al., 1996; Lipshutz et al., 1999) were used to detect SNPs in
PCR products. In the study denaturing high-performance liquid chroma-
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tography was used for detection of variants in PCR products. In all cases
the authors confirmed candidates obtained by these screening methods
by direct sequencing of the relevant genomic regions.

In the first two studies (Cargill, Halushka) known genes were investi-
gated, which are thought to be relevant for polygenic cardiovascular
(including blood pressure regulatory), endocrinological and neuropsy-
chiatric disease traits. A total of 181 genes (about 380 kb of genomic
sequence) were screened for variants in their coding and adjacent 3’
and 5'UTRregions. The data came from approximately 260 independent
alleles; donors were from different African, European, and Asian sources.
The authors of this companion publication reported a total of about
1500 SNPs, of which 780 (about one-half) were in the coding region of
the respective genes, and half of these were synonymous and one-half
nonsynonymous cSNPs. As only about 40% of all possible variants were
synonymous, an equal number of SNPs means that they are about two
fold to three fold more frequent in synonymous sites.

The nucleotide diversity in silent positions may be calculated for a
given sample size and sequence length and is about 8 to 10 per 10,000
sites. Estimates of 6 and 7 (diversity and heterozygosity) were close
to each other, as suggested by the neutral theory assuming constant
population size (10,000 individuals) under the infinite sites model of
population genetics (Li, 1997).

The situation was different for replacement variants. Here the number
of segregating sites, as well as the average heterozygosity, was much
smaller than in silent positions and in noncoding positions. This was
explained as selection effect. Silent and replacement polymorphisms
are believed to occur at the same basic rate, but only about one third
of the latter are ‘‘accepted’ by selection owing to reproductive fitness.
This conclusion was further corroborated by the more subtle argument
that estimates of the mutation parameter 6 were greater if based on the
number of segregating sites than on heterozygosity. This points to slightly
deleterious alleles in the replacement fraction (Tajima’s test, cf. Li,
1997, p. 248).

The distribution of ¢cSNPs in different genes is not homogenous. There
were genes without any ¢SNPs and others with up to 30 ¢SNPs. This
pattern was also observed in Drosophila (Moriyama and Powell, 1996).

Both articles included comparative studies on ape genomes in an
attempt to reveal information on the evolutionary age of polymorphisms.
If at a biallelic site one allele is present in the related species, it thought
to be the ancestral allele. In most cases the more frequent allele was
also the ancestral one, although there were exceptions with the less
frequent allele being that of the chimpanzee (this was ascribed to drift
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or negative selection pressure). The nucleotide diversity between chim-
panzee and humans was confirmed to be in the percentage range, i.e.,
about one order of magnitude higher than the intraspecies variation in
humans. Also the third article of the cooperative group using Affymetrix
arrays (Hacia et al., 1999) dealt with ancestral variants among a set of
SNPs. In their set a considerable fraction of alleles were dominant in
humans but not of common ancestry with the other primates. Most
alleles newly acquired by humans involved the highly mutable CpG
dinucleotide in genomic sequences.

Polymorphisms were much more frequent in individuals whose ances-
tors came from Africa rather than from other continents. This finding
is in keeping with previous studies (e.g., Zietkiewicz et al., 1997). It
supports the idea that non-African populations originated from Africa
and on emigration in prehistoric time were subject to a “‘population bot-
tleneck.”

The articles contain cautious extrapolations to the whole genome. It
is predicted that 75,000 genes contain about 1 million SNPs, 500,000 of
them in noncoding regions, 250,000 silent, and 250,000 missense cSNPs.
Because more than 40,000 genes have already been ‘‘hit”’ by ESTs, one
may expect a large number of such polymorphisms to appear in EST
collections if their volume continues to increase at the present rate.
About 80% of all genes may be expected to be polymorphic at the
protein level, with an average heterozygosity of 17% between sequences,
which is higher than the classic studies (such as Harris, 1966; and Harris
and Hopkinson, 1972) with physicochemical methods in the pregeno-
mic area.

VI. ESTSs as DATA SOURGE

A, Studying Individual Sequence Variation

Expressed sequence tags are short sequence segments (usually up to
500 nt long, but rarely they may be longer by a factor of 2 to 3) obtained
by reverse transcription into cDNA clones from mRNA preparations of
a cell or tissue in a specified functional or developmental stage. They
are produced by automatic procedures and released by their producers
(after a certain time lag) into public databases. At present EST collections
(in particular from human origin) grow much faster than any other
genomic sequence information. The main application of EST analysis
is gene expression. As a by-product they may be evaluated for the study
of individual variation in the expressed part of the human genome.
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Mining for SNPs in EST databases requires only computer resources
and does not incur experimental cost (as do the various techniques of
large-scale DNA chip analysis).

An ideal EST meets the following criteria:

It is a short contiguous reverse-transcribed segment excised from a
spliced mRNA. It should contain either the 5'untranslated region
(6'UTR) and/or spliced exonic sequence, and/or 3'untranslated re-
gion (3'UTR).

The ensemble of ESTs in the available databases should cover all genes
of the genome and all parts of each gene. At present, there are about
1.3 million human ESTs covering about 75,000 human mRNAs. Thus
one mRNA is hit on the average by >10 ESTs, but one EST can cover
only a fraction of mRNA sites (about 300 nt per about 2000 sites).

It contains neither intergenic material away from the coding region
nor intronic sequences.

Its abundance is approximately proportional to the equilibrium be-
tween synthesis and hydrolysis of mRNA.

To avoid heavy overrepresentation of mRNA species typical for the
respective tissue (such as globin in red blood cells), normalization proce-
dures reduce the redundant population.

Alignment of autologous EST stretches from different donors reflect
individual genomic variation in the coding region (missense and silent),
and/or the adjacent expressed regulatory parts (e.g., promoter region,
terminator region).

It displays part of the correct amino acid sequence of the gene product
when read in the correct complementarity and reading frame.

It reveals splice variants.

In practice, the EST collection does not live up to these ideal demands:

It can cover only a fraction of the expressed part of the genome,
because some genes are read off at a very low level or not at all.

Coverage of expressed information is far from uniform. Figure 1 shows
a typical example of a gene whose mRNA sequence is known. The
coverage is skewed toward the 3'UTR. Only about 30% of all mRNA
sites are at the present time covered by more than one EST library (see
results later). This reduces the chance of finding many of the existing
SNPs. As aresult any large-scale in silico analysis of polymorphic variations
will be biased toward the tail region of strongly expressed genes.

There is some error in the sequences (Ewing el al., 1998), which is
no problem for the usual whole-sequence-based approach to expression
analysis, but a drawback when individual sites are studied. In particular,
the automatic base calling by a computer may increase the error.
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There is also a small error (said to be about 1/10,000;) owing to
reverse transcription and synthesis involved in the generation of cDNA
clones from mRNA.

Incompletely spliced primary messenger, as well as unprocessed geno-
mic material, may be present as impurities in a mRNA preparation and
may obscure the alignment of autologous ESTs necessary for finding
variants.

SNP candidates derived from ESTs refer to one allele of the donor
person, so the zygosity of the carrier may remain obscure.

Some EST preparations come from pooled material rather than from
one person, which may make statistical calculation dubious.

Several libraries are from one person, which also confuses statistical cal-
culation.

An error source is that a variation in an alignment of EST sequences
may not come from the same gene but rather from a highly similar
paralogous copy elsewhere on the genome or from a pseudogene
(“‘dead” gene: transcribed, processed, but not translated into protein).
This necessitates restriction to high sequence identity as a criterion of
inclusion of an EST into the aligned cluster. This does not fully rule
out the paralalogy error and nevertheless risks to exclude some true
variants that do not pass such a strict threshold.

Despite these problems EST databases are a valuable source of large-
scale analysis of human variation. They will become even more valuable
as the data continue to grow at the present rate. An algorithm for
computer-aided SNP mining should contain filters to eliminate the po-
tential sequence errors. Such filters can be based on the probabilistic
analysis of sequence features. It can also take into account that multiple
occurrences of a variant are more trustworthy, and it may furthermore
focus on improving the quality of base-calling if the fluorescent traces
are available for closer srcutiny.

Fic. 1.  Example of EST coverage of the coding region of a gene. Shown in schematic
form is the coding and perigenic sequence obtained from Homo sapiens mRNA for
KIAA0723 protein (GI code 38982166). It served as master sequence to which all ESTs
with nucleotide identity >99% were aligned. The first line after the scale symbolizes the
complete messenger (3994 nt) from its 5'UTR (left) to the 8"UTR. The symbols < and
> symbolize the end of the coding region. The cluster of ESTs is curtailed: on the bottom
right follow 179 more ESTs, all in the 3'EST region. Itis seen that the EST cluster covers
nearly the whole gene with random ESTs. The +=symbol shows 13 positions where the
alignment contains a SNP candidate (relative to the mRNA master sequence).
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B.  Methodics of EST-Driven Generation and Evaluation of
¢SNP Candidates

ESTs were obtained from dbEST (Boguski et al., 1993), a regularly
expanding database as division of GenBank (Benson et al., 1999) that
contains sequence data and other information on “‘single-pass” cDNA
sequences and/or expressed sequence tags from a number of organisms
including homo sapiens. A brief account on the temporal development
of that collection is given by Boguski (1995).

mRNA could be obtained from GenBank or EMBL entries identified
by the appropriate annotation (‘“mRNA,” “‘complete cDNA™). GenBank
is the genetic sequence database maintained at the NCBI of National
Institutes of Health in Bethesda, MD. EMBL is a sequence database
maintained in EBI outstation of EMBL in Hinxton. There were approxi-
mately 3 billion nt in 4 million sequence records in these databases as
of June 1999. About 9000 mRNA or cDNA entries may be used as a fully
sequenced master template for studies of variation.

Several groups focused on hunting SNPs from assembled EST clusters
such as collected by UNIGENE database (Schuler, 1996, 1997; UNI-
GENE, 1999; for such applications see Taillon-Miller e al., 1998; Buetow
et al., 1999; Picoult-Newberg e al., 1999). The last two groups used the
Phred base calling program together with the Phrap sequence assem-
bling tool (Ewing et al., 1998; Ewing and Green, 1998; Green, 1998;
Gordon et al., 1998). This procedure yields a quality score for each base
as called, which expresses its statistical trustworthiness on a logarithmic
scale (e.g., Phred value >20 is already a reliable call, whereas values
below 20 are increasingly doubtful).

The approach of Buetow et al., (1999) includes two additional features.
With the help of the PHYLIP package, they exclude possible paralogous
genes via analysis of the phylogeny of the cluster. The EST set so purified
is analyzed by the DEMIGLACE tool, which extracts protential sites of
variation from the multiple alignment and applies several filters. A SNP
candidate is rejected if its neighbors have low Phred quality, if the
fluorescence peak is too small compared with standard peaks of that
base, and if there is a double peak or one read from one DNA strand only.
All remaining candidates are scored by Phred quality values converted to
bayesian posterior probability.

Picoult-Newberg et al. (1999) also applied after Phred/Phrap a set of
filters to avoid sequencing errors. They excluded candidates if there
were indels or further mismatches nearby in the sequence. They ne-
glected variants suggested in the first 100 EST positions since this region
is known to have a high error rate. They also discarded variants seen
only once in the EST collection.
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We performed a benchmark analysis on a set of genes for which the
full mRNA and/or the pertinent protein sequence was documented in
the literature. Instead of clustering ESTs without any template, we
aligned them by a BLAST search (Altshul et al., 1997) to this set of
master mRNA sequences and looked in these alignments for variant
letters. We applied a set of filters as follows:

Only subalignments of length >100 nucleotide above 99% sequence
identity and with >15 exact matches at both ends were considered. This is
a hard criterion for excluding paralogs and other unreliable candidates.

Positions were excluded when there were closely located further mis-
matches (window sizes applied: 33 and 3 nucleotide).

Sequence patterns were excluded that were liable to cause gel compres-
sions (Yamakawa and Ohara, 1997), or homopolymer stretches, which
often lead to base miscalls.

ESTs that aligned to >1 mRNA of the panel were excluded.

A significant improvement of the prediction reliability is achieved by
considering only variants that occur more than once. The price to be
paid is a strong sampling bias toward frequent variants.

About 60% of the data collections offer the pertinent EST chromato-
grams. In these cases we applied a filter based on Phred quality.

C. SNPs Identified by EST Data Mining

Buetow et al. (1999) reported >3000 candidates with a score >0.99
from the set of >8000 UNIGENE clusters. A subset of nearly 200 candi-
dates was subjected to a direct validation in a pooled preparation from
10 individuals (20 chromosomes). More than 80% of these candidates
were indeed present as variation in this pool.

Picoult-Newberg et al. (1999) analyzed >21,000 5'ESTs and >19,000
3'ESTs. More than 6000 candidates were localized, but only 850 passed
the filters applied. They inspected the fluorescence traces of 100 ran-
domly selected specimens. A total of 88 verified candidates were then
validated as common variants by sequencing from a panel of individuals;
55 out of 88 sites were confirmed to be polymorphic. In four cases all
samples appeared to be heterozygous, which points to sampling from
more than one gene of a multigene family (they did not pursue possi-
ble paralogy). ,

Our own data may summarized as follows. To benchmark the mining
our method and also to provide access to information of medical interest,
study focused on a subset of 500 human genes, called disease-associated
genes, because experimental data on genetic variation and trait associa-
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tion are available from the OMIM database of mendelian traits (McKu-
sick, 1999). All ESTs were aligned to the mRNA sequences of these genes.
To test doubtful candidates a less strict sequence identity threshold of
95% was applied at the amino acid level for inclusion into the alignment.
All other methodical details were as described previously. We selected
100 predicted nonsynonymous SNP candidates from this alignment and
subjected them to direct resequencing of the cDNA clone. In 61 cases,
we also obtained the fluorescence traces. Thus we could evaluate the
reliability of the Phred scores as predictors of nucleotide variants. Table
I shows the comparison and leads to the conclusion that variants with
Phred value >20 are fairly confident candidates of a true SNP. The
results of this benchmark test allow cross-validation of the fraction of
known polymorphisms (mentioned in OMIM or SWISS-PROT protein
sequence collection, Bairoch and Apweiler, 1999) found, as well as the
percentage of false-positive and of false-negative results.

These test results encouraged us to do a SNP search in all presently
available mRNA sequences. The EMBL database contains approximately
9000 fully sequenced mRNAs. Table II describes the overall coverage of
mRNA nucleotide sites by at least one, and the coverage by more than
one, EST. Figure 2 depicts the tail of the distribution of high coverage
in more detail. Only 32% of all sites are covered by more than one
EST, and this percentage is skewed toward perigenic 3'regions. A small

TaBLE [
Validating of SNP Candidates: Phred Value vs. Resequencing*

SNPs confirmed by SNPs rejected by
Threshold resequencing resequencing
Total number of SNPs among them 38 23
Phred > 40 15 0
Phred > 30 22 0
Phred > 20 28 1
Phred > 15 30 2

* A total of 61 predicted nonsynonymous SNPs were selected for which the fluorescence
traces and the perinent Phred quality values were available. Resequencing of the clones
confirmed 38 of the 61 SNPs, whereas 23 were rejected as sequencing errors in the da-
tabase.

It is seen that candidates with high phred values are always confirmed, but a number
of true SNPs will be missed (false negative). Lowering the Phred value threshold will
increase selectivity, but at the cost of including more and more false positives. A value
>20 is an appropriate selection threshold: candidates with higher values are reliable
(only 1 false-positive in 29), but only 28/38 true polymorphisms will be found. Lists of
candidates with lower values contain nearly all polymorphisms, but also 3/23 false-positive
or more.
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TasLE 1I
EST Coverage of mRNA Sites®
Site (Sub) total Covered by =1 EST Covered by >1 EST
All site classes 19.4 (100%) 9.7 (50% of total) 6.3 (32% of total)
5'UTR sites 1.3 (7%) 0.4 (31%) 0.2 (15%)
Coding sites 12.7 (65%) 5.6 (44%) 3.2 (25%)
3'UTR sites 5.5 (28%) 3.7 (68%) 2.9 (52%)

*Counted by million nt sites, rounded values. The percent values refer to the first line,
and those on the first line to the total number.

percentage (but still tens of thousands) of mRNA sites were represented
by between 10 and 87 different libraries.

Table III shows that about 83,000 mismatches (SNP candidates) were
identified, but only 9,228 were present in more than one library. About
half of all these pass our algorithmic filters. Traces were available for

EST coverage histogram
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number of EST libraries
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Fic. 2. Histogram of the number of distinct EST library reports of mRNA sites. For
all 19 million positions of the mRNA collection, classified according to genomic function
(see Table II), the number of positions that was covered by the specified number of
libraries (= independent individuals) was counted. Example: About 10,000 (1.00E +
04) 5'UTR sites were reported by exactly 6 EST libraries. Only values up to reports of
80 libraries are displayed. Positions covered by more than 30 libraries (i.e., very frequently
expressed genes) amount to 1.5% of the 3'UTR sites and much less than 1% of the
5'UTR and coding regions. The highest library coverage found was 87 libraries reporting
aset of coding sites. The 3'UTRs contribute most of the EST coverage in the tail region
(of many ESTs per site), although only 98% of the total number of positions is in this
region. It is also seen that in the tail region of the distribution 5’UTR and coding regions
are covered in proportion of the available sites (about 1:10 distance on the log scale, see
values in Table I1).
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TasLg II1
SNP Candidates Found and Their Predicted Accuracy”

Number of SNPs candidates

Candidates Found in =1 library Found in >1 library
Raw candidates: 82,673 9,228
passing all filters: 45,254 (55%) 5,041 (56%)
traces available for: 40,836 (49%) 4,228 (53%)
Phred value > 20: 9,231 (23%) 2,611 (53%)

«ESTs were aligned against the set of about 9,000 human mRNA sequences.
Candidate cSNPs were extracted and subjected to various algorithmic quality
filters, as described in the text.

It is seen that the Phred >20 filter confirms about 25% of all candidates.
This confirmation rate is much higher (53%) if more than one library reports
the variant.

On the other hand, the algorithmic filters without access to fluorescence
traces confirm 55%.

50% of the candidates, and the algorithmic filter based on Phred >20
confirmed only one-fourth of the candidates represented only once, but
53% of those represented more than once.

The 9231 candidates with Phred value >20 were further characterized
as to their regional position in the gene (see Table IV). These absolute
numbers may be converted to estimates of mutation parameters as ap-
plied in population genetics (Table V).

D. Estimating Population Parameters

Our EST studies cover about 9000 mRNAs. About 6.3 million positions
were aligned to more than one EST. There were about 9200 reliably

TasLE IV
Number of Candidate SNPs with Phred Values > 20
Untranslated Coding
5106 4125
3'UTR 5'UTR Synonymous Nonsynonymous
4891 215 1680 2445

4 fold degenerate 2 fold degenerate Nondegenerate sites 2 fold degencrate
sites sites sites
955 645 2116 319
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TaBLE V
Population Estimates of Genomic Variation in Different Human Samples

Halushka data’

EST data’ Cargill data
0 6
Site 0 T 0 T (“Europeans”)  (‘“‘Africans’)
Noncoding'  0.00062 0.00058 0.00053  0.00052 0.00054 0.00068
Coding/ 0.00050  0.00046 0.00054 0.00050 0.00045 0.00063
(Silent)# 0.00094  0.00090 0.00100 0.00110 0.00090 0.00129
(Replacing)"  0.00036  0.00032 0.00036 0.00028 0.00081 0.00042

* 6, Population estimate of the number of segregating per total sites (normalized to
infinite sample); 7, estimate of the nucleotide diversity per nt site (heterozygosity). Both
estimates have the same expected mean value (see Li, 1997). If significantly > 7: suggests
presence of nonneutral sites. It is seen that the different samples gave similar estimates.
“Africans’ have somewhat higher estimates of diversity than **Europeans.” The 6 estimate
tends to be somewhat higher than the 7 estimate.

"Own SNP data as found by EST analysis (see¢ Table IV).

‘See Cavgill et al. (1999).

See Halushka et al. (1999); Europeans, calculated from sample of Americans of Euro-
pean origin; Africans, calculated from sample of Americans of African origin.

*Refers to SNPs at perigenic sites of the 3'UTR and 5'UTR region.

/SNPs at sites coding for protein sequence.

#cSNPs at coding sites which do not replace the amino acid as coded for.

"cSNPs at coding sites which replace the amino acid as coded for.

reported occurrences of SNPs. As the range of different genes probed
is greater than in the previous studies by other authors (which focused
on certain stretches of the genome), it is interesting to compare the
population genetic parameters estimated from such data.

Table V contains estimates of 6 (normalized number of segregating
sites) and of 7 (average heterozygosity) from the EST data. The values
are in the numerical range of the estimates by Cargill et al. (1999). As
expected, variation is somewhat higher in silent mutation sites than in
nonsynonymous sites (0.9/1000 vs. 0.4/1000). Surprisingly, the variation
is less than intuitively expected in noncoding regions (0.6/1000), which
suggests that evolutionary selection does not accept polymorphisms as
readily as in the synonymous region of the coding segments. Cargill data
show a similar trend.

The general tendency that values based on number of variant sites are
higher than those based on heterozygosity/nucleotide diversity points to
the possible presence of more rare variants under selective pressure,
although this effect needs further statistical corroboration before becom-
ing a hard fact.
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E. Alternative Splice Forms

The EST data bases contain a wealth of extractable information about
gene structure, expression, and gene family members. ESTs can be used
to identify expressed paralog gene members within the same family and/
or ortholog genes expressed in other species. When the tissue type is
reported, a simple expression profile can also be generated. Processed
pseudogenes (lacking introns) are also identifiable from within the EST
database. ESTs also represent a valuable source of structural information
within a gene. Alternative splicing occurs within genes and provides a
mechanism by which a specific cell or tissue type can generate a variant
protein product by changing the sequence of exons normally expressed.
In practice, the splicing mechanism is able to choose alternative donor
and acceptor sites in the DNA sequence from which to splice out introns.
This alternative splicing leads to the gain of an additional exon or the
loss of an exon or part of an exon. These inframe alternative splice
forms evidently lead to a change in expressed peptide sequence and
can radically alter a protein’s function and or location (e.g., see Klamt
et al., 1998; Qi and Byers, 1998). ESTs have been derived from a wide
variety of tissue types including normal tissues, diseased tissues, and
immortalized cell lines. There is also a wide degree of time points repre-
sented ranging from 2-week-old embryos to old age (75 years old). This
inherent variability within the EST databases can give rise to a number
of alternative splice forms of a gene occurring as single hit or multiple
EST hits to a gene.

F.  Method of Investigation

A nucleotide or peptide sequence is searched against the EST database
using the BLAST (see BLAST server; Karlin and Altschul, 1990 and 1993;
Altschul et al., 1997) searching programs.

The stringency of the search and the length of sequence matched are
set to a value where only ESTs representing the gene are matched and
related structural domains from family members or more distant proteins
are mostly avoided. In practice a typical expect value parameter is E =
le —30 when comparing proteins against translations of the EST database
(TBLASTN). The older ungapped BLAST program with the X = 1
parameter prevents the program from continuing an alignment where
there are a number of differences between EST and query. To identify
an EST with an alternative splice form, a difference in length of match
between the query gene sequence and the EST is sought. Multiple se-
quence alignments of ESTs and the query gene sequence can be made
to clarify the picture. Small artifactual differences can occur between
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the query sequence and EST (typically 5 to 10 base pairs or smaller)
and need to be excluded. Once a large difference is noted, the full
sequence of the EST must then be experimentally verified. This should
exclude sequencing mistakes or incorrect annotation of the EST. A
large number of original sequencing traces of ESTs are provided by
Washington University (http://genome.wustl.edu/gsc/gschmpg.html).
These can be used to check for quality of sequence data in the target
area of the EST. The next step and probably the most important is to
test the existence of the possible alternative splice form in the cell
type the EST was derived from by independent means. The laboratory
researcher can test for the presence of the alternative splice form either
by northern blot analysis (Ozon et al., 1998) of the mRNA when the
difference between the two forms is large enough or by RT-PCR (reverse
transcription polymerase chain reaction) from specific tissue or cell
type mRNA. Direct PCR from cDNA libraries or panels can also used
(Sadoulet-Puccio et al., 1996). Once verified a panel of different tissue
mRNAs can be tested to give an expression profile of the alternative
splice form. Further proof can be obtained with antibodies against the
protein to test whether the alternative splice form was translated into
protein (Sadoulet-Puccio et al., 1996). For an example of a novel alterna-
tive splice form discovered within an EST see Fig. 3.

G.  Alternative Splicing Within Disease-Associated Genes

An interesting question arising from the production of alternative
splice forms is that of disease association. Are alternative splice forms
of a gene associated with the development of a specific disease type?
Another possibility is that a specific splice form might present as a strong
risk factor in the development of more complex disease types such as
heart disease or diabetes. A number of such examples have been reported
(see Table VI for examples). These range from the drastic reduction of
a specific alternative splice form leading to a distinct form of disease
(WT1lgene/Frasier syndrome: Klamt et al., 1998; Menkes gene/occipital
horn syndrome: Qi and Byers, 1998) to specific alternative splice forms
exclusively expressed or overexpressed in diseased tissue (G-protein B4
subunit/hypertension: Siffert ef al., 1998; presenilin gene/Alzheimer’s
disease: Sato et al., 1999; CD44 gene/esophageal carcinomas: Koyama
et al., 1999).

The discovery of new alternative splice forms of genes associated with
disease has the exciting potential to lead to new rapid PCR-based diagnos-
tic markers. The ability to extract such alternative splice forms together
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TaBLE VI
Splice Variants and Their Associated Phenotype
Form of alternative Associated
Example splice phenotype Refs.
G-protein By Alternative exon in Hypertension Siffert et al. (1998)
the 5'UTR
MDM-2 Loss of p53 Cancer Tissue Sigalas et al. (1996)
binding domain
Presenilin-2 (PS-2)  Stress induced loss Sporadic Sato et al. (1999)
of exon b Alzheimer’s
disease
CD44 Overexpression of Metastatic Koyama et al.
exon 9 form acdenocarcinoma (1999)
ATP7A Loss of Golgi Occipital horn Qi and Byers
localization motif syndrome (1998)
WT1 Wilms’ Loss of +KS form Frasier syndrome Klamt et al. (1998)

tumor

with as yet unknown new disease-associated genes from the EST databases
has made private EST collections a valuable commercial resource.

H. Estimate of Rate of Alternative Splicing

Taking sample sets of complete mRNAs or protein sequences and
searching for possible alternative splice products can be semiautomated.
The possible alternative splice forms found within ESTs are checked for
mistakes arising from matches to paralogous sequences and possible
pseudogenes. Additional filters are applied to the raw data to exclude
repeat regions and contamination with vector sequence (Smit and
Green, 1997). Given that ESTs are derived from a wide variety of human
tissues and individuals, the number of possible alternative splice forms
extracted from an EST database can be argued to give a reasonable
estimate of the general level of alternative splicing occurring in human
genes. In a recent study of this type, a sample of 475 proteins annotated
in the SWISS-PROT database (Bairoch and Apweiler, 1999) as disease
associated were searched against the EST database for the presence of
possible alternative splice forms (Hanke et al,, 1999). After filtering
the data to remove possible premature mRNAs or pseudogenes, 204
candidate sites were predicted from 162 of the proteins in the set. A
final calculation of 34% of the proteins studied had a candidate alterna-
tive splice site. This initial study was extended to cover 8503 full-length
mRNAs and confirmed the figure in the first study with an initial value
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of approximately 30% (work in progress). Table VII outlines the number
and type of alternative splice forms detected within ESTs matching the
collection of proteins.

Of these possible alternative splice forms, 70% were found to be exon
skipping events, 30% had additional inserted sequence. The coverage
of matching ESTs in the set of 475 proteins was approximately 50% of
all positions only, and the average report was from about two different
tissues per position. As a result of this low coverage, it could be argued
that 30% is an underestimate of the true value. Interestingly, both these
percentages are considerably higher than the previous estimates (=5%:
Sharp, 1994; Wolfsberg and Landsman, 1997). To what degree this
represents reality in terms of alternative protein forms finally expressed
at any one time in a given tissue type remains to be verified experimen-
tally. In many cases different alternative splices forms coexist at a given
ratio within the same cell. Whether or not the existence of a particular
alternative splice form represents a functional protein is also open to
question. It is quite possible that cells could tolerate quite high levels
of incorrect alternative splicing if the half-lives of the mRNAs or peptides
produced were relatively short and/or if the variants do not impair
function.

VII. CONCLUSIONS

Studying variation in human genomic sequences may serve two general
purposes: to characterize genetic population structure and its history
and to elucidate the genotype/phenotype relationship in individuals or
families. Both aspects are strongly interdependent, and it is only with
the advent of new methods of individual sequencing on a mass scale
that they become technically feasible.

Polymorphism in the coding part of the genome as well as in the
regulatory perigenic regions may be a major factor explaining individual
variation of the phenotypes associated with common diseases and with
pharmacogenetically determined traits (Housman and Ledley, 1998).
For common diseases, the current hypothesis is that relatively common

TasLE VII
Type Classification of Splice Variants Found in Expressed Genes
Starting sample Exon skipping Inserted DNA
475 proteins 282 45

8503 mRNAs 4893 1932
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allele variants in a number of loci contribute to the causation and/or
the susceptibility for relatively common traits that mark the widespread
multifactorial diseases such as arteriosclerosis, diabetes, hypertension,
and others. Chakravarti (1998, 1999) and Collins et al. (1997), among
others, have outlined this ‘‘common variant—common disease”’ hypothe-
sis whose confirmation or refutation is a major goal of individual human
genomics. Single nucleotide polymorphisms are one of the possible
factors in that complex network, and they well serve at two fronts: They
either participate directly (if they are phenotype-modifying variants) in
the pathogenesis, or serve as markers of genomic localization and sug-
gest, if linked to a trait, the possible location of a contributing factor
with which the SNP is in “linkage disequilibrium™ (i.e., closely located
and not yet reshuffled by meiotic recombination). The interpretation
of the complex multifactorial network’s behavior requires detailed un-
derstanding of the population structure in which the alleles arose and
segregate, as well as its history. Linkage disequilibrium, for instance, is
atransient phenomenon that disappears after a number of generations.
Its use as direct mapping tool depends on the prehistory of the marker.
Association, on the other hand, of a combination of genetic variants
of neutral or slightly nonneutral character, may severely mislead the
interpretation, if there is admixture in the control population. Interpre-
tation of the disease-causing effect of variation must take into account
that modern civilization tends to suppress the “‘purifying” effect of
natural selection because it deals with factors that often have no influence
on the reproductive fitness of its carriers. Myopia, once perhaps a seri-
ously disadvantageous trait, is no longer under heavy selective pressure
and may now behave like a selectively neutral trait. Similar arguments
apply to organic diseases linked to nonstandard lipid metabolism: In
the savanna intensive fat ingestion and effective assimilation may be
favorable, but not in the zoo.

The present state of knowledge indicates that protein sequences are
subject to genetic variation, in the range of a few SNPs per thousand
sites (being silent or sense-changing on the protein level). The extent
of influence of those individual variants on the physiology and pathology
of the organism is to be elucidated in future.
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