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SNP frequencies in human genes
an excess of rare alleles and differing modes
of selection

he origin and maintenance of DNA polymorphism in

populations has been a subject of debate and conjecture
for several decades. Strictly selectionist arguments suggest
that polymorphisms must be maintained solely as a result
of balancing selection, whereas neutral mutation theory
states that polymorphism is maintained via mutation and
stochastic mechanisms. The cause of polymorphisms is
actually probably more complex and, although some
small-scale studies for human polymorphism have been
reported!=, no large-scale analyses have yet been done.

Human single nucleotide polymorphisms (SNPs) have
recently become a focus of numerous studies. Apart from
their importance for association studies that aim at the
identification of variants that are responsible for complex
diseases*®, SNPs can provide a key to understand many
aspects of human evolution. Large-scale identification of
SNPs can help to delineate the mutation process and also
to detect and measure positive and negative selection.

By applying Expressed Sequence Tag- (EST-) derived
data on human genetic variation, we were able to obtain
qualitative inferences about the mutation and selection
process in humans. Here, we report a large-scale analysis
of human gene polymorphisms. This analysis looks at
degenerate and non-degenerate sites within the coding
regions, and variation in untranslated regions 3’ and 5’ of
human genes. The pattern of allele frequency distribution
for EST-based data reported here agrees qualitatively with
smaller scale experimental studies in humans'?, suggesting
this EST-based analysis is a good indicator of the true
patterns of selection and mutation.

We show, as expected, that nucleotide diversity in non-
degenerate sites is low compared with degenerate sites,
which implies that selection is strong against non-synony-
mous substitutions in the coding region. We have also
detected an excess of rare alleles in non-degenerate sites
over fourfold degenerate sites and neutral theory prediction,
as would be expected, owing to selective pressure. On the
other hand, the 3’ untranslated region (3'UTR) of genes
shows a very different pattern of mutation and selection.
Although nucleotide diversity is low, there is no detectable
excess of rare alleles. Because an excess of rare alleles is
most likely to reflect a presence of slightly deleterious al-
leles, these alleles probably constitute a significant fraction
of non-synonymous variation, whereas they are mostly
absent in the UTRs. This suggests that the 3'UTR has two
different types of sites, those that are under strong selec-
tion against mutations, and those that are effectively neu-
tral. Reasons for these patterns are discussed below.

One method to detect selection is to estimate nucleotide
diversity”®, T which is the number of nucleotide
differences per site between two sequences of the
same locus chosen by random from a population. We
estimated nucleotide diversity according to the following
formula®’

1 n
n:szxix,ﬂii (1)
5]
where L is the total number of nt sites considered;
n is sample size (number of sequences); x, and x; are fre-
quencies of variants 7 and j among 7 sequences; n, is

TABLE 1. Nucleotide diversity

EST data® Cargill data®  Cargill data® Halushka data® Halushka data  Halushka data
‘Europeans’ ‘Africans’ All

w 0° w ] ] 0
Non-degenerate sites 0.0003 0.0004 0.0003 Non-synonymous ~ 0.0003 0.0004 0.0006
Fourfold degenerate sites ~ 0.0009 0.0010 0.0011 Synonymous 0.0009 0.0013 0.0015
3'UTR 0.0006 0.0008
5'UTR 0.0005 0.0007
Non-coding 0.0005 0.0005 0.0005 0.0007

*SNP data as found by EST analysis.

"The authors! did not provide estimates for 3'UTR and 5’UTR separately. Therefore, estimates for non-coding sites are given in the table.
cThe authors? did not provide estimates for different types of sites in coding regions. Therefore, estimates for non-synonymous and synonymous substitutions are given in the table.

dEstimate of the nucleotide diversity per nucleotide site (heterozygosity).
“Watterson’s estimate of the population mutation parameter.

To form a dataset of potential SNPs, we had extracted 9000 human complete mRNAs from EMBL database and then aligned to a non-redundant database of human ESTs'*2. Only ESTs with
99% sequence identity to mRNA sequence in a window longer than 100 nt were considered. All sequences were subjected to filtering procedure in order to eliminate possible sequencing
errors (based on the analysis of fluorescent traces and sequences themselves) and mismatches arising from ESTs, which belong to paralogous genes ESTs?. At every position only one EST
per library was considered (based on library identifiers). Since, as a rule, different EST libraries come from different individuals, every EST in our experiment corresponds to a unique allele.
Nucleotide diversity estimates have been computed for non-degenerate, fourfold degenerate sites and for 3" and 5’ untranslated regions. Due to the nature of the data, it is extremely
difficult to measure precision of EST-based estimates since such estimates depend on filtering schemes and applied thresholds. No EST-based methods of SNP detection can achieve 100%
accuracy. Although our estimates depend on filtering scheme and applied thresholds, qualitatively the results do not change. Comparison of our estimates with experimental estimates of
smaller gene sets by Halushka et a/? and Cargill et al.! show the same trend and suggest selection in non-degenerate sites and untranslated regions.
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FIGURE 1. The detection of rare alleles
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Watterson's estimator 6 of the mutation parameter is based on the number of segregating sites, with the
assumption that the neutrality expectation of 6 does not depend on sample size. In the presence of
selection 6 grows with sample size because of the preponderance of rare alleles. We have computed 6 for
regions covered with various coverage depth (counted in EST libraries) and applied the permutation test
of randomness against an upward trend alternative!® to detect possible excess of rare allele. Unlike
fourfold degenerate sites and the 3'UTR sites, we detect an upward trend of 6 on n dependence in the
case of non-degenerate sites with significance level <0.001; although we were not able to detect an
upward trend in the case of fourfold degenerate sites and 3’UTR with any reasonable significance level.
Data on 5’UTR and positions covered by more than 10 EST libraries have been omitted from the analysis
because of very sparse data. Linear fit of 6on ndependence normalized to the first point [predicted 6 (2)]
is presented in the figure to illustrate our result. Analysis of SNP databases (HGBASE and dbSNP) also
showed the excess of rare alleles in non-degenerate sites comparing to fourfold degenerate sites and non-
coding regions (data not shown).

the number of nucleotide differences between alleles
(always one if individual SNPs are considered).

As it can be seen from Table 1, our estimates confirm
previously reported experimental data of much smaller
sets of genes’?. In the coding regions, analysis of
nucleotide diversity shows that the variation rate is the
highest in fourfold degenerate sites, although it is difficult
to estimate if it is close to the raw mutation rate, as data
on pseudogenes (where selection is believed to be absent)
are not available in our analysis. The strongest selection is
observed against non-synonymous substitutions, as
expected. Nucleotide diversity is also significantly lower in
the noncoding regions in the vicinity of genes than in four-
fold degenerate sites, suggesting selective pressure in these
regions, as has been proposed!'®-'3.

In addition to measuring relative levels of selection
through nucleotide diversity as above, an excess of rare
alleles can also indicate the presence of either slightly del-
eterious variants under pressure of negative selection, or
of recent selective sweeps’. We propose a novel approach
to detect an excess of rare alleles and thus the presence of
selection. According to the infinite-site model of the neu-
tral evolution theory, Watterson’s estimate of the mu-
tation parameter 0 should be independent on the sample
size in sites under neutral mutation and drift'*. This
estimate is given by!* the equation:

1 K

L "fl (2)
S

where K is number of segregating sites; 7 is sample size

(number of sequences) and L is total number of nucleotide
sites considered. If a site is under selective pressure or has

6, =
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undergone a recent selective sweep, an excess of rare
alleles would then be seen as a positive correlation with
sample size. As is seen in Fig. 1, distributions of allele
frequencies show two different patterns. We observe a
significant excess of rare alleles (i.e. correlation of 8, with
sample size) in non-degenerate sites, in contrast with
3'UTRs (5'UTRs have been excluded from the consideration
because of sparse data) and with fourfold degenerate sites,
which agree with neutral mutation theoretical prediction.
A further analysis of SNP databases [HGBASE:
http://hgbase.cgr.ki.se/ (Ref. 15) and dbSNP: http://www.
ncbi.nlm.nih.gov/SNP/ (Ref. 16)] shows a similar trend.
Allele frequency distributions reported by earlier experi-
mental studies!? are also consistent with our data.

One can make an interesting observation from the dif-
ferent results of these tests of selection, that is, that the
3'UTR exhibits selection in the first test of nucleotide
diversity, while seemingly under neutral evolution in the
second test, which determines selection by detecting the
excess of rare alleles. It is well known that the variation
rate (nucleotide diversity) in non-degenerate sites of cod-
ing regions, and in the 3’- and 5'UTRs, is much lower than
in the degenerate sites of coding regions. Our extensive
data confirms this trend. This is not surprising. Selection
against synonymous substitutions which have no effect on
proteins is either much weaker or absent in comparison
with non-synonymous substitutions and, thus, fourfold
degenerate sites are effectively neutral in humans. 3'UTRs
and 5'UTRs also would be under purifying selection and
show a reduced amount of nucleotide variation.

It is also known that purifying selection leads not only to
the reduction of variation, but also to an excess of rare al-
leles in the remaining variation. This is why it was expected
that there would be an excess of rare alleles, both in the
non-degenerate and in the 3'UTR sites in comparison with
fourfold degenerate sites. Both these classes of sites exhibit
lower nucleotide diversity and thus a greater selective press-
ure than do the degenerate sites. We have tested this effect
and surprisingly find an excess of rare alleles present only in
the non-degenerate sites and not in the 3'UTR.

As distinct from non-degenerate sites, the frequency of
rare alleles in 3'UTR agrees with the neutral model (Fig. 1).
Given the detection of selection from the low nucleotide
diversity of the 3'UTR, this suggests the two regions (non-
degenerate coding and 3'UTR) are undergoing different
types of selective pressures. Interestingly, work by Duret
et al.'’ in Mammalia shows that much of 3'UTR conser-
vation is due to highly conserved blocks (defined by
sequences >100 bp and >70% identity). This has been
shown to be associated with regulation of mRNA stability.
Further research by others in orthologous sequences!®!”
suggests that this pattern of long, conserved regions in the
3’ UTR is a general phenomenon. Lipman'? has proposed
that these blocks of conservation are due to the regulatory
mechanisms of anti-sense duplexes. Anti-sense transcripts
of mRNA 3'UTRs have been shown to form duplexes with
these regions, which are then recognized by the mRNA-
degradation systems . We propose that nucleotide substitu-
tions in such a duplex-forming region would cause its
breakup. These mutations would be negatively and
strongly selected against, even in heterzygotes. The
observed pattern of nucleotide diversity and frequency
of rare alleles in the 3'UTR is most probably a result of
the process described above. The 3'UTR probably contains
two classes of sites: one neutral and the other under



GENOME ANALYSIS

SNP frequencies in human genes

BOX 1. GLOSSARY

Background selection
Based on the same process as the Hitchhiking effect (see below), the elimination of neutral (or nearly so) substitutions as the
result of negative selection of deleterious substitutions at linked sites.

Balancing selection
Heterozygote advantage. The fitness of a heterozygote is greater than either possible homozygote and thus selection main-
tains both alleles within a population.

Hitchhiking effect — selective sweep
When selection drives an advantageous substitution at one site to fixation, neutral variation is eliminated at linked sites.

Neutral mutation
Substitutions that have no selective advantage or disadvantage.

Neutral theory
The neutral theory of molecular evolution proposes that the majority of nucleotide substitutions and polymorphisms are the
result of selectively neutral mutations. It suggests that the fate of alleles are determined mainly by random genetic drift.

Non-degenerate, twofold and fourfold degenerate

A site (or position in a codon) is non-degenerate if any possible subsitutions at a position is non-synonymous. If one of three
possible changes is synonymous, the site is characterized as twofold degenerate and fourfold degenerate if any substitution
is synonymous.

Nucleotide diversity
The number of nucleotide differences per site between two randomly selected sequences (from a single locus) from a popu-
lation.

Polymorphism
A gene locus is polymorphic if there are two or more alleles within a population.

Purifying selection
Many mutations are deleterious to the fitness of an organism. These will be selected against and eventually lost from the popu-
lation. This type of selection is termed negative or ‘purifying’ selection.

‘Slightly’ deleterious alleles

An allelic variant is called slightly deleterious if it is subject to purifying selection but the selection coefficient is relatively low.
The frequency of a slightly deleterious allele in a population is subject both to the stochastic fluctuations of genetic drift,
depending on population size, and to a very weak negative selection. Unlike strongly deleterious alleles, which are quickly
eliminated by selection, slightly deleterious alleles can be kept in a population for a long time owing to drift. Due to selective
pressure, they are predominantly observed at low frequencies (in comparison to purely neutral alleles).

SNP
A single nucleotide polymorphism is a single site in a nucleotide sequence that contains two to four allelic variations within a
population at relatively high frequencies (>1.0% by convention).

Synonymous and non-synonysmous
Substitutions in coding regions that result in the same amino acid are synonymous (eg. TTT-Phe to TTC-Phe). Those that
result in a different amino acid are non-synonymous (eg. TTT-Phe to TTA-Leu )

3’-and 5'- UTR
Regions flanking (3’ and 5’) the protein-coding region of a gene that are transcribed but not translated (stands for untranslated
region).

strong selection. Sites in the 3'UTR under strong selective This first large-scale analysis of human polymorphisms
pressure are responsible for a low level of variation, suggests a complex, yet discernible, pattern of selection and
and the variation that is observed is mainly due to neutral ~mutation in human genes. Further research on EST-based SNP
sites. This would explain the absence of an excess of rare  data will assist us in greater quantitative and qualitative analy-

alleles. sis of the processes of selection and mutation in human genes.
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