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Abstract

Synonymous mutations are considered to be “silent” as they do not affect protein sequence. However, different silent
codons have different translation efficiency (TE), which raises the question to what extent such mutations are really neutral.
We perform the first genome-wide study of natural selection operating on TE in recent human evolution, surveying 13,798
synonymous single nucleotide polymorphisms (SNPs) in 1,198 unrelated individuals from 11 populations. We find evidence
for both negative and positive selection on TE, as measured based on differentiation in allele frequencies between
populations. Notably, the likelihood of an SNP to be targeted by positive or negative selection is correlated with the
magnitude of its effect on the TE of the corresponding protein. Furthermore, negative selection acting against changes in TE
is more marked in highly expressed genes, highly interacting proteins, complex members, and regulatory genes. It is also
more common in functional regions and in the initial segments of highly expressed genes. Positive selection targeting sites
with a large effect on TE is stronger in lowly interacting proteins and in regulatory genes. Similarly, essential genes are
enriched for negative TE selection while underrepresented for positive TE selection. Taken together, these results point to the
significant role of TE as a selective force operating in humans and hence underscore the importance of considering silent
SNPs in interpreting associations with complex human diseases. Testifying to this potential, we describe two synonymous
SNPs that may have clinical implications in phenylketonuria and in Best's macular dystrophy due to TE differences between
alleles.

Key words: translation efficiency, SNP, synonymous mutations, population genetics, causal variants, allele frequency
differentiation.

ing events, messenger RNA (mRNA) stability, microRNA
binding, and nucleosome formation, sometimes even caus-
ing disorders (Chamary et al. 2006). Synonymous mutations
can also influence a gene’s translational efficiency (TE)—the
speed or accuracy of translation—because different codons
exhibit different TE, mainly due to the abundance of the cor-
responding transfer RNAs (tRNAs); higher tRNA abundance

Introduction

Synonymous mutations are traditionally considered to be
“silent,” as they do not affect protein sequence and are
often taken as a measure for neutral evolution rate (King
and Jukes 1969; Nei and Gojobori 1986; Bustamante
et al. 2005; Yang 2007). However, as more and more

genomic data accumulated, it became evident that synon-
ymous mutations may have functional outcome and hence
can be targeted by natural selection: they can affect splic-

leads to faster and/or more accurate ribosomal translation
(Bulmer 1991; Gustafsson et al. 2004; Kramer and Fara-
baugh 2007; Stoletzky and Eyre-Walker 2007; Hershberg
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and Petrov 2008; Gingold and Pilpel 201 1; Plotkin and Kudla
2011). Changes in translation rate do not only result in
different protein levels—thereby having a regulatory ef-
fect—but they can also affect protein function via folding
(Kimchi-Sarfaty et al. 2007)—as in many cases folding is
performed during translation (Komar 2009)—or via differ-
ential arginylation (Zhang et al. 2010). Studies have shown
that the observed bias in codon usage in various organisms is
toward codons with abundant tRNAs, marking the impor-
tance of TE (lkemura 1981, 1982, 1985; Moriyama and
Powell 1997; Percudani et al. 1997; Kanaya et al. 1999;
Duret 2000; Man and Pilpel 2007; Tuller, Waldman, et al.
2010). Although the role of codon bias in relation to TE
in humans is still under debate (Chamary et al. 2006), recent
studies support the hypothesis that codon bias plays a signif-
icantrole in TE in humans, both in normal conditions (Urrutia
and Hurst 2003; Lavner and Kotlar 2005; Parmley and
Huynen 2009; Waldman et al. 2010) and in cancerous
mutations, where it has been shown to be targeted by
natural selection (Waldman et al. 2009).

Previous studies of TE, in humans as well as in other or-
ganisms, often considered a single “reference” genome and
measured codon bias in this genome with respect to gene
expression (Urrutia and Hurst 2003; dos Reis et al. 2004),
tRNA pool (dos Reis et al. 2004), and other parameters
(Akashi 1994; Stoletzky and Eyre-Walker 2007). These
studies did not seek patterns of natural selection on TE or
its evolution, but a few recent studies analyzed interspecies
selection on TE between different yeast species (Man and
Pilpel 2007; Zhou et al. 2010), different worm species (Zhou
et al. 2010), between eubacterial and archaeal organisms
(Chen et al. 2004), and between human and chimpanzee
(Comeron 2006). The availability of data on intraspecies var-
iation can help uncover evidence for TE selection by consid-
ering a more refined timescale. Specifically, human
population genetic data can hold evidence of selection in
the last tens of thousands of years of human evolution
(Nielsen et al. 2007; Novembre and Di Rienzo 2009; Keinan
and Reich 2010). A recent analysis of differences in allele
frequencies between human populations showed that non-
synonymous single nucleotide polymorphism (SNPs), which
alter protein sequences, are under stronger selection, both
positive and negative, as compared with other SNPs that do
not change protein sequences (Barreiro et al. 2008). A
similar methodology can be employed to analyze TE selec-
tion in recent human evolution, and Comeron (2006) ap-
plied a similar approach on two populations, though his
results concerning selection on TE have been limited by
the small sample size of <500 SNPs in 90 chromosomes that
was available at that time.

Here we perform the first genome-wide analysis of
natural selection related to TE in recent human evolution.
The usage of genome-wide data enables us not only to
determine that there is selection for TE in recent human

evolution but also to address related questions that were
never addressed before in this scope: what are the factors
influencing TE selection? Does this force vary between
different genes or between different parts of genes? And,
do the targets of TE selection correlate with those of natural
selection in general? Our results show that natural selection
has been operating on TE in recent human evolution. More-
over, we find marked differences in TE selection between dif-
ferent classes of genes and within different locations along
gene sequences that are related to both translation rate
and accuracy.

Materials and Methods

SNPs Data Sets

We obtained SNP data from the HapMap3 project (The
International HapMap 3 Consortium 2010), release 3. Using
annotation from dbSNP (Sherry et al. 2001) build 130, we
focused on 30,080 coding SNPs, 13,798 of which are syn-
onymous. Genotype data are obtained from HapMap3 for
1,198 unrelated individuals from 11 populations (supple-
mentary table S1, Supplementary Material online). As a fur-
ther validation, we repeated some of our analyses using
allele frequency information from exon sequencing
(34,983 coding SNPs, of which 18,608 are synonymous)
of individuals from two population samples, African Amer-
icans and European Americans (Lohmueller et al. 2008).

TE Measure

We calculated a codon’s TE following dos Reis et al. (2004).
Briefly, Let n; be the number of tRNA isoacceptors recogniz-
ing codon /. Let tCGNj; be the genomic copy number of the
Jjth tRNA recognizing the jth codon, and let S be the selec-
tive constraint on the efficiency of the codon-anticodon
coupling. We define the absolute adaptiveness, W;, for each
codon i as follows:
n;
Wi=> (1 — SjCGN;
j=1

W, is a measure for the abundance of the tRNAs that
translate codon /. As both translation rate and accuracy
are influenced by tRNA abundance (Kramer and Farabaugh
2007, Stoletzky and Eyre-Walker 2007; Gingold and Pilpel
2011), W;is a measure for TE, both for translation elonga-
tion rate as well as accuracy. Let j and j be the two codons
defined by the two alleles of a given SNP. Following
Waldman et al. (2009), we define the ratio W;/W; to be
the measure for the effect on TE (ATE) of the two codons
iandj. As the order of alleles is arbitrary, we considered the
bigger ratio (i.e., ATE > 1 for all SNPs). We decided to use
this approach rather than define preferred (i.e., with larger
TE) and unpreferred alleles because efficiency is context
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dependent, and in some cases (e.g., near the beginning of
transcripts), the codon that is translated more slowly is
more optimal (or improves the fitness) to the organism (Fre-
drick and Ibba 2010; Tuller et al. 2010; Gingold and Pilpel
2011). As our study is genomic (SNPs) and not tissue spe-
cific, we followed dos Reis et al. (2004) and used genomic
copy number (Chan and Lowe 2009) as a global measure
for tRNA levels. Nevertheless, this measure was previously
shown in detail to be adequate in TE analysis in humans,
also in tissue-specific context (Waldman et al. 2010). Sy val-
ues were taken from table 2 in dos Reis et al. (2004).

TE Evolution since Human/Mouse Divergence

In our analysis of TE evolution, we calculated the TE of an
entire gene based on its codon composition (dos Reis et al.
2004). Let W, be the measure for TE for codon /, as defined
above. By normalizing W/s values (dividing them by the
maximal W), we obtain w;, the relative adaptiveness value
of codon /. The tRNA adaptation index (tAl) of a gene g is the
geometric mean of its codons:

lg
tAl(g) = ( [ wie) ",
k=1

where i is the codon defined by the k'th triplet on gene g
and /g is the length of the gene (excluding stop codons). tAl
of human and mouse orthologues was calculated for each
species using its own genomic tRNA pool (Chan and Lowe
2009). Orthology information was retrieved from the Mouse
Genome Informatics (Bult et al. 2008).

Fst Calculation

To estimate allele frequency differentiation across popula-
tions, we used the Fsy statistic as formulated by Keinan
et al. (2007). Fst captures the fraction out of the variation
in allele frequencies that is attributed to between-population
variation rather than within-population diversity. As a conse-
quence, SNPs with similar allele frequencies between popu-
lations are assigned lower Fstestimates, whereas differences
in allele frequencies will yield higher Fst estimates (Weir and
Cockerham 1984). As Fstwas originally defined for two pop-
ulations, its values are between 0 (no difference between
populations) and 1 (complete difference, i.e., the SNP is fixed
for one allele in one population and fixed for the other allele
in another population). However, our estimator is unbiased
and therefore can produce slightly negative estimates of
Fst, which should not affect our calculations because the
effect will not depend on ATE.

Formally, let p; be the frequency of a variant in biallelic
SNP in each of two populations (i = 1,2). Set q; = 1 — p;
to be the frequency of the other variant in population i.
We define Fstas N/D where

N=pi(g2 — q1) + p2(q1 — q2)

and

D=piq2 + qip2.

We use the following estimators for N and D:

~ h h
N =(ar/m — az/nz)z— # - n—i

and
B:/Q + hy + hy

where a; and n; are allele count and total number of alleles
for population i and h; is the heterozygosity estimate for
population i

ai(n; — aj)

hj= ———2.
ni(ni — 1)

We generalize this definition to more than two popula-
tions as follows: Let k be the number of populations
examined. For each pair of populations i and j, N and D;
are defined as above. A global Fst can then be defined as
N

Ny
o where

k=1

k k=1 k
Ne=> > Nj Dz=> Y Dy

i=1j=i+1 i=1j=it1

Further description and analysis of this definition of Fst
can be found in Keinan et al. (2007) and in Reich et al.
(2009).

Gene Sets

Protein complexes data were downloaded from the CORUM
database (Ruepp et al. 2010) for 2,527 genes (3,957 [2,037
synonymous] SNPs). For each gene, we determined complex
size as the number of proteins forming it and averaged
across complexes in cases where the gene participates in
more than one complex.

We defined essential genes as described in Waldman
et al. (2010) (1,765 essential genes and 1,836 [891
synonymous] SNPs).

Protein—protein interaction data were taken from Bossi
and Lehner (2009) (10,024 proteins and 78,799 interac-
tions; 16,386 [8,053 synonymous] SNPs). Expression data
for 12,726 genes with 20,133 (9,720 synonymous) SNPs
were taken from Su et al. (2004). Based on 30 adult human
tissues, we defined expression rate and breadth as the mean
expression level and the number of tissues in which the gene
is expressed, respectively (Waldman et al. 2010). dN and dS
values (human/mouse, human/chimpanzee) were down-
loaded from BioMart (Durinck et al. 2005). Gene functional
classification was downloaded from Gene Ontology (GO)
(Ashburner et al. 2000).
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Functional Annotation

Division of gene regions into functional and nonfunctional
regions was based on InterPro (Hunter et al. 2009) classifi-
cation and was done for genes with at least one functional
region (i.e., annotated genes). According to this definition,
we had 17,163 (8,466 synonymous) SNPs within functional
regions and 8,939 (3,919 synonymous) SNPs outside these
regions in 10,026 genes.

Significance Assessment

Significance test was performed similar to the scheme used
by Barreiro et al. (2008) when comparing between different
classes of SNPs. For each group of SNPs of interest, we
ranked the SNPs according to their ATE measure. Next,
we considered two groups: those SNPs with ATE above
the median ATE (“large” ATE) as SNPs with relatively large
effect on TE (mean ATE = 1.93) and those below the 10th
percentiles (“small” ATE) as SNPs with almost no effect on
TE (mean ATE = 1.07) as a baseline. Under the null hypoth-
esis of no TE selection, we expect to see no difference in Fst
measures between the two SNP groups in negative (low Fst
values) or positive (high Fst values) selection. To test for the
significance of the difference between the two groups in
negative (positive) selection, we defined the second
(98.5th) percentile of Fst values as a threshold and com-
pared the number of SNPs in each group below (above) that
threshold using a x? test with one degree of freedom (taking
the small ATE group as our expected distribution). For each
group, we measure the fraction of SNPs passing the cutoff,
and the enrichment reported in this work is the ratio be-
tween the two fractions. Results were robust across other
ATE and Fst percentiles (supplementary note 2, Supplemen-
tary Material online).

When analyzing groups with smaller number of SNPs (GO
terms, complex and essential genes, and in the first 100 co-
dons of genes), we used the fifth (95th) percentile as
a threshold for negative (positive) selection. When focusing
on the first 100 codons of highly/lowly expressed genes,
we took the 10th and 90th percentiles as thresholds for
selection.

In addition, we also measured the significance of enrich-
ment of the group (e.g., a specific GO term) as compared
with the genome-wide enrichment: we compared the
number of SNPs that passed the threshold in the specific
group of interest with that expected to pass it according
to the Fstand ATE distributions of all the SNPs outside this
group. Again, this was done using a % test with one degree
of freedom.

For GO analysis, we focused on terms with at least 700
synonymous SNPs (to have enough detection power) and
with at most 4,000 SNPs (i.e., ignoring too general terms).
When two terms were almost identical (Jaccard index
between gene groups being above 0.95), we removed

the term with smaller number of synonymous SNPs,
resulting in 130 GO terms. We considered only results that
were significantly enriched as compared with the global
enrichment after false discovery rate correction, performing
this for each ontology (“molecular function,” “biological
process,” and “cellular component”) separately. When we
compared between selection within GO term with selection
outside this term, we focused only on SNPs within genes in
some GO term to avoid bias between annotated and unan-
notated genes.

Evidence for general selection was done in a similar way.
For general selection in recent human evolution (human
lineage), we used the Fst (dN/dS and dN for human/chim-
panzee and human/mouse) percentiles as in TE selection.
Next, we measured how many SNPs (genes) passed the
threshold in the group being analyzed and compared it
(x* test with one degree of freedom) to the expected
number of SNPs (genes) outside this group. In difference
from the TE analysis, we considered all coding SNPs for this
analysis.

All correlations reported in this work are nonparametric
(Spearman correlation).

Results

Analysis Overview

We examined the differentiation in allele frequencies of in-
dividual SNPs between different human populations via Fst
(Weir and Cockerham 1984; Holsinger and Weir 2009)
using an unbiased estimator that is insensitive to differential
sample sizes (Keinan et al. 2007). SNPs with very low values
of Fsrare those with almost no differentiation between pop-
ulations, suggestive of negative selection. On the other
hand, SNPs with very high levels of differentiation between
populations exhibit high Fst values, which is suggestive of
geographically localized positive selection that drives allele
to high frequency in some but not all the populations
between which Fst is measured (Weir and Cockerham
1984; Barreiro et al. 2008; Holsinger and Weir 2009; Keinan
and Reich 2010). Under the assumption of neutrality, Fsr is
determined by genetic drift alone and should exhibit a con-
sistent distribution across all SNPs throughout the genome.
Deviation from this distribution for a specific set of SNPs sug-
gests that natural selection has targeted SNPs from this set
more often than the genome-wide background (Barreiro
et al. 2008). To test for natural selection on TE in recent
human evolution, we examined whether SNPs with different
levels of effect on TE (ATE) also exhibit a different distribu-
tion of Fst values. This approach is in the same spirit as that
used in a recent study, which showed that coding SNPs are
under stronger negative selection compared with noncod-
ing SNPs and that nonsynonymous SNPs and SNPs in the 5’
untranslated regions are under stronger positive selection
(Barreiro et al. 2008). To estimate ATE, we first calculated
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the TE of each codon (Waldman et al. 2009). This TE
measure is based on the abundance of the corresponding
tRNAs that translate the codon and quantifies both transla-
tion rate and accuracy as tRNA abundance is a major factor
for both features (Kramer and Farabaugh 2007; Stoletzky
and Eyre-Walker 2007; Gingold and Pilpel 2011). We then
estimated ATE for each SNP as the ratio between the TE of
the two codons resulting from the SNP's two alleles
(Materials and Methods).

Using the HapMap3 data set (The International HapMap
3 Consortium 2010), we obtained genome-wide allele fre-
guency data for 13,798 synonymous SNPs in 7,957 autoso-
mal human genes in 1,198 unrelated individuals from 11
populations (Materials and Methods). We considered Fst
between this set of 11 populations, which is sensitive to
the impact of natural selection after these populations
have split.

The Genome-wide Pattern of TE Selection

Our analysis showed evidence for genome-wide selection
for TE. Thus, focusing on negative selection, SNPs with
larger ATE show enrichment for extremely low Fst values
(below second percentile) as compared with SNPs with
lower values (fig. 1A). Notably, TE manifests a 2.45-fold
change (x? test, P = 1.44 x 1079 in enrichment among
synonymous SNPs, which is comparable to the 2.54-fold
enrichment (P < 107 ') found between synonymous and
noncoding SNPs (supplementary note 1, Supplementary
Material online). Turning to positive selection, SNPs with
larger ATE show enrichment for extremely high Fst values
(above 98.5th percentile) as compared with SNPs with lower
values (fig. 1B). Again, TE manifests a 1.57-fold change (x2
test, P=1.01 x 10’2)among synonymous SNPs that is even
larger than the 1.15-fold (P = 2.49 x 1072) change be-
tween synonymous and noncoding SNPs.

Similarly, we contrasted the distribution of Fst between
two categories of synonymous SNPs: those with almost
no effect on TE (below the 10th percentile; mean ATE =
1.07), that were taken as a baseline, and those with large
ATE (above the median; mean ATE = 1.93). Comparison
between the two classes can allow exploring the selection
on TE. In agreement with the above results, we found
a 1.78-fold (P = 9.77 x 107'3) and a 1.48-fold (P =
2.01 x 107°) enrichment in low and high Fs values, respec-
tively, in large ATE SNPs as compared with small ATE SNPs
(supplementary fig. S1, Supplementary Material online).
Similar results were obtained for other definitions as well,
reflecting the robustness of the results (supplementary note
2, Supplementary Material online).

Even within SNPs of already extreme Fst values, Fsy cor-
relates with their ATE: focusing on the 500 SNPs with lowest
Fst values, we partitioned the data based on ATE values and
found a significant negative correlation between ATE and

Fer (R = —0.534, P = 7.80 x 1073; fig. 1C), as suggested
if negative selection explained the lower Fstvalues. Similarly,
focusing on the 350 SNPs with highest Fst values, we found
a significant positive correlation between ATE and Fst
(R=10.554,P=2.30x 1072 fig. 1D) as expected by more
extensive positive selection on larger ATE SNPs.

These results remain significant after controlling for var-
jous factors such as GC content, recombination rate, exon
splicing signals, and mutational biases such as biased gene
conversion (supplementary notes 3-4, fig. S1, and table S2,
Supplementary Material online). We next turned to investi-
gate whether TE selection has had more of an impact on
certain groups of genes and in certain positions within
genes. Similar to the genome-wide analysis, we contrasted
Fst distribution between two categories of synonymous
SNPs: those with small ATE (below the 10th percentile)
and those with large ATE (above the median) and looked
for enrichment in extreme Fst values in the last group.

Gene TE Selection Is Influenced by Connectivity,
Expression, and Essentiality

Previous studies have shown that several measures, conven-
tionally considered to be related to the functional impor-
tance of genes, affect selection in general: connectivity
(Fraser et al. 2002), expression (Drummond et al. 2005),
and essentiality (Liao et al. 2006). Moreover, some studies
support the hypothesis that highly expressed genes evolve
slowly due to TE constraints (Akashi 2001). We found that
TE selection is also affected by these measures. Negative TE
selection was stronger in both highly connected proteins in
the human interactome (4.81-fold enrichment, P « 10~ '9)
and in highly expressed genes (1.67-fold enrichment, P =
4.69 x 107>; expression rate). Both lowly expressed genes
and lowly interacting proteins showed no evidence for TE
selection, and the difference between the groups was sig-
nificant (supplementary table S3, Supplementary Material
online). Positive TE selection was found in lowly (4.15-fold
enrichment, P « 10~'®) but not highly (P = 0.89) interacting
proteins (fig. 2). Highly expressed genes were slightly more
affected by positive TE selection but not significantly differ-
ent than lowly expressed proteins (supplementary fig. S2,
Supplementary Material online). Similar results were ob-
tained for expression breadth (supplementary fig. S2, Sup-
plementary Material online). TE may be more preserved in
highly expressed genes as there are more mRNA copies that
potentially consume more ribosomes and also more protein
copies that may have translation errors, resulting in stronger
TE selection. Turning to essential genes (where we used
slightly different threshold due to smaller number of SNPs;
Materials and Methods), there was a 2.16-fold enrichment
(P=3.02 x 107> for negative TE selection, but the enrich-
ment was not significantly higher than nonessential genes
(P =0.09). Interestingly, we observed a decrease in positive
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Fic. 1.—Genome-wide selection for TE. Using nonoverlapping bins (1,000 SNPs in each bin, 1,798 in the last bin), we found a correlation between
mean ATE and the enrichment in (4) low Fst (below the second percentile; negative selection) and (B) high Fst (above the 98.5th percentile; positive
selection) values in each bin (R = 0.64, P = 9.00 x 1072 and R = 0.55, P = 2.55 x 102 for negative and positive selection, respectively; Spearman
correlation). Similarly, we divided the data into three equal bins and measured the enrichment in each bin for extreme Fsr values. To assess the
significance of the difference between the three bins, we performed 10,000 bootstrapping sampling and compared the distributions (P « 10~'®
between all bins, Wilcoxon test). Mean and standard deviation of enrichment of each bin are shown in red. Second, we focused on SNPs with extreme
Fst values (500 and 350 SNPs with lowest Fst [Fst < 0.0036] and highest Fst [Fst > 0.289] values for negative and positive selection, respectively). We
divided these SNPs into nonoverlapping equally sized bins (20 SNPs in each bin) according to their Fst measure and found significant correlation
between Fstand ATE for both (C) negative (R = —0.534, P = 4.07 x 1073) and (D) positive (R = 0.554, P = 1.10 x 1072) selection. Results are also
significant without binning (R = —0.141, P value = 1.55 x 1073 and R = 0.113, P value = 0.034 for negative and positive selection, respectively).

TE selection in essential genes (0.40-fold enrichment,
P =7.18 x 107°). This decrease is particularly pronounced
when comparing with the enrichment in nonessential genes
(P =294 x 109,

Groups of Genes Enriched for TE Selection

Complex members tend to have similar protein abundan-
ces, presumably for efficient production of the complex
(Carmiet al. 2006, 2009; Tuller et al. 2007). As TE changes
may affect protein levels and hence disrupt complex forma-
tion, we hypothesized that negative TE selection will be
more prevalent within complex members. Indeed, we
found a 3.08-fold enrichment (P « 107'®) for negative
TE selection within complexes. This enrichment is signifi-
cantly higher as compared with the enrichment found in
SNPs in noncomplex genes (P = 3.84 x 107°). Further-
more, TE selection varies between complexes according
to their size: genes in large complexes (mean complex size
of 25.9 genes) exhibited a 5.37-fold enrichment (P« 10~ '°)

for negative TE selection as compared with no significant
enrichment in genes in small complexes (mean complex
size of 3.11 genes). Positive TE selection analysis did not
reveal significant differences between complex and non-
complex members (P = 0.82).

In addition, we used the GO classification (Ashburner
et al. 2000) and found that several GO terms show TE
selection significantly different than the genome-wide TE
pattern (fig. 3, supplementary tables S5 and S6, Supplemen-
tary Material online; Materials and Methods). Interestingly,
several of these groups (for both positive and negative
TE selection) contain regulatory genes—keynote genes in
both inter- and intraspecies variation (Levine and Tijan
2003; Chen and Rajewsky 2007).

TE Selection along the Gene

TE selection may vary along the gene's sequence. For
example, codon bias is known to be stronger in conserved
sites, which are presumably more important for function,
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Fig. 2.—TE selection and connectivity in the human protein—
protein interaction network. Negative TE selection is stronger in lowly
interacting proteins (i.e., below the median of five interactions; 2,384
genes, 4,156 SNPs), whereas positive TE selection is stronger in highly
interacting proteins (i.e., with more than five interactions; 2,016 genes,
3,897 SNPs). See also supplementary table S2 (Supplementary Material
online).

apparently to reduce translation errors of amino acid
substitution in these regions (Akashi 1994; Stoletzky and
Eyre-Walker 2007). Using InterPro (Hunter et al. 2009)
classification, we found a 2.23-fold enrichment (P =
1.11 x 107'®) for negative TE selection within functional
regions while no evidence for selection outside these re-
gions (supplementary table S3, Supplementary Material
online). There was no difference between the two regions
in respect to positive TE selection (P = 0.43).

In contrast, less efficient codons are favored near the
start sites of genes, presumably to reduce ribosomal colli-
sions and minimize protein production cost (Tuller et al.
2010). Such a ramp may also prevent various types of
translation errors (such as truncated proteins) that may
cause toxic misfolded proteins (Drummond and Wilke
2008, 2009). Hence, we hypothesized that negative TE
selection will be stronger in the initial segments of genes
to maintain this “ramp.” Moreover, we expected stronger
selection on highly expressed genes where efficient trans-
lation is more critical. Indeed, we found a 1.53-fold enrich-
ment (P =5.27 x 1073) for negative TE selection in the first
100 codons of highly expressed genes (748 SNPs). This en-
richment was higher as compared outside this region, but
the difference was only borderline significant (P = 0.08).
Interestingly, we found evidence for positive selection in
the first 100 codons, mainly in lowly expressed genes: there
was a 3-fold enrichment (P = 1.15 x 10~ "% for positive TE
selection. This enrichment was significant as compared
with SNPs outside this region (P = 1.17 x 107 see supple-
mentary note 5, Supplementary Material online, for
additional results).

TE Selection and General Selection

An interesting question concerns the interplay between TE
selection in recent human evolution and other general
forces of selection that are unrelated to TE. Do these forces
show similar or different selection patterns? To address this
intriguing question, we used several approaches.

First, we directly checked whether genes under selection
show stronger TE selection. For that purpose, we used the ra-
tio between nonsynonymous (dN) and synonymous substitu-
tions (dS) between human and chimpanzee as a measure for
selection pressure on protein sequence since the last common
ancestor. SNPs within genes below the median dN/dS, sugges-
tive of stronger constraints imposed on protein sequence, ex-
hibited 2.55-fold enrichment (P « 107 '®) for negative TE
selection that was significantly higher than the group above
the median (P = 0.01). Similar results were obtained for dN/dS
values between human and mouse (supplementary table S3,
Supplementary Material online).

Second, we examined whether TE selection pattern in
various gene sets resembles that of other selective pressures
that are not related to TE. These general selective pressures
were measured using dN/dS ratio between human and
chimpanzee and with Fstwithin human populations (Mate-
rials and Methods). Remarkably, we found that for many of
the gene groups analyzed above, TE selection resembled
general selection in the two timescales (supplementary
tables S3-S6, Supplementary Material online). Similar results
were also obtained by taking dN values (human/chim-
panzee) and dN/dS values (human/mouse) (supplementary
tables S4-S6, Supplementary Material online).

Nevertheless, there were some differences between TE and
general selection, mainly in respect to positive selection. Spe-
cifically, regulatory genes (defined by GO dlassification) showed
decrease in positive selection on protein sequence (dN/dS mea-
sure) as opposed to enrichment in TE selection (supplementary
table S6, Supplementary Material online). Regulatory genes can
evolve through changes in abundance or sequence and func-
tion (Wittkopp 2005). These results suggest that the former
(via TE changes) are more common than functional (nonsynon-
ymous) changes. Indeed, transcription factors show enrichment
for positive selection in their expression levels in the human
lineage while showing lower dN/dS values (Blekhman et al.
2008). Similarly, metabolic genes (GO:0008152) showed en-
richment for both positive and negative TE selection, whereas
only negative and even decrease in positive general selection
(supplementary table S3, Supplementary Material online), in
agreement with studies showing that metabolic genes under-
went positive selection in the human lineage in respect to ex-
pression levels (Khaitovich et al. 2006; Blekhman et al. 2008).

TE Selection on Codons and Genes

In our analysis thus far, we focused on TE selection as
reflected by SNPs. Hence, we study TE selection on single
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nucleotides in recent human evolution. Similarly, we can
also look on TE selection in larger timescales, from a whole
gene's perspective: during evolution, changes in codon
composition can also affect the TE of the entire gene.
It is interesting to examine what is the relationship between
changes in TE of genes during evolution and selection on TE
in specific codons in recent human evolution within these
genes. For that purpose, we calculated for each gene its
TE, both in human and in mouse orthologues and compared
between the TE rankings of each gene in the two species
(Materials and Methods). This allowed us to analyze
different set of genes, according to their TE evolution since
human/mouse divergence. Interestingly, we found that
genes that changed their TE during human evolution (either
increase or decrease as compared with mouse) showed
stronger TE selection than those with little change in TE. This
trend was observed for both negative (fig. 4A) and positive
(fig. 4B) TE selection. However, negative TE selection was
stronger in genes showing increase in TE in human evolution
as compared with genes with decreased TE in human: there
was a 1.94-fold enrichment (P = 2.64 x 107" in genes
with increased TE in human but only a 1.54-fold enrichment
(P = 5.95 x 10~% in genes with decreased TE in human.
The difference between the groups was highly significant
(P =8.20 x 10°% see also fig. 4A).

These results demonstrate that genes under stronger
TE selection in human evolution, with respect to mouse,
are also under stronger TE selection in recent human
evolution.

TE Variants Potentially Involved in Diseases

The results presented above imply that ATE synonymous
variants are not silent and hence may have significant
and even clinical implications. As preliminary results, we
present several examples demonstrating the potential value
of TE in SNP analysis. The first example is rs1042503,
a synonymous SNP (c.735G>A, p.V245V) located in the
phenylalanine hydroxylase gene, which encodes a rate-lim-
iting enzyme in phenylalanine catabolism. Mutations in this
gene lead to phenylketonuria (PKU) disease, a disease that if
not treated properly causes impaired cognitive development
and neurological function (Scriver 2007). This SNP exhibits
a very high Fs7(0.42, 99.6th percentile) and a relatively high
value of ATE (3.52, 95th percentile). Using each of these
measures alone would probably not underscore its possible
importance. However, there are only four other synonymous
SNPs (out of 13,798 SNPs) with both higher Fst and ATE
(supplementary table S7, Supplementary Material online).
Notably, although most mutations associated with PKU in
this gene are nonsynonymous (Scriver et al. 2003), this syn-
onymous variant was also associated with PKU and is among
the most associated mutations in this gene (Dworniczak
et al. 1990; Scriver et al. 2003). The PKU-associated allele
(GTA) is translated less efficiently than the other allele
(GTG) and thus can cause ribosomal stalling and leading
to aberrant folding (Kimchi-Sarfaty et al. 2007; Komar
2009) or higher probability for translation error (Kramer
and Farabaugh 2007; Stoletzky and Eyre-Walker 2007).
Interestingly, the associated allele is almost absent in African
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TE selection (3,500 genes in each window, 100 genes difference
between consecutive bins). Positive rank change reflects increase in TE in
human as compared with mouse.

populations (fig. 54), in concordance with PKU prevalence
which is at least one order of magnitude lower in sub-
Saharan populations as compared with European and
Asians (Scriver 2007; Hardelid et al. 2008). Positive selection
to increase the associated allele in non-African population
may be a result from an overdominant selection where
the heterozygote allele has an advantage (Krawczak and
Zschocke 2003).

Another interesting example is the rs1109748, also
among the top five SNPs with both high Fst (0.44) and high
of ATE (3.61) (supplementary table S7, Supplementary
Material online). This SNP (c.219C>A, p.173l) is located in
a transmembrane region of BEST1 (also known as VMD2)
and has the highest Fst among all HapMap3 SNPs (coding

and noncoding) within 500 kb. Mutations in BEST1 cause
Best's macular dystrophy, a rare retina disorder (Petrukhin
et al. 1998). Interestingly, a nonsynonymous mutation in
the same residue of the SNP (c.218T>A, p.I73N) was found
in a patient with Best's macular dystrophy (Marchant et al.
2001) and was shown to have a measurable effect on
membrane insertion (Milenkovic et al. 2007), marking the
importance of this residue. Changes in TE can increase trans-
lation error and amino acid substitutions of the residue or
affect protein folding. The frequency of the more efficient
allele (C) is much higher in both European and African pop-
ulations as compared with East Asian populations (fig. 58
and Q), suggesting differential prevalence rates of Best's
macular dystrophy between these populations. However,
Best's macular dystrophy is a rare disease, and therefore,
prevalence rates in different populations are currently un-
available to the best of our knowledge.

One can also use other measures to detect selection and
combine them with TE. For example, a recent study set out
to find causal variants within regions under recent positive
selection using a composite of multiple signals (CMS)
(Grossman et al. 2010). In their analyses, they mainly fo-
cused on nonsynonymous variants or variants within regu-
latory regions. We reanalyzed their results, focusing on silent
variants. We found that for the region 43,400,000~
43,600,000 in chromosome 19, the SNP rs3178327 had
both high genome-wide CMS value (12.904, P = 4.5 x
1072, placing it second in this region and first among coding
variants in this region) and high ATE (3.52), suggesting that
its ATE may explain its relatively high probability to be
a casual variant. This polymorphism is between two valine
alleles (GTG and GTA) and is located within a transmem-
brane region of the YIF1B protein. Further analysis is needed
to verify the possibility of this SNP to be a casual variant.
Supplementary table S8 (Supplementary Material online)
contains CMS and ATE values for other synonymous SNPs,
some of them may be potentially casual variants.

Discussion

In this work, we showed that TE has been targeted by
natural selection, both positive and negative, during rela-
tively recent human evolution. In addition to the observed
genome-wide TE selection, there are marked differences
between and within genes. Negative TE selection is stronger
in complex members and essential genes, as well as in highly
expressed and highly interacting proteins. Stronger negative
TE selection was also observed in initial segments of highly
expressed genes and in functional regions and positive TE
selection in the same region for lowly expressed genes. In-
terestingly, we found that regulatory genes are under stron-
ger than average TE selection, both positive and negative, in
agreement with previous studies that have highlighted the
importance of regulation in inter- and intraspecies variation
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(Levine and Tijan 2003; Chen and Rajewsky 2007).
Furthermore, TE selection shows similar pattern across gene
classes to that of general selection in recent human
evolution as well as general selection on a much deeper
timescale (supplementary table S3, Supplementary Material
online). Nevertheless, we also found differences, suggesting
that positive selection in regulatory and metabolic genes is
mainly obtained via changes in protein levels (TE changes)
and less by nonsynonymous changes, in accordance with
earlier studies (Khaitovich et al. 2006; Blekhman et al.
2008).

Ascertainment bias in SNP detection between different
groups of genes (Clark et al. 2005; Keinan et al. 2007,
Nielsen et al. 2007; Barreiro et al. 2008) can potentially
influence some of the results concerning general selection
in recent human evolution, and therefore they should be
treated with caution. General selection in recent human
evolution was the subject of many previous studies (Voight
et al. 2006; Nielsen et al. 2007; Sabeti et al. 2007; Barreiro
et al. 2008; Akey 2009; Tennessen et al. 2010) and is not
the central subject of the current study. Ascertainment
biases should not affect the main focus of this study—TE
selection—because the groups we compared (small and
large ATE SNPs) are both synonymous and were taken from
the same set of genes. Nevertheless, we repeated some of
our analyses on a set of SNPs discovered by homogenous
sequencing (Lohmueller et al. 2008). Despite its smaller size
(35 individuals from 2 populations as compared with 1,198
individuals from 11 populations), we found evidence for TE
selection also in this data set: a 1.32-fold enrichment (x?
test, P = 1.34 x 10~ for low Fsr values (below second
percentile) in large ATE SNPs as compared with small ATE
SNPs, indicating negative TE selection. Taking a slightly dif-
ferent threshold (below fourth percentile), the results were
even more significant: a 1.43-fold enrichment (y* test,
P = 2.59 x 107 '3). Similarly, we found a 1.31-fold enrich-
ment (P = 8.14 x 10~%) for high Fsr values (above 98.5th
percentile), testifying for positive selection. As more and
more data that is based on full genome sequencing will
become available, it will be interesting to repeat the analyses
reported here.

The importance of this work lies in several aspects. First, it
further highlights the importance of TE in humans (Urrutia
and Hurst 2003; Lavner and Kotlar 2005; Parmley and
Huynen 2009; Waldman et al. 2010). However, in contrast
to previous studies, we focused on recent human evolution.
Thus, we provide for the first time a genome-wide evidence
for TE selection in humans in a relatively recent epoch. Sim-
ilarly, other studies used polymorphism data to study TE in
Drosophila (Akashi and Schaeffer 1997; Akashi 1999), but
their analysis was based on relatively small number of genes.
In addition, recent study analyzed genome-wide data on
yeast SNPs, finding evidence for selection for TE (Vishnoi
et al. 2011). To the best of our knowledge, this is the first

comprehensive study that uses genome-wide population
genetics data in any multicellular organism to address ques-
tions on TE selection on a relatively short time period.

In conclusion, this study underscores the importance of
synonymous variants, which are often neglected and con-
sidered as silent and nonfunctional. Specifically, we showed
two examples where TE may have significant clinical impli-
cations in human diseases. With the rapid advancement in
sequencing techniques, there is vast increase in whole-
genome sequencing data. We hope that this study will
not only encourage the usage of these data when studying
TE but also further mark the importance of silent SNPs and
TE when looking for causal variants in evolution, disease
states, and other related studies.

Supplementary Material

Supplementary notes 1-5, tables S1-S8, and figures S1-S2
are available at Genome Biology and Evolution online
(http://www.gbe.oxfordjournals.org/).
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