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We examined fixed substitutions in the human lineage since divergence from the common ancestor with the
chimpanzee, and determined what fraction are AT to GC (weak-to-strong). Substitutions that are densely clustered
on the chromosomes show a remarkable excess of weak-to-strong “biased” substitutions. These unexpected biased
clustered substitutions (UBCS) are common near the telomeres of all autosomes but not the sex chromosomes.
Regions of extreme bias are enriched for genes. Human and chimp orthologous regions show a striking similarity in
the shape and magnitude of their respective UBCS maps, suggesting a relatively stable force leads to clustered bias.
The strong and stable signal near telomeres may have participated in the evolution of isochores. One exception to
the UBCS pattern found in all autosomes is chromosome 2, which shows a UBCS peak midchromosome, mapping to
the fusion site of two ancestral chromosomes. This provides evidence that the fusion occurred as recently as 740,000
years ago and no more than ~3 million years ago. No biased clustering was found in SNPs, suggesting that clusters
of biased substitutions are selected from mutations. UBCS is strongly correlated with male (and not female)
recombination rates, which explains the lack of UBCS signal on chromosome X. These observations support the
hypothesis that biased gene conversion (BGC), specifically in the male germline, played a significant role in the
evolution of the human genome.

[Supplemental material is available online at www.genome.org.]

With the sequencing of the chimpanzee genome (Chimpanzee
Sequencing and Analysis Consortium 2005), detailed analysis of
the genetic determinants of our humanity has begun. In pursuit
of the fastest evolving regions of the human genome, it has been
observed that single-base substitutions in the top scoring regions
were dramatically biased in favor of changes from AT to GC base
pairs (Pollard et al. 2006a,b). In the top four fastest evolving
regions, there were 33 cases of an AT pair being replaced by a GC
pair, but only one case of a GC being replaced by an AT. Thus,
bases that pair with two hydrogen bonds (“weak”) were replaced
by bases that pair with three (“strong”). This substitution bias is
particularly surprising given that overall numbers of strong-to-
weak and weak-to-strong mutations are roughly equal in the
human genome (Eyre-Walker 1999; Maki 2002; Lipatov et al.
2006).

The force that has biased substitutions in recent human evo-
lution may be related to the pressures that have shaped iso-
chores, areas of warm-blooded vertebrate genomes as large as
~300 kb with strikingly greater or lesser proportions of G+C than
surrounding areas (Bernardi et al. 1985; Bernardi 2000). Three
main theories have been proposed to explain the existence of
isochores (Eyre-Walker and Hurst 2001). The first involves varia-
tion in mutation rates (Sueoka 1988; Wolfe et al. 1989; Fryxell
and Zuckerkandl 2000) in different areas of a genome. Under this
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model, initial mutations vary in the proportion of G+C at differ-
ent locations, and this imbalance is carried forward as a substi-
tution bias by neutral evolution. The second theory is that natu-
ral selection (Bernardi and Bernardi 1986; Eyre-Walker 1999) for
GC alleles has driven the formation and maintenance of iso-
chores. Variability in G+C content might be evolutionarily ad-
vantageous, since G+C% is known to be correlated with (Lercher
et al. 2003) and positively affect (Kudla et al. 2006) gene expres-
sion. G+C% may also be related to thermal stability. A third
model that could lead to widespread variation in G+C content
involves biased gene conversion (BGC) (Eyre-Walker 1993). BGC
is a recombination-driven process that results in the biased fixa-
tion of GC alleles due to a biochemical bias in the DNA repair
mechanism (Brown and Jiricny 1988; Webster and Smith 2004)
acting on short stretches of hetero-duplexed DNA during cross-
ing-over. BGC acts much like a selection pressure (Nagylaki 1983),
providing a general mechanism for increased G+C, although it
remains to be demonstrated (theoretically or experimentally)
how BGC could lead to very large increases in substitution rate.
Correlation between recombination rates and G+C content in a
number of species supports the BGC hypothesis (Brown and
Jiricny 1988; Birdsell 2002; Meunier and Duret 2004).

The three models to explain bias in G+C give rise to different
predictions regarding patterns of bias in polymorphisms and
fixed substitutions (Eyre-Walker and Hurst 2001). If mutation
bias is at work, then single nucleotide polymorphisms (SNPs)
should show a similar pattern of bias as substitutions (Eyre-
Walker and Hurst 2001; Lercher et al. 2003). But if higher G+C is
the result of a selection pressure, there should be a more pro-
nounced bias in substitutions than in SNPs (Lercher et al. 2002;
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Schmegner et al. 2007). Distinguishing between natural selection
and BGC-mediated increases in G+C can be more difficult (Duret
2002; Meunier and Duret 2004). If natural selection is the source,
then substitution bias may be different between areas of low and
high conservation. However, if BGC is the cause of bias, then
genomic G+C would be correlated with historical recombination
rates or hot spots (Kong et al. 2002). To the extent that regional
recombination rates remain constant (Myers et al. 2005), biased
substitutions might be correlated with measures of current re-
combination.

This study has been undertaken to document the character-
istics of biased substitution patterns across the human and chimp
genomes. We examine nucleotide bias in human SNPs and fixed
chimp-human differences in an effort to characterize the roles of
mutation bias, natural selection, and BGC in the observed pat-
terns of substitution bias in the last 6 million years of human
evolution.

Results

For every chimp-human nucleotide difference and every human
SNP, we determined the ancestral allele using the chimp
and macaque genome sequences as described in the Methods.
In each substitution where the chimp-human ancestral
allele could be determined, we then inferred the lineage
(human vs. chimp vs. both) and type of nucleotide change
(weak-to-strong vs. strong-to-weak vs. neither). Similarly, we in-
ferred the type of nucleotide change for each human SNP. Hence-
forth, we use the word “bias” to refer to “weak-to-strong bias”
and describe all other types of bias explicitly, e.g., “strong-to-
weak bias.”

Clusters of substitutions are biased

Genome-wide there is no nucleotide bias in human substitu-
tions. Nearly as many ancestral AT pairs underwent substitution
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as GC pairs (5,351,332 vs. 5,520,349). Further, weak-to-strong
substitutions and strong-to-weak substitutions occur at similar
rates, constituting 43.1% and 42.8% of all substitutions, respec-
tively. Clusters of five or more nearby substitutions, however, do
show evidence of weak-to-strong bias (Fig. 1). For example, in
windows of 100 bp containing seven substitutions, weak-to-
strong changes outnumber strong-to-weak changes genome-wide
(49.2% vs. 35.8%). This relationship can be seen in every human
autosome, although the strength of the relationship varies by
chromosome. On GC-rich chromosome 19, strong-to-weak sub-
stitutions outnumber all other types (as expected), but clusters of
substitutions are nonetheless biased weak-to-strong. This pattern
cannot be explained by hypermutability of CpG dinucleotides,
since our findings do not change qualitatively when using only
sites for which the ancestral state can reliably be inferred to be
non-CpG (“class 1 sites,” Meunier and Duret 2004) (Supplemen-
tal Fig. S1).

Regions near telomeres of autosomes show greatest bias

To locate and quantify this pattern of observed clustered bias
within genomic regions, we developed a measure of unexpected
biased clustered substitutions (UBCS; see Methods). UBCS mea-
sures the excess bias among clustered substitutions in a region
and is equal to zero when clustered and nonclustered substitu-
tions have the same pattern of bias. Patterns of UBCS along the
chromosomes show a significant increase in bias at the distal
ends of all autosomes (Fig. 2). This pattern is not a function of
distance from the centromere or length of chromosome, nor does
it disappear when only non-CpG class 1 sites are analyzed
(Supplemental Fig. S1).

Patterns of bias nearly identical in chimpanzee

Due to sequencing and assembly errors in the less-complete
chimpanzee genome, we expect to overestimate chimp substitu-
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Clusters of substitutions are biased weak (AT) to strong (GC). (A) This heat map shows the proportion of substitutions that are weak-to-

strong (color scale) as a function of the local substitution rate for a range of sizes and densities of substitutions. The overall proportion of substitutions
that are weak-to-strong is 0.438 genome-wide (yellow). As substitution density approaches 4 or more within 100 bp, the proportion rises to 0.58 (red).
(B) Chromosome 18 shows a particularly strong relationship between substitution density and bias, as can be seen for clusters of seven substitutions in
the “zipper” plot. A similar pattern was observed on all autosomes. Additional graphics are available at http://www.soe.ucsc.edu/research/compbio/

ubcs/.
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Figure 2. Patterns of substitution bias are nearly identical in human and chimp. (A) Unexpected biased clustered substitutions (UBCS) (faint line) for
human chromosome 7 is above zero, indicating GC bias, along most (91.1%) of the chromosome and rises significantly at the distal ends. Smoothed
UBCS (dark line) and 95% confidence band (yellow) are shown. The 95% confidence region is above the null expectation (zero) for more than half of
the chromosome (61.8%). UBCS only exceeds the genome-wide 95% confidence interval (gray) near the telomeres. (B) Chimpanzee chromosome 7
has a remarkably similar profile (Spearman correlation p =0.87). (C) The pattern of bias on chromosome 7 is mirrored on all autosomes (ordered
sequentially; red, human; blue, chimp). Elevated UBCS near telomeres exceeds the human genome-wide 95% confidence interval (gray) on almost all
autosomes. Here the chimpanzee sequence has been aligned to the human genome.

tion rates of all types. Our use of only high-quality chimp base
calls should reduce this effect, but some residual overestimation
may exist in our data. Nonetheless, we observe in the substitu-
tions specific to the chimpanzee lineage the same pattern of
UCBS as found in the human-specific substitutions in the human
genome, indicating that our findings are not specific to the hu-
man lineage. In fact, there is a striking similarity between the
human and chimp UBCS profiles along each chromosome, de-
spite the fact that (by definition) no substitutions are shared
between the two genomes (Fig. 2). The human and chimp
smoothed UBCS values are highly correlated genome-wide
(Spearman correlation: p = 0.70, permutation P = 0) and for each
chromosome (Supplemental Table S3). This correlation is much
lower (p = 0.44 genome-wide), though still significant, if the dis-
tal 16 Mb of each chromosome arm are dropped from the analy-
sis. Analyzing only every 100th window along the genome in
order to reduce possible effects of autocorrelation between
adjacent regions does not change the correlation between

human and chimp UBCS nor its statistical significance. Rough
(unsmoothed) UBCS values are less highly correlated but are
still significantly similar between the two species (Supple-
mental Table S3). This suggests that the correlation between
chimp and human UBCS is regional rather than fine-scale. Thus,
the force that is responsible for creating biased clusters of sub-
stitutions is clearly location-dependent and evolutionarily
conserved.

Bias absent from chromosomes X and Y

The human sex chromosomes do not share the consistent pat-
tern of bias found on all the autosomes (Fig. 3). On human chro-
mosome Y, UBCS varies randomly and does not reach significant
levels. This observation is consistent with the BGC model, which
predicts no bias in the absence of recombination. Data for chim-
panzee chromosome Y was insufficient for analysis of UBCS. Sur-
prisingly, despite the presence of substantial recombination (al-
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B. Human Chr2 vs. Chimp Chr2a-2b
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Exceptions to genome-wide patterns of bias. (A) There is little evidence of UBCS on either human or chimp sex chromosomes. There is also

poor agreement between the human and chimp smoothed UBCS curves (p = 0.25 on chrX). The pseudo-autosomal regions (PAR) are shown in green.
(B) Human chromosome 2 shows an atypical central peak, which is likely due to the fusion of two ancestral chromosomes (red, human chr2; blue, chimp
chr2a and chr2b). The two smoothed curves are in remarkable agreement (p = 0.84). The UBCS signal for hypothetical telomeres (if no fusion had
occurred) was predicted (green) by using 16 Mb of distal sequence (yellow).

beit reduced relative to the autosomes) both the human and
chimpanzee X chromosomes show almost no UBCS signal
(Fig. 3). Overall, clusters of substitutions on chromosome X are in
fact biased strong-to-weak, as would be expected in the absence
of selective pressures, due to AT mutation bias. In fact, correla-
tion between the smoothed UBCS curves in human and chimp
is much weaker on chromosome X (p =0.24) compared to the
autosomes (p =0.39 to 0.96; Supplemental Table S3).

Since the X and Y chromosomes recombine with each other
in the pseudo-autosomal regions (PAR), we specifically examined
these regions for evidence of UBCS. In humans there are two PAR
regions. One may be too small (~320 kb) to detect any significant
UBCS, and we have found none. The only significant level of
UBCS on chromosome X is found along the distal end of the p
arm peaking in the larger (2.6 Mb) PAR, but extending ~5 Mb
beyond its current boundary (Fig. 3). If UBCS is a product of
recombination, we might expect a dramatic peak in the PAR re-
gion. We detect a mild elevation, but only in comparison with
the levels of UCBS in other regions of X, and not from a genome-
wide perspective. This milder elevation may be due to the same
processes that render X and Y much less polymorphic (Interna-
tional SNP Map Working Group 2001) and diverse (Hellborg and
Ellegren 2004; Baines and Harr 2007) than autosomes. Further
investigation is needed to determine why the UCBS effect is not
as dramatic in the PAR regions as it is in autosomal telomeres.

Bias correlated with male recombination rate

In order to further investigate genome-wide bias trends and to
better understand this “X exception,” we computed correlations
between human UBCS and a variety of genome characteristics
using a window size of 1 Mb. Male recombination rate (p = 0.38),
recombination hot spots (p =0.37), and G+C% (p = 0.33) show
the strongest associations with UBCS, all of which are statistically

significant (P = 0). This level of correlation is high, especially
given that UBCS has accumulated for 6 million years under
changing patterns of recombination, which should be only par-
tially reflected in current rates (Kong et al. 2002). UBCS, G+C%,
and recombination rates all rise substantially near the telomeres
of each autosome. Computing the correlations without the last
16 Mb of sequence from each chromosome arm reduces the as-
sociations by ~50%. Compared to the male rate, the female re-
combination rate has a much weaker, though statistically sig-
nificant, correlation with UBCS (p =0.25). Both transcription
density (p =0.009) and conservation (p = —0.069) show little
relation to UBCS. We also examined genome-wide correla-
tions over a range of window sizes from 10 kb to 1 Mb. Results at
finer scales were similar to those for 1 Mb windows, and we
observed that the stronger correlations all increase with window
size (Fig. 4). Repeating this analysis with smoothed UBCS values
increases the magnitude of the observed correlations but does
not qualitatively alter our findings.

To further investigate these correlations, we fit linear regres-
sion models on the data for 1-Mb windows. A multiple linear
regression analysis that adjusts for the effects of other variables
indicates that recombination hot spots, G+C%, and male recom-
bination rate all have significant positive associations with
UBCS. These associations are reduced in magnitude, but remain
significant, when distal 16-Mb regions are dropped from the
analysis. Conservation and female recombination rate show
weak negative associations with UBCS in the model adjusting for
other genomic variables. Furthermore, the female recombination
rate is not correlated with the residuals from a simple linear re-
gression of the male recombination rate on UBCS, suggesting
that the female rate offers no additional explanatory power. If
clusters of biased substitutions are a consequence of some process
associated primarily with recombination in the male germline,
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Figure 4. UBCS is strongly correlated with male recombination rates. (A) Spearman correlation between unsmoothed UBCS and different genomic
variables for windows of size 10 kb to T Mb over the whole human genome. Male recombination rate (blue), recombination hot spots (gray), and G+C%
(orange) have the highest correlations with UBCS. These correlations rise with increasing window size, particularly in the case of recombination hot
spots. Female recombination rate (pink) is less highly correlated with UBCS. Transcription (purple) and conservation (green) are not significantly
correlated with UBCS. (B) UBCS (red) and male recombination rate (blue) vary together along all the autosomes, with distal regions showing steep rises
in both variables. Chromosome 2 (shown) has the weakest correlation, due mostly to the low male recombination rate in the zone of fusion.

then this would explain their absence on the X chromosome. We
observed a positive regression of the residuals with G+C content.
This association may reflect an historical relationship between
male recombination, G+C, and BGC that cannot be measured
with present-day male recombination rate estimates.

Human chromosome 2 fusion retains bias

The UBCS plot for human chromosome 2 (Fig. 3) has an internal
peak, which maps to the region of fusion of two ancestral
chromosomes (Ijdo et al. 1991). It is possible that the force
causing biased clusters of substitutions is still acting in the
middle of chromosome 2 even though it is no longer distal.
However, the male recombination rate is not currently elevated
in this region (Fig. 4). A simpler explanation is that the peak
was created by the accumulation of biased substitutions prior to
fusion. If so, then the size of the peak (only slightly less biased
than the corresponding chimpanzee regions) suggests that the
fusion occurred recently in human evolution. Using the assump-
tions of a relatively constant rate of UBCS accumulation before
fusion and cessation of UBCS accumulation upon fusion, it is
possible to estimate the date of the fusion itself based on the
reduction of bias on the fused region of human chromosome 2
compared to the orthologous regions of chimpanzee chromosomes
2a and 2b (see Methods). Based on a speciation event 6 million yr
ago (Mya), we estimate the fusion date at 0.74 Mya with a 95%
confidence interval 0-2.81 Mya. This finding argues against the
hypothesis that this fusion was the speciation event that sepa-
rated the human and chimp lines (Navarro and Barton 2003).

Many extremely biased regions are transcribed

We identified the 200 most-biased regions of the human genome
using a method agnostic to the conservation level of the regions

(see Methods). Surprisingly, despite a lack of correlation between
UBCS and transcription density genome-wide, the most ex-
tremely biased regions of the genome contain a disproportionate
number of genes. Of the top 200 most-biased regions, 108 (54%)
are in segments spanned by the pre-mRNAs of known genes (Ap-
weiler et al. 2004). This compares to an expected 33.5% for simi-
lar sized and located regions (see Methods). A total of 161
(80.5%) lie in an mRNA or EST (National Center for Biotechnol-
ogy Information 2002; Benson et al. 2005) transcribed in humans
(Table 1). The 200 most-biased regions are also disproportion-
ately found in the exons of known genes (15.5%, expected 6%).
Among the known genes that overlap the top 10 most-biased
regions (Table 2) are VLDLR (Webb et al. 1994) (associated with
autism, bipolar disorder, and schizophrenia; may interact with
Reelin), HARI (Pollard et al. 2006b) (implicated in fetal brain
development), CHL1 (Wei et al. 1998) (neural adhesion mol-
ecule; active in fetal brain), and a HTR5B pseudogene (Matthes et
al. 1993) (serotonin receptor; may have been destroyed by weak-
to-strong substitutions separately in humans and chimps
[Dreszer 2006]). A full list of biased regions is available at http://
www.soe.ucsc.edu/research/compbio/ubcs/sub18_d32.html. The
enrichment for genes in the most extremely biased regions sug-
gests the possible involvement of non-neutral evolutionary
forces.

Patterns of substitution bias are not reflected in SNPs

In contrast to the distinct and consistent patterns of bias ob-
served in human and chimp substitutions, there is little evi-
dence of genome-wide bias in human SNPs. This is the case
overall (only 39.97% of SNPs are weak-to-strong) and among
clusters of nearby SNPs. Weak-to-strong SNPs are less preva-
lent in regions with high G+C%, reflecting ancestral base
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Table 1. Evidence of transcription in biased regions

among polymorphic sites. We performed a

Top 200
weak-to-strong

Transcription evidence biased regions

Top 200
strong-to-weak
biased regions

modified McDonald-Kreitman test (see

200
Control Methods) to compare counts of polymor-
regions  phisms and fixed differences of different

Known genes

Pre-mRNA 108 (54%) 69 (34.5%)
Exon 31 (15.5%) 12 (6%)
Coding exon 18 (9%) 7 (3.5%)

Transcription evidence in humans 161 (80.5%)

131 (65.5%)

types (weak-to-strong vs. strong-to-weak vs.
neither). In order to use a SNP data set free
from ascertainment bias, we analyzed only
the 828 genome regions (19.72 Mb) se-
quenced by the Seattle SNPs project (http://

67 (33.5%)
12 (6%)
9 (4.5%)
123 (61.5%)

The number of regions that overlap various gene annotations varies dramatically between the most
weak-to-strong (column 1) and strong-to-weak (column 2) biased regions of substitutions in the
human genome. Transcription density in the strong-to-weak biased regions resembles that of a
comparable set of 200 control regions (see Methods). In contrast, the weak-to-strong biased
regions are unusually likely to be transcribed in humans and are five times more likely to be found
in mature mRNAs than control regions. Known genes are from the UCSC “Known Genes” track

(Apweiler et al. 2004; Benson et al. 2004, 2005).

composition. Human substitutions generally mirror genome-
wide patterns of mutational bias. In distal regions, however,
weak-to-strong substitutions are much more common than ex-
pected given the distribution of polymorphisms (Supplemental
Table S4). These findings are similar to those reported by Web-
ster et al. (2003). Thus, it appears that the patterns of UBCS that
we observe along each autosomal chromosome cannot be ex-
plained by a higher rate of mutations toward GC unless historical
mutational patterns were very different from those observed to-
day.

Although there is no genome-wide polymorphism bias,
some extremely biased clusters of SNPs do exist. The region with
the most biased SNPs (8 within 148 bp) falls in the intron of a
gene required for pain perception (Kim et al. 1996), and two of
the top five regions occur in genes associated with cancer in
humans (e.g., SERINC1 [Zhang et al. 2003] and CSMD1 [Scholnick
and Richter 2003]). These data are consistent with the assump-
tion that the force leading to the fixation of clusters of biased
changes is still currently operating and remind us of the possi-
bility that this force may occasionally compete with purifying
selection.

Fixation bias is mostly weak to strong

By comparing levels of bias among SNPs and substitutions at
different loci in the human genome, we can identify regions
where the pattern of fixation in the last 6 million years deviates
the most from that expected given current patterns of bias

pga.gs.washington.edu; http://egp.gs.
washington.edu). We found 34 loci with
significant differences in patterns of bias be-
tween fixed and polymorphic changes
(FDR < 20%). Consistent with the results
above, 30 of these regions (88.2%) had
many more weak-to-strong substitutions
than expected given the pattern of bias in
currently segregating sites. This finding is true for exons, UTRs,
introns, and intergenic sequences, although most observed
changes (fixed and polymorphic) fell in introns due to the design
of the sequencing project. Only three (8.8%) of the 34 significant
loci showed a strong-to-weak bias among fixed differences. These
findings further support the argument that the regional weak-to-
strong substitution bias we observe is associated with areas of
increased probability of fixation and not with variation in mu-
tation rate.

In order to evaluate whether these results might have been
biased by underestimation of strong-to-weak substitutions due to
homoplasy at CpG sites, we repeated the analysis using only sites
for which the ancestral state can reliably be inferred to be non-
CpG (“class 1 sites”; Meunier and Duret 2004). We have lower
power to detect differences in the ratio of fixed to polymorphic
differences in this case, due to the smaller number of sites (both
fixed and polymorphic). Nonetheless, we found five loci with
significantly different fixed-to-polymorphic ratios among the
three types of changes. All five significant tests have an excess of
weak-to-strong fixations, consistent with our conclusions based
on all sites.

Discussion

Motivated by the observation that patterns of extremely acceler-
ated nucleotide substitution are associated with a disproportion-
ate number of weak-to-strong changes in the human genome, we

Table 2. Top 10 regions of biased clustered substitutions in humans

Location in hg18 Length (bp) Total subs. W-to-S subs. P value Annotation

1 chr2: 113977236-113978604 1369 74 61 2.00 X 10°° NT_022135.55

2 chr9: 2612396-2613708 1313 48 43 9.85 x 10°¢ VLDLR (intron 1)
3 chr20: 61203595-61204231 637 37 34 254 x10°* HART (RNA gene)
4 chr2: 117529420-117530267 848 43 38 3.68 x 104 NT_022135.102
5 chr2: 115136243-115136977 735 39 35 6.74 x 10~ DPP10 (intron 1)
6 chr3: 213300-214258 959 42 37 7.54 x 10~* CHLT (UTR exon 1)
7 chr2: 118333477-118334224 748 32 30 8.01 x 10~* HTR5B (exon 1)
8 chr8: 1752398-1753394 997 38 34 1.40 x 1073 mMRNA AF123758
9 chr2: 113630962-113631930 969 43 37 313 x 1073 EST BM926122
10 chr13: 112033076-112033732 657 26 25 4.77 x 1073 EST BG722997

A surprising number of genes appear in the list of regions showing the most substitution bias (8 out of 10 are transcribed). VLDLR, HAR1, CHL1, and
HTRSB are all involved in brain development or function. DPP10 is associated with asthma. AF123758 is a putative transmembrane protein that may
be implicated in a neurodegenerative disorder. Regions 1 and 4 are predicted genes transcribed in mammals. W-to-S = weak-to-strong (Matthes et al.
1993; Webb et al. 1994; Burge 1998; Wei et al. 1998; Chen et al. 2003; Benson et al. 2004; Pollard et al. 2006b).
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undertook a whole-genome analysis of substitution bias. We
found that while there is no evidence of wide spread bias, ge-
nomic regions with a high density of substitutions since diver-
gence from the chimp-human ancestor (=5 in 100 bp) are en-
riched for weak-to-strong changes. We also found the accumula-
tion of such biased clusters of substitutions is highly localized
and dramatically increases near the telomeres of all autosomes. A
strikingly similar pattern is seen in the chimpanzee genome. To
understand the evolutionary forces generating clusters of biased
substitutions at different but nearby locations in both primate
genomes, we examined the correlation between bias and various
genomic variables.

A detailed comparison of bias in human SNPs and fixed
substitutions found no evidence of bias in polymorphic sites. In
particular, human SNPs do not show the same pattern of increas-
ing bias with higher density that we observe in human substitu-
tions. Our findings are completely consistent with and expand
the results of a previous study of compositional bias among SNPs
and fixed differences in 1.8 Mb of the human genome (Webster
et al. 2003). Furthermore, data from the Seattle SNPs sequencing
project suggests that the vast majority (~90%) of genomic regions
with a different pattern of bias in polymorphic sites compared to
fixed differences have a disproportionate number of weak-to-
strong substitutions. These findings indicate the presence of a
fixation bias. It is nonetheless possible that the observed patterns
of bias were created by a mutation bias that has changed over
time. Since recombination is mutagenic, a mutation bias would
be consistent with the association we find between bias and cur-
rent large-scale recombination rates. In order to evaluate the pos-
sibility of a local, directed mutation bias, an analysis of the site-
frequency spectrum in a large resequencing study is needed. Such
investigation will be the focus of future work.

A fixation bias could result from either directional selection
or a neutral process, such as BGC. We found that substitutions
and clusters of biased substitutions are not correlated with con-
servation or transcription density, and bias is not limited to G+C
rich regions. Thus, natural selection for increased G+C in either
genes or at the level of isochores is not a likely explanation for
the patterns of bias seen here. On the other hand, the easily
recognizable clustering we have documented might be expected
as the calling card of a BGC process. Supporting this, we observe
that UBCS is correlated with male recombination rates and is
absent from the sex chromosomes. These observations agree with
previous studies that showed (1) elevated male recombination
rates at the telomeres (Yu et al. 2001) and (2) a correlation be-
tween BGC and male recombination in human Alu repeats (Web-
ster et al. 2005). Our results suggest that recombination is an
integral component of the generation of UBCS.

It should be noted that not all variation in human-chimp
substitution patterns can be attributed to variation in mutation
and/or fixation. Recent studies have shown that variation in coa-
lescent times along the genome can also result in differences in
the number of substitutions (Patterson et al. 2006). It is not clear,
however, how this phenomenon could lead to the pattern of
UBCS that we describe.

The degree to which BGC pressure remains stable over time
may prove revealing. We observed a moderate correlation of
UBCS and current recombination hot spots, but a strong corre-
lation with current male recombination rates, which is consis-
tent with a model of hot spots moving or “burning out” through
recombination events (Jeffreys and Neumann 2002; Pineda-Krch
and Redfield 2005; Winckler et al. 2005), while regional recom-

bination rates remain relatively constant (Myers et al. 2005). Fur-
ther, our observation that human and chimp UBCS profiles are
nearly identical attests to a relatively stable force across 12 mil-
lion years of genetic divergence. By using this assumption of
stability, we were able to calculate a date of fusion for human
chromosome 2. Additionally, the highly localized profile of
UBCS accumulation suggests a possible model for the evolution
of isochores. Duret et al. (2002, 2006) have proposed a GC factory
model, where high recombination rates at specific genomic lo-
cations may allow the build up of isochores. We found dramatic
accumulation of UBCS near the telomeres of almost all human
and chimp autosomes, suggesting that these may be current GC
factories. Regions of high GC content within 10 Mb of autosomal
telomeres have gained in GC in the last 6 million years, even
while declining genome wide as part of the overall decline of
mammalian isochores (Belle et al. 2004).

Perhaps the most intriguing aspect of a BCG force in ge-
nome evolution is that it acts like non-Darwinian selection. Ac-
cording to the theory of neutral evolution (Takahata 1996), most
genome change is fueled by neutral stochastic forces acting upon
random mutations, and the remainder is due to adaptive selec-
tion. As described by Nagylaki (1983), gene conversion is a neu-
tral evolutionary force that can lead to increased genetic drift and
faster evolution, mimicking directional selection for GC base
pairs. When BGC acts upon a cluster of biased SNPs, the result
will often be the creation of a novel cluster not seen in either
parent chromosome. This new allele is more likely to be harmful
than beneficial, which may account for the presence of some
biased SNP clusters in association with human disease genes. The
neutral fixation pressure of BGC may in some cases directly com-
pete against, and slow, purifying selection.

The asymmetric association of BGC with male as opposed to
female meiosis is provocative. It is well known that mutation
rates are higher in males (Crow 1993; Li et al. 2002; Goetting-
Minesky and Makova 2006), leading to a process dubbed “male-
driven evolution” (Li et al. 2002). The higher mutation rate is
most frequently ascribed to the larger number of cell divisions
occurring in the germ-cell lines of males. However, that may not
explain all of the increase in male mutation rates (Lercher et al.
2001; Filatov and Charlesworth 2002; Gaffney and Keightley
2005). BGC in males would also drive genetic variation and could
be a significant additional part of male-driven evolution. How-
ever, it is not obvious why BGC would be tolerated in males
while avoided in females. It has been proposed that transcrip-
tion-associated recombination (TAR) (Prado et al. 1997; Bell et al.
1998; Nickoloff and Reynolds 1990; Aguilera 2002) might be
driving BGC (Vinogradov 2003). If this were true, then the de-
mands of gamete generation would make BGC hard to avoid in
males, at the same time that “sperm selection” (Holt and Van
Look 2004) might mitigate the dangers. This model would ex-
plain our finding that the most-biased regions are disproportion-
ately transcribed. Additionally, if subtelomeric regions are GC fac-
tories building isochores, then an association of BGC with TAR
might explain why (1) genes appear to lead the accumulation of
GC in GC-rich isochores (Press and Robins 2006) and (2) widely
expressed housekeeping genes are more often found in GC-rich
isochores than are tissue-specific genes (Vinogradov 2003).

In conclusion, we have found a strong link between male
recombination rates and GC bias among clusters of substitutions
that have occurred in human and chimp genomes since diver-
gence, suggesting a significant presence of BGC during male
meiosis. By studying biased clusters, which are the footprints of
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this process, chromosome fusions can be dated and perhaps a
greater understanding of the evolution of isochores can be ob-
tained. These observations suggest that biased gene conversion
could have been an important contributor to the evolution of
our species.

Methods

All sequence, assembly, and alignment data are freely available
from the UCSC Genome Browser (http://www.genome.ucsc.
edu/; Karolchik and Kent 2002; Kent et al. 2002; Karolchik et al.
2003). Recombination hot-spot data were downloaded from the
HapMap website (http://www.hapmap.org/downloads/). Recom-
bination rate data were obtained from deCODE Genetics and are
available through the UCSC Table Browser (Karolchik et al.
2003). Data analysis was performed using custom programs writ-
ten in the C and R languages (R Development Core Team 2004).
A more complete explanation of methods can be found in
Supplemental Text S1.

Data sets
We used the following data sets:

1. Unless otherwise stated, all analyses were based upon the se-
quence and locations found in the May 2004 assembly of the
human genome (hgl7). Some work used the March 2006 as-
sembly (hgl18).

2. All analyses on human substitutions and SNPs were based
upon the reciprocal best alignment to hgl7 of the November
2003 assembly of the chimpanzee (Pan troglodytes) genome
(Chimpanzee Sequencing and Analysis Consortium 200S5)
(ptl). Chimp substitution work was based upon the January
2006 assembly (pt2) aligned to hg18.

3. The January 2005 pre-release assembly of the Rhesus macaque
(Macaca mulatta) genome (Rhesus Macaque Genome Sequenc-
ing Consortium 2007) (rh0) was used as an out-group for the
hg17-ptl comparisons. The January 2006 assembly of ma-
caque (rh1) was used for the same purpose with the hg18—pt2
alignment.

4. Analysis of bias in SNPs was undertaken using the Interna-
tional HapMap Project’s October 2005 release of haplotype
map for humans (http://www.hapmap.org/downloads/index.
html.en; International HapMap Consortium 2005).

5. Recombination hot spots were located using the September 2005
release of HapMap Phase I data from the International HapMap
Project (http://www.hapmap.org/downloads/recombination/
latest/hotspots/; International HapMap Consortium 2005).

6. Recombination rates were provided by the deCODE genetic
map (Kong et al. 2002). Rates were available for males and
females separately as well as the sex-averaged rate, in the form
of a mean rate across 1 Mb segments of the genome.

7. Gene locations were taken from the “Known Genes” track of
the UCSC browser, which was compiled using protein data
from UniProt (Apweiler et al. 2004) and mRNA data from
NCBI (National Center for Biotechnology Information 2002;
Benson et al. 2005). mRNA locations are derived from the
UCSC browser “Human mRNA” track. Locations of expressed
sequence tags (ESTs) are from the UCSC “Human EST” track.
Sources for both tracks were international public sequence
databases (Benson et al. 2004). A descending hierarchy of tran-
scription evidence was as follows: known exons, known genes,
human mRNAs, human ESTs.

8. Human sequencing data from the Seattle SNPs Project was

downloaded from the PGA and EGP websites (http://pga.gs.
washington.edu; http://egp.gs.washington.edu) in July 2006.

Identification of human—chimp fixed differences and human
SNPs

Genome sequences were parsed into three distinct data sets: fixed
substitutions in humans, fixed substitutions in chimps, and hu-
man SNPs. Reciprocal best human-chimp alignments were used
to identify fixed differences and to polarize human polymor-
phisms. Human-chimp differences were mapped to the macaque
assemblies using single-coverage lift over chains.

Preparation of the fixed substitutions data sets involved the
creation of a set of single-nucleotide differences between human
and chimp in regions of high-quality chimp and macaque se-
quence. Human-chimp differences were only included if the fol-
lowing criteria for chimp base quality were met: (1) chimp base of
quality =30, (2) all bases in an 11-base window of quality =25,
(3) no more than 2 base differences in the 11-base window, and
(4) no insertions or deletions in the 11-base window. Each single
fixed difference between humans and chimps was considered
“derived” in humans if the corresponding macaque base
matched chimp and was deemed “biased” if the human derived
pair was CG or GC, while the “ancestral” pair was AT or TA. All
substitutions with indeterminate ancestry were excluded. The
same method was used to create a data set of chimp-derived
substitutions, using the more recent hgl8, pt2, and rhl assem-
blies. When examining fixed substitution data for chimp, se-
quencing and assembly errors may exist despite base-quality fil-
tering. If a base pair is AT in human and macaque, but GC in
chimp, then the difference might be due to either a fixed substi-
tution or an error in chimp. For this reason, the majority of work
concentrates upon characterizing patterns found in the human
genome.

The human SNP data set was generated by similar methods,
except that the “ancestral” allele was the one that matched
chimp, macaque, or both when both were present. All SNPs with-
out at least one out-group or with indeterminate ancestry were
excluded from the data sets. Final processing of the substitutions
data set involved subtracting any locations found in both the
substitution and SNP data sets.

Of 28,937,901 high-quality single-base differences between
humans and chimps found in hg17, 24,795,278 remained after
aligning with macaque and 23,916,284 remained after subtract-
ing SNPs. Of these, 22,784,742, showed unambiguous ancestry
with 10,871,714 derived in humans, and 4,685,510 (43.1%) of
those were biased. Another 12,502,294 were derived in the chimp
line (pt2, hgl8 and rh1), and 5,342,016 (42.7%) were biased. Of
3,874,080 SNPs in the hgl7 data set, 3,424,895 had an ancestry
that could be determined and of those, 1,368,922 (40.0%) were
biased.

Window method

A windowing method was used to characterize bias across the
genome. Windows are capable of detecting clusters of substitu-
tions, but the method does not assume that bias is related to
clustering. Using windows of 100 bp sliding 50 bp results in
61,535,590 possible windows of the human genome (hgl7). For
the fixed substitutions data set, 16,633,481 windows were dis-
covered with at least one substitution in the human line. Analy-
sis of SNPs using 300-bp windows sliding 150-bp resulted in
20,511,865 possible windows, 1,900,453 of which contained at
least one SNP of clear ancestry.

Windows were characterized based on a variety of genomic
variables. Conservation scoring was done using the phastCons
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methods (Siepel et al. 2005) available in the “conservation” track
of the UCSC Genome Browser (hgl7). Of 16,633,481 fixed sub-
stitution windows, 15,245,997 received a non-zero conservation
score. A window was considered distal (or “telomeric”) if it over-
lapped the first or last chromosome band (unless otherwise
stated). Additionally, distance to a telomere was considered as a
proportional distance along each chromosome. Windows over-
lapping a recombination hot spot in the “SNP Recombination
Hots” track of the UCSC Genome Browser were considered “hot.”
The distance of a window to its nearest hot spot was also ana-
lyzed.

Unexpected biased clustered substitutions

A second method of viewing biased substitutions was developed
in order to fully characterize bias as a function of clustering. We
defined a novel statistic, called UBCS, which measures excess bias
among clustered substitutions in a genomic region. UBCS is com-
puted as follows. First, a substitution is defined as a clustered
substitution (CS) if it is one of at least five substitutions within 300
bp. A CS is further characterized as a biased clustered substitution
(BCYS) if it belongs to a cluster with at least 80% weak-to-strong
substitutions. Then, for each genomic region, we calculate the
expected number of BCS under the null hypothesis of no asso-
ciation between bias and clustering. This calculation is compli-
cated by the fact that a CS can belong to more than one cluster,
any one of which can be biased (and hence make the CS a BCS).
For a CS that falls in only one cluster, the null probability that it
is a BCS can be calculated using the Bernoulli distribution with
the probability of bias estimated by the proportion of all substi-
tutions (CS and non-CS) in the region that are biased. For any CS
that falls in more than one cluster, the null probability that it is
a BCS can be derived through a combinatorial calculation based
on the number, size, and overlap of clusters (Supplemental Text
S1). The expected number of BCS in a region is then computed
based on the observed number of CS and the null probability that
each is a BCS. Finally, the region’s unexpected biased clustered sub-
stitutions (UBCS) statistic is defined as the actual number of BCS
minus the expected number.

UBCS is a measure of the excess bias in a region and can be
positive or negative. UBCS is zero under a null model with no
relationship between substitution density and bias. In this case,
the pattern of bias in clustered substitutions is identical to that of
nonclustered substitutions in the region. When UBCS is greater
than zero, there is more bias among densely clustered substitu-
tions than expected based on the overall bias of the region. An
individual substitution can be a CS or a BCS, but not an unex-
pected biased clustered substitution. UBCS is a characteristic of a
genomic region. It should be noted that this study is not attempt-
ing to characterize the forces that create clusters of substitutions
(or SNPs) but only the forces that bias clusters, however they may
be created.

UBCS was computed for 1-Mb regions along all human and
all but two chimp chromosomes (Figs. 2, 3). Additionally, the
UBCS signal along each chromosome was smoothed using the
loess function in R with a Gaussian kernel and least-squares fit-
ting. Loess smoothing estimates a local polynomial surface. The
degree of smoothing is determined by the span, which we se-
lected to be either 15 Mb (individual chromosomes) or 25 Mb
(genome-wide). A 95% confidence interval for smoothed UBCS
was generated, either genome-wide, by chromosome, or for a
sliding window of 25 Mb, using +1.96 SD of the smoothed UBCS
score. When both human and chimp maps were superimposed, a
small distortion in the chimp maps was introduced by plotting it
using human coordinates. However, the chimp UBCS signal was

at all times generated using chimp locations. A similar analysis
was performed for SNPs.

Correlation with genomic variables

Spearman’s rank correlation coefficients (p) were calculated be-
tween rough (nonsmoothed) and smoothed UBCS and a number
of genomic variables: chimp UBCS, G+C content, recombination
hot spots, recombination rates (male, female, and sex-averaged),
conservation score, and transcription density. Calculations were
performed for 1-Mb regions, since recombination data were mea-
sured on this scale. Because X and Y recombination has a special
character, genome-wide correlations between recombination
rates and UBCS were computed using only the autosomes. Inclu-
sion of chromosome X for female recombination rate does not
change the correlation. Excluding both sex chromosomes in the
calculation of other correlations (hot spots, G+C%, transcription,
conservation) does not significantly alter any of the reported
values.

We also looked at correlations for a variety of scales from 10
kb to 1 Mb (Fig. 4). We fit linear regression models for each ge-
nomic variable and examined plots of residuals versus the re-
maining factors to determine if a second variable might explain
any of the unexplained variance in UBCS. Finally, a multiple
linear regression model was fit using stepwise selection. This
model allowed us to compute associations of each genomic vari-
able with UBCS while adjusting for the effects of the other vari-
ables. Analyses were performed with both unsmoothed and
smoothed UBCS values. All correlations reported are for un-
smoothed UBCS except for the comparison of human and chimp
UBCS, where we discuss both analyses.

Regions of high density of bias

A list of the longest clusters of substitutions of a given minimum
density was generated and then ranked according to degree of
bias. This analysis was conducted on the hgl18, pt2, rh1 human
substitutions data set and the hg17, pt1, thO human SNP data set.
We looked for clusters of at least six substitutions (or SNPs) with
a density of no less than 1 in 32 bases. These initial clusters were
extended out as long as the region maintained a density of 1
difference per 32 bases with no barren stretch longer than 96
bases. The regions were then carved down to maximize a score of
bias for each cluster in the list. The P value used to rank these
regions was the binomial probability of the observed number of
biased substitutions given the total number of substitutions
within the region. It should be noted that this list was generated
agnostic to any other factor beyond density of substitutions (or
SNPs) and degree of bias. The top 200 regions were compared to
control regions of the same size and distance from a chromosome
end on other autosomal chromosome arms. Control regions for
top-scoring regions near the fusion point on chromosome 2 were
identified using distance from the fusion point in place of dis-
tance from a chromosome end.

Dating the fusion of chromosome 2

Because of the remarkably similar shape and amplitude of UBCS
peaks between human and chimp chromosomes, we were able to
use the relative heights of the telomeric regions seen on a chimp
chromosome to predict the relative heights of the telomeric re-
gions on the corresponding human chromosome. For human
chromosome 2, we compared the UBCS peak of the central fusion
region to the predicted peak using the orthologous regions of
chimpanzee chromosomes 2a.q and 2b.p. The ratio of actual vs.
predicted UBCS for this fusion region provided an estimate of the
proportion of the last 6 million years when UBCS accumulated
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prior fusion (Supplemental Text S1). One important part of this
calculation involves the size of a region used to measure the
UBCS signal near a telomere. The size of 16 Mb was used because
it is the average region of heightened UBCS at telomeres in hu-
mans. Since our calculation relies upon the assumption of cessa-
tion of UBCS accumulation upon fusion, the estimated date
should be considered as the most recent bound for the fusion
event. Using chromosomes with complete human and chimp
substitution data over both distal regions (chromosomes 3, 4, 5,
6,7,8,9,10,11, 12, 16, 17, and 20; Supplemental Table S2), we
estimated the standard error and normal 95% confidence inter-
val for the predicted fusion date (Supplemental Text S1).

Modified McDonald-Kreitman tests

For each gene in the Seattle SNPs resequencing project (http://pga.
gs.washington.edu; http://egp.gs.washington.edu), we polarized
polymorphic sites using the method described above for the
whole-genome analysis. Fixed differences were obtained as de-
scribed, using the hgl8, pt2, and rh1 assemblies. Only SNPs and
substitutions in “scanned regions” (those covered by sequencing
reads) were included in the analysis. Finally, changes (fixed or
polymorphic) were classified as weak-to-strong, strong-to-weak,
or neither based on the inferred ancestral base. For this analysis,
we conservatively classified a substitution as “neither” if both
chimp and human differed from macaque. Similarly, we required
both of the chimp and macaque bases to agree with one of the
two human alleles in order to classify a SNP as weak-to-strong or
strong-to-weak. From this data, we constructed a 2-by-3 table for
each gene comparing the proportion of each type of change
among SNPs vs. fixed substitutions. A Fisher’s exact test for as-
sociation was performed for each table, and P values were ad-
justed for multiple comparisons using Benjamini and Hochberg’s
FDR controlling procedure (Benjamini and Hochberg 1995). The
analysis was performed for each gene locus as a whole and then
separately for the exons, introns, UTRs, and intergenic regions.
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