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Ancient 
Expansion Out of 

Africa

Founding 
of Europe

Exponential 
Growth

Growth of European 
“Effective Population Size”

Tennessen, J. A. et al. Science (2012).4



Growth of European 
“Effective Population Size”

Tennessen, J. A. et al. Science (2012).5



Vast Majority of human 
genetic variation is rare

Class Fraction of variants 
< 1%Missense 92.6%

Synonymous 88.5%
Non-coding 82.3%

Variants with frequency <1%

1 2 5 10 20 50 100 500 2000 5000

0.
0

0.
1

0.
2

0.
3

0.
4

0.
5

0.
6

Number of non−reference alleles (log scale)

Fr
ac

tio
n 

of
 v

ar
ia

nt
s

missense
synonymous
noncoding
neutral model

6



Rare variation is highly 
population-specific

Gravel et al. PNAS (2011)
1000 Genomes exon pilot experiment
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The Effect of Positive Selection
Adaptive


Neutral 

Nearly Neutral 

Mildly Deleterious 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8



The Effect of Positive Selection
Adaptive


Neutral 

Nearly Neutral 

Mildly Deleterious 

Fairly Deleterious 

Strongly Deleterious

9



Coding regions tend to have the lowest 
levels of diversity in the genome
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What are the predominant evolutionary 
forces driving human genomes?!

Eyre-Walker	&	Keightley	(2009)
~40%	of	amino	acid	subs@tu@ons	were	

advantageous

Boyko	et	al	(2008)
10-20%	of	amino	acid	subs@tu@ons	

were	advantageous

Williamson	et	al	(2007)
10%	of	the	genome	affected	by	

selec3ve	sweeps
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Diversity levels around a 
selective sweep

Thornton et al (2007): Simulation of 
patterns of neutral diversity around a 

selective sweep
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Amino acid 
substitution

Neutral 
diversity 

levels …

Reflects the fraction of 
amino acid substitutions 

that are adaptive

n substitutions…
Reflects the typical 

strength of selection

The footprint of adaptive amino acid substitutions

• Goal: compare the pattern 
around amino acid 
substitutions to the pattern 
around synonymous 
substitutions.
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Other organisms...

Sattath et al (2011) estimate 
~13% of amino acid 

substitutions were adaptive.

Drosophila

14



Our approach is highly powered 
to detect positive selection
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Observed Patterns of Diversity 
Around Human Substitutions

Hernandez, et al. Science (2011)16



The Effect of Negative Selection
Adaptive


Neutral 

Nearly Neutral 

Mildly Deleterious 

Fairly Deleterious 

Strongly Deleterious

17



Site-Frequency Spectrum

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Neutral Model

Derived count in sample of 16 chromosomes

Pr
op

or
tio

n 
of

 S
N

Ps

0.
0

0.
1

0.
2

0.
3

0.
4

0.
5

0.
6

18



Site-Frequency Spectrum

Excess of rare 
mutations
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Site-Frequency Spectrum

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Neutral Model
Deleterious
Growth
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Both population expansions as well as negative 
selection causes an excess of rare alleles.

20



Site-Frequency Spectrum

Selection is more efficient in large populations, 
and more deleterious mutations are introduced.
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Inferred Distribution of Fitness 
Effects
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Observed Effect of Selection
Probably Damaging Possibly Damaging Benign
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Consequences:


Some proportion of chromosomes eliminated 
each generation


➡ Decreased effective population size (f0Ne)


➡ Decreased neutral variation ( f0π )


While neutral variation can be lost, some 
neutral mutations may increase in frequency

The Effect of Negative Selection

{
Bac

kgr
oun

d 

sel
ect

ion
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• Definition:  The reduction of diversity at a neutral locus 
due to the effects of linked deleterious selection 

• Can estimate the effect of BGS by comparing 
observed diversity at neutral sites compared to the 
level of diversity you would expect under neutrality! 

• π/π0

Background selection (BGS)

27



Earlier Theoretical Work

Hudson & Kaplan (1995)

U = deleterious mutation rate

s = selection coefficient

R = recombination rate

f0 = exp

✓
� U

s+R

◆

28



Effect of Recombination

With recombination, neutral mutations can 
escape the grip of deleterious mutations.

29



Multiple Targets of Deleterious Mutations

Consider a chromosome composed of neutral 
loci and deleterious loci.

30



Drosophila

Hudson & Kaplan (1995)

Deleterious  Background  Selection 
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FIGURE 4.-Observed  and  predicted levels of DNA variation as a function of physical position on the  third chromosome of D. 
rnehnogaster. The  observed  data,  from  left to right,  are from the following  loci: Lspl-y, Hsp26, Sod, Est6, ft, tru, PC, Antp,Gld, MtnA, 
Hsp7OA, 7y, Ubx, Rh3, E(#), T1, and Mlc2. The DNA variation at MtnA is an estimate of x from LANGE et ul.( 1990) as reported in 
BEGUN and AQUADRO (1992).  The observed level of DNA variation  at Hsp7OA is an estimate of 7r from LEIGH BROWN (1983) as 
reported in BEGUN and AQUADRO (1992). The  other  observed values are estimates of 6' provided by E. KINDAHI. and C. AQUADKO 
(personal  communication). Estimates of 7r or 6' are appropriate in this figure. Since 6' has a lower variance than T ,  we used 6' when 
a published  estimate was available  and 7r otherwise.  The  predicted values are  based on (14) and (15) and  assume that x,, = 0.014 
and u, the  deleterious  mutation rate per  band, is 0.0002. The map distances  shown in Figure 3 are assumed. 

In Figure 4 the levels  of variation observed at 17 loci 

on  the third  chromosome  are  plotted, in this  case,  as a 

function of  physical map location rather  than as a func- 

tion of  local recombination rates as  was done in  Figure 

2.  The prediction based on (14) is  also plotted in this 

figure with u = 2 X T,, = 0.014 and three different 

values  of sh, namely, 0.03,O.OZ and 0.005. The mutation 

rate of 2 X lop4 corresponds to the previously men- 

tioned total diploid mutation rate of 1.0 estimated from 

mutation accumulation studies. The sh value of 0.02 

is the estimated average strength of selection against 

spontaneously occurring  mutants  obtained from the 

same studies (CROW and SIMMONS 1983). [However, see 

KEICHTLEY (1994) for a  more detailed analysis that 

allows for  a distribution of selective  effects.] The value 

of no, namely 0.014, was chosen to produce  a good fit 

to the  data as judged by eye. Note that with these param- 

eter values,  even  loci in high recombination regions are 

expected to  have  levels of variation reduced by -33% 

due to background selection. In regions of low recombi- 

nation near  the  centromere,  the  reduction in variation 

is expected to be much  greater, around a 90% reduc- 

tion. This is a somewhat larger effect than calculated by 

CHARLESWORTH et al. (1993). With = 0.014, the fit of 

the  data to the  model is remarkably good except at the 

tips of the  chromosome. There is a particularly large 

discrepancy at  the very tip of 3L, where the observed 

nucleotide diversity is  well  below the prediction based 

on (6). This discrepancy is not due to approximations 

in the analysis  of the  model, which correctly incorpo- 

rates the  edge effects on loci near  the telomere. Smaller 

selection coefficients would lead to greater  reductions in 

neutral variation near  the telomeres and centromeres, 

however,  even  with sh as  small  as 0.005, the predicted 

level  of variation at  the tip of 3L is  well above  what is 

observed. If sh = 0.002, then  the predicted level  of  varia- 

tion at the tip of 3L is close  to the observed  level. This 

value  of sh is an  order of magnitude smaller than esti- 

mated by CROW and SIMMONS (1983) and would predict 

lower  levels of variation  in the  centromeric region than 

are actually observed. 

Note also that  for  much of the  chromosome  the  pre- 

dicted  nucleotide diversity is not strongly dependent 

on sh, consistentwith (9), but in regions of low recombi- 

nation, smaller sh leads to larger reductions in nucleo- 

tide diversity. Thus  the extremely large background se- 

lection effect predicted by (9) for loci i n  regions of low 

recombination is not predicted by (6) when sh = 0.02 

or even 0.005. Note in particular  for Lspl-y, (9) predicts 

very  low  levels  of variation, below  what is observed, while 

(6) predicts relatively high levels  of variation, above 

what is observed. This suggests that unless one believes 

31



Distribution of Ultraconserved 
Elements in the Human Genome

Bejerano et al. (2004)32



Background Selection
• The effects of the continual removal of 

deleterious mutations by natural selection on 
variability at linked sites.

orangutan (Pongo pygmaeus) and a female rhesus monkey (Macaca
mulatta), purchased from the Coriell Institute (Camden, NJ), were
PCR amplified and sequenced in both directions, using standard
protocols and an ABI Prism 3100 Genetic Analyzer. After
basecalling with phred [65,66], we searched each read against the
human genome and eliminated reads for which the best match was
to a non-target location. The remaining 4759 reads were aligned
to the human sequence using a banded Smith-Waterman
algorithm (cross_match; www.phrap.org). Analyzed data were
required to pass quality and alignment filters similar to those
described [21]. Traces have been deposited in the NCBI trace
archive (http://www.ncbi.nlm.nih.gov/Traces).

A total of 8.5 million alignment columns passing these filters in
the combined 5-species dataset were analyzed.

Human Diversity Data
Human single nucleotide polymorphism (SNP) data was obtained

from Perlegen Sciences [19], HapMap phase II (non-redundant
October 2008 update) [67], the SeattleSNPs NHLBI Program for

Genomic Applications (PGA) [68] and the NIEHS Environmental
Genome Project (EGP) [20,69] (downloaded July 2008).

To estimate nucleotide diversity we averaged combined-
population heterozygosity for all di-allelic polymorphisms in
scanned regions (assuming heterozygosity of 0 for monomorphic
sites). For the HapMap data the CEU panel was used instead of
combined-population heterozygosity. As with divergence calcula-
tions, we required the presence of an aligned macaque base
(necessary for normalization) and excluded sites in a CpG context,
sites with poor quality scores, and sites adjacent to a gap or N in
the human/macaque alignment. For both HapMap and Perlegen
datasets we omitted sites that fell within annotated repeats.

Diversity for a given class of genomic sites (e.g. putative neutral
sites having a specified background selection value) was estimated
by summing the estimated heterozygosities (computed from
observed allele frequencies in the samples) of SNPs in that class
and dividing by the total number of scanned sites in the class.

To avoid ascertainment bias in the Perlegen data we only used
class A SNPs, which had been identified using array-based

Figure 7. Selection can explain most large-scale regional variation in human/chimpanzee divergence and human diversity. (A)
Observed (black line) and predicted H/C divergence across chromosome 1, from a background selection model that assumes a uniform mutation rate
(red line) or a mutation rate that varies with local human/dog divergence (blue line). This plot was created with a 1 Mb sliding window with 0.5 Mb of
overlap. (B) The distribution of estimated B values on autosomes (black line) and chromosome X (red line). Grey (autosomes) and pink (chromosome
X) lines are distributions of B values from 100 bootstrap iterations. (C) Pairwise correlations (Spearman’s rank squared) with regional human/
chimpanzee (H/C) divergence and human diversity in non-overlapping 1 Mb windows across all autosomes. The same trends are observed across a
wide range of window sizes (see Figure S6).Whiskers are 95% confidence intervals.
doi:10.1371/journal.pgen.1000471.g007

Selection in Hominid Evolution

PLoS Genetics | www.plosgenetics.org 9 May 2009 | Volume 5 | Issue 5 | e1000471

Observed human-chimp div.
Exp. w/o mut. rate variation
Exp w/mut. rate variation

McVicker, G. et al. PLoS Genet (2009).33



Diversity levels around sites 
subject to natural selection

Thornton et al (2007): Simulation of 
patterns of neutral diversity around a 

selective sweep
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Modeling the data

Observed
Predicted

}
}
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Other organisms...

Sattath et al (2011) estimate 
~13% of amino acid 

substitutions were adaptive.

Drosophila Chimpanzee

PanMap Project:  full genome 
sequencing on 10 western 

chimps yields identical results 
36



Genetic Load
• Genetic load is the reduction in population mean fitness 

due to deleterious mutations compared to a 
(hypothetical) mutation-free population. 

• Load is the outcome of the evolutionary process of a 
population. 

• But, unlike other features of genetic variation, it cannot 
be directly observed. 

• Must be indirectly inferred.

Kirk Lohmueller37



Inferring Genetic Load

• Empirical counting approaches: 

–Under an additive model, the number of derived 
deleterious alleles will be proportional to genetic 
load 

–Under a recessive model, the number of 
homozygous derived genotypes will be proportional 
to load

Kirk Lohmueller38



Inferring Genetic Load
• It is widely 

appreciated that 
African ancestry 
individuals have 
more variation overall 
than individuals with 
European ancestry. 

• However, European 
individuals have 
more homozygous 
variation.   

• Increased load?
Lohmueller, et al. (Nature, 2008)

of SNPs predicted to be ‘benign’, ‘possibly damaging’ and ‘probably
damaging’ for each population. We find that the three distributions
are significantly different from each other, with more low-frequency
SNPs in the ‘probably damaging’ category (Table 1; P , 5.9 3 10281

for AA, P , 2.3 3 102101 for EA; Kruskal–Wallis test), suggesting
that most SNPs classified as ‘damaging’ are also evolutionarily
deleterious.

Figure 1c, d shows the distribution of the number of SNPs per
individual where individuals were heterozygous (Fig. 1c) and homo-
zygous for the damaging allele (Fig. 1d) for SNPs predicted to be
‘possibly damaging’ and ‘probably damaging’. We find that an indi-
vidual typically carries 426.1 damaging (here defined as ‘possibly
damaging’ or ‘probably damaging’) SNPs in the heterozygous state
(s.d. 65.4, range 340–534) and 91.7 in the homozygous state (s.d. 8.6,
range 77–113). Because we surveyed just over 10,000 genes, the actual
number of damaging mutations in a person’s genome may be as
much as double that given here. Every individual in our sample is
heterozygous at fewer ‘probably damaging’ SNPs than synonymous
SNPs, which is consistent with the elimination of damaging SNPs
from the population by purifying selection. AAs have significantly
more heterozygous genotypes than EAs for all three PolyPhen

categories (Fig. 1c; P , 6.2 3 10210 for ‘possibly damaging’ SNPs;
P , 3.7 3 1028 for ‘probably damaging’ SNPs). The two populations
differ significantly in the distribution of homozygous genotypes
for the damaging allele at ‘probably damaging’ SNPs (Fig. 1d;
P , 2.7 3 1026), with EAs having about 26% more homozygous
damaging genotypes than AAs. The lack of a statistical difference at
‘possibly damaging’ SNPs (P 5 0.17) is probably due to a lack of
power because, overall, all other categories of SNPs (synonymous,
non-synonymous, ‘benign’ and ‘probably damaging’) follow the
same pattern of excess homozygosity for the derived/damaging allele
in EAs relative to AAs.

Classical analyses of human inbreeding indicate that each indi-
vidual carries 1.44–5 lethal equivalents5,12. However, inbreeding
studies cannot determine whether a single lethal equivalent is due
to one lethal allele, two alleles each with a 50% chance of lethality, ten
alleles each with a 10% chance of lethality, or other combinations.
Because we find that individuals carry hundreds of damaging alleles,
it is likely that each lethal equivalent consists of many weakly dele-
terious alleles. Our finding that each person carries several hundred
potentially damaging SNPs indicates that large-scale medical rese-
quencing will be useful to find common and rare SNPs of medical
consequence2.

We next examined the distribution of synonymous and non-
synonymous SNPs between AA and EA population samples
(Table 1). As expected4, there are more of both types of SNP in the
AA sample than in the EA sample. However, when classifying
synonymous and non-synonymous SNPs as being shared, private
to AAs or private to EAs, we strongly reject homogeneity (Table 2,
P , 3.0 3 10288). We find the proportion of private SNPs that are
non-synonymous (49.9%) to be higher than the proportion of shared
SNPs that are non-synonymous (41.7%; P , 4.3 3 10254), which is
not surprising because non-synonymous SNPs are more likely to be
at a lower frequency and thus be population specific. However, con-
sidering only the private SNPs, we find that the EA sample has a
higher proportion of non-synonymous SNPs (55.4%) than the AA
sample (47.0%; P , 2.3 3 10237). We observed a similar significant
proportional excess of private non-synonymous SNPs in an inde-
pendent data set collected by the SeattleSNPs project (Supplemen-
tary Table 3 and Supplementary Notes). The SeattleSNPs data,
additional quality control analyses (Supplementary Table 4 and
Supplementary Notes), and a similar finding reported for the
ANGPTL4 locus13 indicate that this pattern is not an artefact of the
Applera data. Our further analyses with Yoruban samples from
Nigeria collected by the International HapMap Consortium14 sup-
port this result, indicating that it is robust to admixture (Supple-
mentary Notes).

We propose that the proportional excess of non-synonymous
polymorphism in the EA sample could be due to the varying efficacy
of purifying selection resulting from differences in demographic his-
tories between the two populations. Our hypothesis has two testable
predictions: first, if this proportional excess of non-synonymous
polymorphisms in EAs is due to an excess of damaging alleles, we
would also expect to find a proportional increase of ‘probably
damaging’ SNPs as predicted by PolyPhen in the EA sample; and
second, we should be able to recapitulate this pattern by using simu-
lations with reasonable demographic parameters. When dividing
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Figure 1 | Distribution of the number of heterozygous and homozygous
genotypes per individual. a, Number of heterozygous genotypes per
individual at synonymous (S) or non-synonymous (NS) SNPs. b, Number of
genotypes homozygous for the derived allele per individual at synonymous
or non-synonymous SNPs. c, Number of heterozygous genotypes per
individual at possibly damaging (PO) or probably damaging (PR) SNPs.
d, Number of genotypes homozygous for the damaging allele at possibly
damaging or probably damaging SNPs. Dark horizontal lines within boxes
indicate medians, and the whiskers indicate the ranges of the distributions.

Table 1 | Distribution of Applera SNPs by population and functional class

Category Shared Private AA Private EA Mean derived frequency

AA* EA{

Synonymous 8,056 (58.3%) 8,958 (53.0%) 3,879 (44.6%) 0.211 0.266
Non-synonymous 5,771 (41.7%) 7,950 (47.0%) 4,826 (55.4%) 0.174 0.202

Benign 4,448 (78.6%) 5,260 (67.7%) 2,928 (62.1%) 0.200 0.238
Possibly damaging 795 (14.0%) 1,572 (20.2%) 1,035 (22.0%) 0.113 0.119
Probably damaging 422 (7.4%) 942 (12.1%) 749 (15.9%) 0.099 0.108

*Average frequency from SNPs segregating in the AA sample. No correction for ancestral misidentification was used.
{Average frequency from SNPs segregating in the EA sample. No correction for ancestral misidentification was used.
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Inferring Genetic Load
• However, het. 

and hom. 
derived alleles 
appear to 
balance 
between African 
and European 
Americans. 

• All individuals 
have same 
number of 
derived alleles!

Lohmueller, et al. (Nature, 2008)
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observed the opposite result when using a more liberal classification 
of sites (both observations were highly significant).

We first analyzed single-nucleotide variant (SNV) frequency data 
from a recent exome sequencing study of 2,217 African Americans (AAs) 
and 4,298 European Americans (EAs) sequenced at 15,336 protein- 
coding genes by Fu et al.6 (the allele frequencies are available from 
the National Heart, Lung, and Blood Institute (NHLBI) Grand 
Opportunity (GO) Exome Variant Server). Additionally, we analyzed 
exome data from 88 Yoruba (YRI) and 81 European (CEU) individuals 
collected by the 1000 Genomes Project21.

To test whether there are differences in load between individuals 
of west African and European descent, we considered the average 
number of derived alleles per individual at putatively deleterious seg-
regating sites. For this purpose, we considered a site to be segregating 
if and only if it is variable within the combined sample of both popula-
tions. This definition ensures that the derived counts are comparable 
across populations. Under a semidominant model, the number of 
derived alleles increases monotonically with the segregating genetic 
load. Thus, any difference in average load between populations would 
be apparent as a difference in the mean number of derived alleles per 
individual. Here we focused on an equivalent measure that also facili-
tates comparisons across different types of sites, namely, the mean 
derived allele frequency within functional classes. The mean derived 
allele frequency is equal simply to the number of derived alleles per 
individual divided by twice the number of segregating sites in that 
class, and so any difference in the mean number of derived alleles per 
individual will also be a difference in the mean derived frequencies. 
For sites that are either neutral or semidominant, our model predicts 
that the mean derived allele frequency should be virtually identical in 
Africans and Europeans (Supplementary Note and Supplementary 
Fig. 3). At recessive sites, we expect a slight increase in mean derived 
frequency in Africans compared to Europeans (Supplementary  
Fig. 3), but overall we expect any differences to be small.

We obtained functional predictions of SNVs from PolyPhen-2, which 
employs a method that uses sequence conservation and structural 
information to infer which nonsynonymous changes are most likely to 
have functional consequences22 (Supplementary Table 2 shows simi-
lar analyses with other functional prediction methods). When using 
the functional predictions, we observed a strong bias: SNVs for which 
the genome reference carries the derived allele are much more likely 

to be classified as benign than SNVs for which the reference allele  
is ancestral—this observation was true even when we controlled for  
the overall population frequency (Supplementary Fig. 4). Hence,  
our analysis incorporates a correction to account for this bias; we 
obtained very similar results using a separate set of unpublished 
human-independent PolyPhen scores provided by the Sunyaev lab 
(Supplementary Tables 3 and 4).

Figure 3 summarizes the results from the data of Fu et al.6. The mean 
allele frequency declines with increasing functional severity5 from 
2.8% at noncoding SNVs to 0.6% at probably damaging SNVs, implying  
that there is selection against most SNVs with predicted damag-
ing effects. More striking, however, is the finding that within each 
of the five functional categories, the mean allele frequencies—and 
hence the numbers of derived alleles per individual—are essentially 
identical in the two populations despite the very large size of the 
data sets (P > 0.05 for all five comparisons). Results from the 1000 
Genomes Project data are qualitatively similar: we found no sig-
nificant differences between the YRI and CEU populations in the 
numbers of derived alleles per individual in any functional category 
(Supplementary Table 5).

In summary, these observations are consistent with our model  
predictions that load should be very similar in these populations. 
Our conclusions probably differ from those of previous studies in 
part because earlier studies used measures that are related  to load but 
are also sensitive to other differences between the populations being 
compared (for example, the number of neutral segregating sites and 
the frequency spectrum) and in part because of the reference bias 
in the functional annotations accounted for here (Supplementary 
Note). We note that D. Reich, S. Sunyaev and colleagues have recently 
made similar observations regarding load in different populations 
(personal communication).
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Serial Founder Effects on Genetic Load

non-African populations, supporting Lohmueller et al. (10), but in
contrast to work by Simons et al. (12).
It is important to note two facts about these contradictory ob-

servations. First, these papers tend to use different statistics, which
differ in power to detect changes across populations, as well as the
impact of recent demographic history (6, 11). Lohmueller et al.
(10) compared the relative number of nonsynonymous to synon-
ymous (or “probably damaging” to “benign”) SNPs per population
in a sample of n chromosomes, whereas Simons et al. (12) ex-
amined the special case of n = 2 chromosomes, namely, the av-
erage number of predicted deleterious alleles per genome (i.e.,
heterozygous + 2 * homozygous derived variants per genome).
One way to think about these statistics is that the total number of
variants, S, gives equal weight, w = 1, to an SNP regardless of its
frequency, p. The average number of deleterious variants statistic
gives weights proportional to the expected heterozygous and ho-
mozygous frequencies or w = 2p(1 − p) + p2 = 2p − p2. The
average number of deleterious alleles per genome is fairly in-
sensitive to differences in demographic history because heterozy-
gosity is biased toward common variants. In contrast, the proportion
of deleterious alleles has greater power to detect the impact of
recent demographic history for large n across the populations be-
cause it is sensitive to rare variants that tend to be more numerous,
younger, and enriched for functionally important mutations (14–
16). Second, empirical comparisons between two populations have
focused primarily on an additive model for deleterious mutations,
even though there is evidence for pathogenic mutations exhibiting a
recessive or dominant effect (17, 18), and possibly an inverse re-
lationship between the strength of selection s and the dominance
parameter h (19).
There remains substantial conceptual and empirical uncer-

tainty surrounding the processes that shape the distribution of

deleterious variation across human populations. We aim here to
clarify three aspects underlying this controversy: (i) Are there
empirical differences in the total number of deleterious alleles
among multiple human populations? (ii) Which model of dom-
inance is appropriate for deleterious alleles (i.e., should zygosity
be considered in load calculations)? (iii) Are the observed pat-
terns consistent with predictions from models of range expan-
sions accompanied by founder effects? We address these questions
with a new genomic dataset of seven globally distributed human
populations.

Results
Population History and Global Patterns of Genetic Diversity. We
obtained moderate coverage whole-genome sequence (median
depth 7×) and high coverage exome sequence data (median
depth 78×) from individuals from seven populations from the
Human Genome Diversity Panel (HGDP) (20). Unrelated in-
dividuals (no relationship closer than first cousin) were selected
from seven populations chosen to represent the spectrum of
human genetic variation from throughout Africa and the OOA
expansion, including individuals from the Namibian San, Mbuti
Pygmy (Democratic Republic of Congo), Algerian Mozabite, Pak-
istani Pathan, Cambodian, Siberian Yakut, and Mexican Mayan
populations (Fig. 1A). The 2.48-Gb full genome callset consisted of
14,776,723 single nucleotide autosomal variants, for which we could
orient 97% to ancestral/derived allele status (SI Appendix).
Heterozygosity among the seven populations decreases with

distance from southern Africa, consistent with an expansion of
humans from that region (21). The Namibian San population
carried the highest number of derived heterozygotes, ∼2.39
million per sample, followed closely by the Mbuti Pygmies (SI
Appendix, Table S1 and Fig. S5). The North African Mozabites

A

B

C

Fig. 1. Decrease in heterozygosity and estimated Ne with distance from southern Africa. (A) Locations of HGDP populations sampled for genome and exome
sequencing are indicated on the map. Putative migration paths after the origin of modern humans are indicated with arrows (adapted from ref. 46). (B) PSMC
curves for individual genomes, corrected for differences in coverage. Whereas populations experiencing an OOA bottleneck have substantially reduced Ne,
African populations also display a reduction in Ne between ∼100 kya and 30 kya (see SI Appendix for simulations of population history with resulting PSMC
curves). (C) For each individual’s exome, the number of putatively deleterious variants (equivalent to number of heterozygotes + twice the number of derived
homozygotes) is shown by population.
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impact of recent demographic history (6, 11). Lohmueller et al.
(10) compared the relative number of nonsynonymous to synon-
ymous (or “probably damaging” to “benign”) SNPs per population
in a sample of n chromosomes, whereas Simons et al. (12) ex-
amined the special case of n = 2 chromosomes, namely, the av-
erage number of predicted deleterious alleles per genome (i.e.,
heterozygous + 2 * homozygous derived variants per genome).
One way to think about these statistics is that the total number of
variants, S, gives equal weight, w = 1, to an SNP regardless of its
frequency, p. The average number of deleterious variants statistic
gives weights proportional to the expected heterozygous and ho-
mozygous frequencies or w = 2p(1 − p) + p2 = 2p − p2. The
average number of deleterious alleles per genome is fairly in-
sensitive to differences in demographic history because heterozy-
gosity is biased toward common variants. In contrast, the proportion
of deleterious alleles has greater power to detect the impact of
recent demographic history for large n across the populations be-
cause it is sensitive to rare variants that tend to be more numerous,
younger, and enriched for functionally important mutations (14–
16). Second, empirical comparisons between two populations have
focused primarily on an additive model for deleterious mutations,
even though there is evidence for pathogenic mutations exhibiting a
recessive or dominant effect (17, 18), and possibly an inverse re-
lationship between the strength of selection s and the dominance
parameter h (19).
There remains substantial conceptual and empirical uncer-

tainty surrounding the processes that shape the distribution of

deleterious variation across human populations. We aim here to
clarify three aspects underlying this controversy: (i) Are there
empirical differences in the total number of deleterious alleles
among multiple human populations? (ii) Which model of dom-
inance is appropriate for deleterious alleles (i.e., should zygosity
be considered in load calculations)? (iii) Are the observed pat-
terns consistent with predictions from models of range expan-
sions accompanied by founder effects? We address these questions
with a new genomic dataset of seven globally distributed human
populations.

Results
Population History and Global Patterns of Genetic Diversity. We
obtained moderate coverage whole-genome sequence (median
depth 7×) and high coverage exome sequence data (median
depth 78×) from individuals from seven populations from the
Human Genome Diversity Panel (HGDP) (20). Unrelated in-
dividuals (no relationship closer than first cousin) were selected
from seven populations chosen to represent the spectrum of
human genetic variation from throughout Africa and the OOA
expansion, including individuals from the Namibian San, Mbuti
Pygmy (Democratic Republic of Congo), Algerian Mozabite, Pak-
istani Pathan, Cambodian, Siberian Yakut, and Mexican Mayan
populations (Fig. 1A). The 2.48-Gb full genome callset consisted of
14,776,723 single nucleotide autosomal variants, for which we could
orient 97% to ancestral/derived allele status (SI Appendix).
Heterozygosity among the seven populations decreases with

distance from southern Africa, consistent with an expansion of
humans from that region (21). The Namibian San population
carried the highest number of derived heterozygotes, ∼2.39
million per sample, followed closely by the Mbuti Pygmies (SI
Appendix, Table S1 and Fig. S5). The North African Mozabites
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sequencing are indicated on the map. Putative migration paths after the origin of modern humans are indicated with arrows (adapted from ref. 46). (B) PSMC
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The Effect of Negative Selection
Adaptive


Neutral 

Nearly Neutral 

Mildly Deleterious 

Fairly Deleterious 

Strongly Deleterious
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BGS Features

• Neutral sites in 1000 Genomes Project data: 20 non-admixed 
populations 

• The strength of background selection varies across populations!
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Background Selection & Disease?

Background selection drives patterns of genetic variation.  

•But does it matter? 

•Does it have implications for studying disease?  

To find out, we looked at the NHGRI GWAS database:  
www.genome.gov/gwastudies/

44
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NHGRI GWA Catalog 

www.genome.gov/GWAStudies 

www.ebi.ac.uk/fgpt/gwas/  

Published Genome-Wide Associations through 12/2013 

Published GWA at p≤5X10-8 for 17 trait categories 
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• QQ-plot of the reduction in diversity around 
GWAS hits compared to background.

Effects of Linked Selection

Less reduction
“weaker negative selection”

Greater reduction
“stronger negative selection”

46



Effects of Linked Selection

• Greater reduction in diversity around GWAS hits 
indicates a strong, local burden of negative selection.

Maher, et al. Human Heredity (2012).47



Implications

of each copy of the favored allele, assuming an additive
model (e.g., from [50], assuming 2NmL favored mutations
per generation). Consider the worst case, where only one
possible mutation at a single site will work, so that L = 1/3.
Then, if s = 1% and 4Nem = 10-3, the expected waiting time
is extremely long, namely 300,000 generations. In this
extreme case, adaptation to the new environment is essen-
tially ineffective. It has been proposed that recent population
growth of humans could have supplied a greater input of new
mutations [51,52]; additionally, even modest population
growth can greatly increase fixation probabilities of favored
alleles [53]. The latter effect could substantially reduce the
waiting time for new favored mutations to start spreading
at loci with very small mutational targets, although it should
be noted that it is still unclear when growth in census
population size began to increase the effective population
size [54].

Thesemodels assume that environmental change, broadly
defined, is a primary driver of adaptation. If this is the case,
then the results would argue that soft sweeps are likely to
be common, and perhaps the main mode of adaptation.
The exact balance between hard and soft sweeps would
depend on the distribution of mutational target sizes, which
we do not yet know. For traits where the mutational target
size is hundreds of base pairs or more, we can expect that
adaptation from standing variation is likely to be the rule
and, additionally, that very often multiple favored mutations
may sweep up simultaneously, with none reaching fixation
during the selective sweep [47].

Polygenic Adaptation from Standing Variation
Most of the recent literature in human population genetics
focuses on models of selection at one, or a small number
of loci, as in the previous section. This is in contrast to clas-
sical models of natural and artificial selection in quantitative
genetics, where it is assumed that most traits of interest
are highly polygenic, and are influenced to a small degree
by standing variation at many loci [55]. The quantitative
genetics view is supported both by classical breeding and
selection experiments and occasionally field observations
[56–58], as well as by recent genome-wide association
studies showing that many traits are highly polygenic.

We would argue that for many traits, the quantitative
perspective may be closer to reality: that is, that short-term
adaptation takes place by selection on standing variation

atmany loci simultaneously (e.g., [22,59–61]). Consider a trait
that is affected by a large (finite) number of loci. If the envi-
ronment shifts so that there is a new phenotypic optimum,
then the population will adapt by allele frequency shifts at
many loci (Figure 3). Once the typical phenotype in the pop-
ulation matches the new optimum, selection will weaken.
This means that it may be very common for selection to
push alleles upwards in frequency, but generally not to fixa-
tion [22,62,63]. In principle, this type of process could allow
very rapid adaptation, yet be difficult to detect using most
current population genetic methods.
The example of human height illustrates these issues.

Height has long been a textbook example of a polygenic
trait [64]; recently, three genome-wide association studies
identified a total of around 50 loci that contribute to adult
height in Europeans [65–68]. Each associated allele affects
total height by about 3–6mm, and together these loci explain
about 5% of the population variation in height, after control-
ling for sex. Since height is extremely heritable [69], many
more loci remain to be found. If there were a sudden onset
of strong selection for increased height, we could expect
a rapid upward shift in average height [55]. However, the
response to selection would be generated by modest allele
frequency shifts at many loci that are already polymorphic.
Even with very strong selection, and a strong phenotypic
response, standard methods for detecting selective sweeps
would have little power. In the final section of this review, we
will discuss possible approaches to studying polygenic
adaptation.
The idea that polygenic adaptation from standing variation

is important could help to explain key aspects of the data.
This would allow rapid phenotypic adaptation (for example,
to high altitude, as described above) without necessarily
generating any large differences in allele frequencies
between populations. This could also help to explain the
apparent scarcity of rapid, hard sweeps. Qualitatively,
increased drift of neutral alleles within genes due to effects
of polygenic selection on nearby sites [70] should create
the types of differences that are observed between genic
and non-genic regions. However, it is not yet clear whether
the magnitude of this effect could explain the observed
patterns (background selection may also contribute [29]).
Of course, we do not mean to imply that all adaptation

occurs in this way. Indeed, it is notable that some of the
most impressive selection signals involve loci that act in a
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Current Biology

Figure 3. A cartoon illustration of the hard
sweep and polygenic adaptation models.

The horizontal blue lines represent haplo-
types, and the red lines indicate regions
that are identical by descent (IBD). The red
circles indicate alleles that are favored
following an environmental change. In the
monogenic (hard selection) model, selection
drives a new mutation to fixation, creating
a large region of IBD. In the polygenic
model, prior to selection red alleles exist at
modest frequencies at various loci across
the genome. (The red alleles can be thought
of as being alleles that all shift a particular
phenotype in the same direction, e.g.,
alleles that increase height.) After selection,
the genome-wide abundance of favored

alleles has increased, but in this cartoon they have not fixed at any locus. In this example, at some loci selection has acted on new variants,
creating signals of partial sweeps at those loci (the x-axis scale is not necessarily the same in the left- and right-hand plots).
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• Human evolution has not occurred by single, 
large-effect mutations. 

• Natural selection operates on complex traits 
(e.g., disease), not simply mendelian genetics! 

• Next:  Apply detailed evolutionary models to 
disease!
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Importance of Simulations
• When studying population genetics, simulations 

are an incredibly useful tool: 

• Gain insight into evolutionary processes 

• Improve null models of evolution 

• Develop “goodness of fit” tests for data 

• For complex simulations, the forward simulator 
sfs_code can be a useful tool! 

• http://sfscode.sourceforge.net/ 
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