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All evolution begins as one mutation, on one chromosome, in one individual







Levels of diversity in different species

Lynch (2006)

π



1  GCTCACCGGAATTATCCGATATGCTAGTA
2  GCTTACCGGAATTATGCGATATGCTTGTA
3  GCTCACCGGAATTATGCGATATGGTAGAA
4  GCTCACCGGAATTATGCGATATGGTAGAA
5  GCTCACCGGGATGATGCGATATGCTAGTA
6  GCTCACCGGAATTATGCGATATGCTAGAA
7  GCTTACCGGAATTATCCGATATGCTAGTA
8  GCTCACAGGGATTATGCGCTATGCTAGTA
9  GCTCACCGGAATTATGCGATATGGTAGAA
10 GCTCACCGGAATTATCCGATATGCTAGTA



Allele frequency spectrum 
(Minor allele frequency)



1  GCTCACCGGAATTATCCGATATGCTAGTA
2  GCTTACCGGAATTATGCGATATGCTTGTA
3  GCTCACCGGAATTATGCGATATGGTAGAA
4  GCTCACCGGAATTATGCGATATGGTAGAA
5  GCTCACCGGGATGATGCGATATGCTAGTA
6  GCTCACCGGAATTATGCGATATGCTAGAA
7  GCTTACCGGAATTATCCGATATGCTAGTA
8  GCTCACAGGGATTATGCGCTATGCTAGTA
9  GCTCACCGGAATTATGCGATATGGTAGAA
10 GCTCACCGGAATTATCCGATATGCTAGTA



Allele frequency spectrum 
(Derived allele frequency)
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Evolution:

change in allele frequencies over time

Forces that change allele frequencies: 

mutation 
genetic drift 

migration 
natural selection

Forces that change genotype/haplotype frequencies: 

mating 
recombination



Genetic drift:

change in allele frequencies due to sampling in a finite population

2N=20 and p=0.5

V =
2pq
2Ne





T=t/2Ne

p=0.8 p=0.2

A B



1  GCTCACCGGAATTATCCGATATGCTAGTA
2  GCTTACCGGAATTATGCGATATGCTTGTA
3  GCTCACCGGAATTATGCGATATGGTAGAA
4  GCTCACCGGAATTATGCGATATGGTAGAA
5  GCTCACCGGGATGATGCGATATGCTAGTA
6  GCTCACCGGAATTATGCGATATGCTAGAA
7  GCTTACCGGAATTATCCGATATGCTAGTA
8  GCTCACAGGGATTATGCGCTATGCTAGTA
9  GCTCACCGGAATTATGCGATATGGTAGAA
10 GCTCACCGGAATTATCCGATATGCTAGTA

}
}
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HapMap (2005)
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F  =0.01ST



Novembre et al. (2008)
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GCTCACCGGAATTATCCGATATGCTAGTA GCTGACCGGAATTATTCGATATGCTAGTA



1  GCTCACCGGAATTATCCGATATGCTAGTA
2  GCTTACCGGAATTATGCGATATGCTTGTA
3  GCTCACCGGAATTATGCGATATGGTAGAA
4  GCTCACCGGAATTATGCGATATGGTAGAA
5  GCTCACCGGGATGATGCGATATGCTAGTA
6  GCTCACCGGAATTATGCGATATGCTAGAA
7  GCTTACCGGAATTATCCGATATGCTAGTA
8  GCTCACAGGGATTATGCGCTATGCTAGTA
9  GCTCACCGGAATTATGCGATATGGTAGAA
10 GCTCACCGGAATTATCCGATATGCTAGTA

}
}

A

B



A B

GCTCACCGGAATTATCCGATATGCTAGTA GCTGACCGGAATTATTCGATATGCTAGTA
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Natural selection:

A consistent difference in survival and/or reproduction among individuals 
that differ in one or more heritable traits





Barreiro et al. (2008)
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in heterozygotes, respectively (Fig. 2b), these associations are not
significant in the subpopulations or in the meta-analysis (Fig. 3),
possibly because of small sample size and loss of power for these SNPs.
Additionally, chromosomes with the G-13907 and G-13915 alleles
show EHH spanning B1.4 Mb and B1.1 Mb, respectively (Supple-
mentary Fig. 2). Although these results suggest that G-13915 and
G-13907 are probable candidate LCT regulatory mutations, larger
sample sizes from populations containing these alleles are required to
test for an association with the lactase persistence trait and to rule out
the possibility that they are simply in LD with a different causal SNP.
Identification of transcription factors that bind to the sites of the
C-14010, T-13915 and G-13907 variants would also be informative
for clarifying the possible role of these variants in regulating
LCT expression.

Adaptive significance and the origins of pastoralism
Archeological evidence suggests that cattle domestication originated in
southern Egypt as early as B9,000 years ago but no later than B7,700
years ago and in the Middle East B7,000–8,000 years ago28, consistent
with the age estimate of B8,000–9,000 years (95% c.i. B2,200–19,200
years) for the T-13910 allele in Europeans. The more recent age
estimate of the C-14010 allele in African populations, B2,700–6,800
years (95% c.i. B1,200–23,000 years), is consistent with archeological
data indicating that pastoralism did not spread south of the Sahara and

into northern Kenya until B4,500 years ago and into southern Kenya
and northern Tanzania B3,300 years ago28,29. The ability to digest
milk as adults is likely to be adaptive owing to the increased nutritional
benefits from milk (carbohydrates as well as fat, protein and calcium)
and also because milk is an important source of water in arid
regions2,28,30,31. Considering the symptoms of lactose intolerance,
which includes water loss from diarrhea, individuals who had the
lactase persistence–associated alleles and could tolerate milk could have
had a very strong selective advantage2. This is supported by our high
estimates for the selection coefficient (s ¼ 0.035–0.097). Because the
selective force, adult milk consumption, is associated with the cultural
development of cattle domestication, the recent and rapid spread of
the lactase persistence–associated alleles, together with the practice of
pastoralism in East Africa, is an excellent example of ongoing adapta-
tion in humans32 and coevolution of genes and culture3.

We observe the oldest age estimates of the C-14010 allele, B6,000–
7,000 years (95% c.i. B2,000–16,000 years), in the Kenyan
Nilo-Saharan and Tanzanian Afro-Asiatic populations (Table 1). We
also observe an old age estimate in the Tanzanian Sandawe, but its low
frequency suggests it was introduced via recent gene flow (Supple-
mentary Discussion). However, we cannot distinguish with certainty
whether this allele first arose in the Cushitic-speaking Afro-Asiatic
populations, who are thought to have migrated into Kenya and
Tanzania from Ethiopia B5,000 years ago33 and practice a mixture
of agriculture and pastoralism, or in the Nilotic-speaking Nilo-
Saharan populations, who are thought to have migrated into Kenya
and Tanzania from southern Sudan within the past B3,000 years33

and are strict pastoralists28. These results are consistent with both
linguistic34 and genetic data (F.A.R. and S.A.T., unpublished data)
indicating cultural exchange and genetic admixture between these
groups. The absence of C-14010 in the southern Sudanese Nilo-
Saharan–speaking populations suggests that this allele either origi-
nated in or was introduced to the Kenyan Nilo-Saharan populations
after their migration from southern Sudan. Regardless of the popula-
tion origins of the C-14010 allele, it spread rapidly throughout the
region along with the cultural practice of pastoralism, consistent with
a demic diffusion model of genetic and cultural expansion35.

Implications for identifying disease-associated variants
It has been hypothesized that genetic variants associated with both
mendelian diseases (such as sickle cell anemia and glucose-6-phos-
phate dehydrogenase (G6PD) deficiency) and common complex
diseases (such as hypertension, diabetes, obesity and asthma) may
be at high frequency in modern populations because they were
adaptive in ancient environments16,17,36–38. Thus, identification of
loci that are targets of natural selection could be informative for
identifying disease-risk alleles. The rapid increase in frequency of
geographically restricted lactase persistence–associated alleles is an
example of local adaptation that would have been missed by studying
other African populations, such as the Yoruba, which do not show a
signature of selection at LCT in the HapMap data set16,17. Because of
the possibility that disease-associated alleles may also be geographi-
cally restricted owing to recent, local adaptation, these results suggest
the importance of resequencing analyses in multiple populations, even
from within a single geographic region such as Africa.

Our study also indicates how challenging it may be to identify
alleles that are targets of selection. Networks of the 98-kb region
encompassing the LCT and MCM6 genes (Fig. 4) indicate several
haplotypes that are at high frequency in global populations and that
have ancestral alleles at the lactase persistence–associated SNPs (that is,
haplotypes D and E) (Fig. 4). Based on a single-factor ANOVA test,
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Figure 6 Comparison of tracts of homozygous genotypes flanking the lactase
persistence–associated SNPs. (a) Kenyan and Tanzanian C-14010 lactase-
persistent (red) and non-persistent G-14010 (blue) homozygosity tracts.
(b) European and Asian T-13910 lactase-persistent (green) and C-13910
non-persistent (orange) homozygosity tracts, based on the data from ref. 14.
Positions are relative to the start codon of LCT. Note that some tracks are
too short to be visible as plotted.
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Tishkoff et al. (2007)






