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between successive generations [8,9]. Indeed, cultural
processes can change the human selective environ-
ment and thereby affect which genotypes survive and
reproduce [1,2]. If the cultural inheritance of an
environment-modifying human activity persists for
long enough to generate a stable selection pressure, it
will be able to co-direct human evolution. There are
many examples of this in human evolution [1-3,10]
but none are so well studied, clear-cut, widespread
and well supported as the coevolution of lactase
persistence (LLP) and dairying [4,11-13].

Lactose is the main carbohydrate in milk and is a
major energy source for most young mammals. The
enzyme responsible for hydrolysis of lactose into glu-
cose and galactose is lactase (or lactase-phlorizin-
hydrolase, LPH). Without this enzyme, mammals are
unable to break down and thus use lactose, and since
milk is the essential component of young mammals’
diet, lactase activity is fundamental to the early devel-
opment of most mammals. After the weaning period is
over, lactase production usually declines, although the
mechanisms and evolutionary reasons for this downre-
gulation are not fully understood. However, some
humans continue to express lactase throughout adult
life, and are thus able to digest the lactose found in
fresh milk. This trait is called LP.

The LP trait frequency is found in around 35 per
cent of adults living in the world today [14,15], but
varies widely among human populations, both
between and within continents (figure 1a). High fre-
quencies of LP are generally observed in northern
European populations. Indeed, LP frequency can
vary from 15-54% in eastern and southern Europe
to 62—86% in central and western Europe, and to as
high as 89-96% in the British Isles and Scandinavia
[15,16]. In India, LP frequency is higher in the
north (63%) than further south (23%) or east [17].
There are relatively little data on East Asians but it
seems that the trait is rare there. In Africa, the distri-
bution of LP is very patchy, with high frequencies
being observed mainly in traditionally pastoralist
populations [14,18—-20]. For example, LP reaches 64
per cent in Beni Amir pastoralists (Sudan), whereas
in Dounglawi (Sudan), a neighbouring non-pastoralist
population, LP frequency is around 20 per cent
[11,21,22].

In recent years, a number of single nucleotide poly-
morphisms (SNPs) have been found in association
with the LP trait in different populations. The first to
be identified, —13910*T, is found not in the LCT
gene (the lactase gene) but within an intron of a neigh-
bouring gene, MCMG6 [23]. In vitro studies indicate that
this nucleotide change affects lactase promoter activity
[24,25] and thus is highly likely to cause LP, although
it is currently not possible to exclude tight linkage
disequilibrium with another, as yet unobserved, func-
tional variant. An interpolated map showing the
global distribution of —13910*T can be seen in
figure 1b, using published data [14,15,26-30] sup-
plemented with recently collected data. A cursory
comparison of figure la,b shows that while the
— 13910*T allele may explain the distribution of LP in
Europe, it cannot explain the distribution of LP in
Africa or the Middle East. Indeed, Mulcare et al. [31]
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showed this formally using a robust statistical frame-
work, and other studies have identified additional LP-
associated alleles that explain much of the distribution
of LP in Africa [16,20,32]. Interestingly, all these var-
iants are located within 100 nucleotides of —13910*T
in the same intron of the MCMG6 gene, a region that is
functionally important for the expression of lactase
n vitro [24,33]. Because these various LLP-associated
alleles are found on several different haplotypic back-
grounds [14,20,34], it is now clear that LP has
evolved multiple times and is thus an example of
convergent evolution [35].

Using genetic variation in regions surrounding LCT,
it is possible to obtain estimates of the age of specific
LP-associated alleles. Dates of origin for —13910*T
ranging between 2188 and 20650 years ago [36],
and between 7450 and 12 300 years ago [37] have
been obtained using extended haplotype homozygosity
(EHH) and variation at closely linked microsatellites,
respectively. Similar dates (1200-23 200 years old)
were also obtained for one of the major African var-
iants (—14010*C) using EHH [20]. These date
estimates are remarkably recent for alleles that are
found at such high frequencies in multiple popu-
lations. It is easy to envisage recent alleles being rare
since they change in frequency slowly, and in a direc-
tionless way, by genetic drift. However, a recent
allele that has reached such high population fre-
quencies requires more than genetic drift alone;
it requires the extra ‘kick’® of natural selection.
Indeed, the estimated selection strengths required to
explain the age/frequency distributions of —13910*T
[36]—and of —14010*C [20]—are enormous (1.4—19
and 1-15%, respectively), which are among the
highest estimated for any human genes in the last
approximately 30 000 years [36,38].

(b) Selection hypotheses on lactase persistence
The reasons why LP should provide such a selective
advantage are still open to debate (see discussion
below). However, since this trait has been mainly
identified in dairying-practising or pastoralist popu-
lations [11] and since fresh milk and some milk
products are the only known naturally occurring
sources of lactose, it is unlikely that LP would be
selected without a supply of fresh milk. Interestingly,
the date estimates for the emergence of —13910*T
and — 14010*C bracket archaeological dates for the
spread of domestic animals and dairying into Europe
and the spread of pastoralism in Africa (south of the
Sahara, into Kenya and northern Tanzania), respect-
ively [11,20,39—42]. This supports the idea that LP
coevolved with the cultural adaptation of dairying as
a gene—culture coevolution process.

Nonetheless, the correlation between LP and milk
consumption is not complete [11,16,31,32]. In lactase
non-persistent individuals, the fermentation by colonic
bacteria and osmotic effects of undigested lactose
often cause symptoms such as abdominal pain, bloat-
ing, flatulence and diarrhoea. However, it has been
shown that some lactase non-persistent individuals
can consume lactose-containing products without
any obvious ill effects. For example, the low LP
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