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Evidence of Still-Ongoing Convergence Evolution of the Lactase
Persistence T_,59,, Alleles in Humans

Nabil Sabri Enattah, Aimee Trudeau, Ville Pimenoff, Luigi Maiuri, Salvatore Auricchio, Luigi Greco,
Mauro Rossi, Michael Lentze, J. K. Seo, Soheila Rahgozar, Insaf Khalil, Michael Alifrangis,

Sirajedin Natah, Leif Groop, Nael Shaat, Andrew Kozlov, Galina Verschubskaya, David Comas,
Kazima Bulayeva, S. Qasim Mehdi, Joseph D. Terwilliger, Timo Sahi, Erkki Savilahti, Markus Perola,

Antti Sajantila, Irma Jarveld, and Leena Peltonen

A single-nucleotide variant, C/T.,;4,,, located 14 kb upstream of the lactase gene (LCT), has been shown to be completely
correlated with lactase persistence (LP) in northern Europeans. Here, we analyzed the background of the alleles carrying
the critical variant in 1,611 DNA samples from 37 populations. Our data show that the T_,,,,, variant is found on two
different, highly divergent haplotype backgrounds in the global populations. The first is the most common LP haplotype
(LP H98) present in all populations analyzed, whereas the others (LP H8-H12), which originate from the same ancestral
allelic haplotype, are found in geographically restricted populations living west of the Urals and north of the Caucasus.
The global distribution pattern of LP T ;,,, H98 supports the Caucasian origin of this allele. Age estimates based on
different mathematical models show that the common LP T ,;,,, H98 allele (~5,000-12,000 years old) is relatively older
than the other geographically restricted LP alleles (~1,400-3,000 years old). Our data about global allelic haplotypes of
the lactose-tolerance variant imply that the T.,,, allele has been independently introduced more than once and that
there is a still-ongoing process of convergent evolution of the LP alleles in humans.

The expression of the lactase enzyme (MIM 603202) in
intestinal cells dramatically declines after weaning in
mammals, when lactose is no longer an essential part of
their diet.! In humans, this normal mammalian condition
known as “lactase nonpersistence” (LNP, also known as
“adult-type hypolactasia” or “lactose intolerance” [MIM
223100]) affects most of mankind and restricts the con-
sumption of fresh milk among adults. However, among
northern Europeans and a few other ethnic populations,
intestinal lactase activity persists throughout life in a sub-
stantial proportion (up to 80%-90%) of adults, a condition
known as lactase persistence (LP, or lactose tolerance
[MIM 223100]). The LP/LNP phenotype is genetically de-
termined, with LP being dominant over LNP.> We previ-
ously identified a single-nucleotide variant, C/T ;5,,,, com-
pletely correlating with the phenotype in Finns and in a
cross-sectional sample of >600 individuals from five pop-
ulations.*”® The T ,,,, variant, which correlates with LP, is

located 14 kb upstream of the LCT gene and has been
shown to be the derived variant, compared with the
C.3010 Variant that represents the ancestral form of the
human genome. Another variant, G/A,,,qs farther up-
stream of LCT, was also strongly, although not completely,
associated with the LP/LNP phenotype,*>* most likely be-
cause of the substantial linkage disequilibrium (LD) in this
genome region.>*?

Functional evidence for the C/T ;,,, variant in the reg-
ulation of lactase activity has since emerged, lending ad-
ditional support for this nucleotide change as the true
causative variant of regulation of transcription of the lac-
tase gene in intestinal cells.*'*'" Adult individuals with
the LP T 5, allele show significantly higher steady-state
transcript levels of LCT in their intestinal mucosa when
compared with individuals with the nonpersistence C_;,,,
allele, which implies a transcriptional regulation of LCT:*
This is in agreement with in vitro studies demonstrating
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Figure 1. The physical map showing the analyzed genome region flanking the C/T ., and G/A_,,,,s variants associated with LP. The
distance (in kb) from the first ATG of LCT is shown. A, Genes in the region studied. B, Expanded map of the 30-kb region in the LCT
and MCM6 genes, showing SNPs 1-9 analyzed in the population samples.

a distinct increase in the LCT promoter activity in cells
transfected with the T ,,,, variant.''> Haplotype analysis
in the Finnish families demonstrated that all LP alleles
among Finns originated from one common ancestor iden-
tical by descent.®* Other studies of additional European
populations have also suggested the existence of one ma-
jor allelic haplotype, named “haplotype A,” correlating
with LP.”"* These data indicate a single global origin for
the LP T 55, allele. In this study, we monitored the global
frequencies of the LP T,,5,, allele and allelic haplotype
signatures of the ~30-kb LCT locus in diverse global pop-
ulations, to study the allelic background of LP in humans.

We genotyped eight SNPs and one indel polymorphism
(GenBank accession number DQ109677) covering ~30 kb
of the LCT region and flanking the two LCT variants, C/
T 13010 and G/A ,,0,4, associated with LP/LNP (coverage rate
of one SNP per 3.3 kb) in 1,611 samples from 37 global
populations (fig. 1 and table 1). Except for the two SNPs
C/T._ 13010 and G/A ,,015, the genotyped SNPs represent com-
mon variants in all populations, with minor-allele fre-
quencies >7% (table 2). Although this approach might not
identify some rare allelic variants, especially among the
LNP alleles, the most robust pattern of diversity among

LP alleles—the target of our interest—will be identified in
the global samples.

The frequency of the LP T, allele in various popu-
lations was systematically correlated with the reported
prevalence of LP determined elsewhere by disaccharidase
activities in intestinal biopsy samples and/or lactose-tol-
erance tests in these populations (fig. 2 and table 3).">'*
7 Among the 37 populations studied (fig. 3), we identified
21 populations for which the prevalence of the LP trait
was known and could establish a strong correlation (co-
efficient of correlation r = 0.973, P<.0001) with the fre-
quency of the T, allele (fig. 2). The allele frequencies
of the analyzed markers are shown in table 2, and the
complete list of all observed haplotypes constructed using
all nine markers with the Arlequin program'® are provided
in table 4. We restricted further analysis to those haplo-
types with population frequency >4% in at least one of
the populations, as inferred by the Arlequin program, to
avoid misleading conclusions based on rare haplotypes,
which could represent artifacts of the algorithm used for
the construction of the haplotypes (table 5). We identified
9 different haplotypes (H8, H9, H11, H12, H48, H49, H9S,
H97, and H98) with alleles carrying the T_,;,,, LP variant

Table 1. SNPs Analyzed in the DNA Samples from 37 Populations

dbSNP Accession Chromosomal Distance from LCT
SNP Type Number Position (kb)
1 Indel DQ109677° 136424826 +3.64
2 /T rs3754686 136437008 —8.54
3 G/C rs3769005 136437098 —8.63
4 C/Tos010 154988235 136442378 —-13.91
5 /T rs4954493 136443707 —15.239
6 G/C rs3099181 136448545 —20.077
7 G/A 30015 rs182549 136450486 —22.018
8 /7 rs4988183 136455779 —27.312
9 A/C rs3087343 136456274 —27.807

Note.—The 3,954-bp indel polymorphism is located within intron 1 of the LCT gene.
Accurate chromosomal positions and locations from LCT are given. The SNPs are also shown
in figure 1.

® The GenBank accession number is given.
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Table 2. SNP Frequencies Analyzed in 37 Population Samples
Derived Allele 2 Frequency (SD)

SNP 1 SNP 2 SNP 3 SNP 4 SNP 5 SNP 6 SNP 7 SNP 8 SNP 9

(Indel; (/m (6/C (C/T 150100 o (6/C (G/A 2201 (A/G; (G/A;

in =1, T=1, G=1, C=1, T=1, G=1, G=1, C=1, G=1,
Region or Population N del = 2) G=2) C=2) T=2) C=2) C=2) A=2) A=2) A=2)
South Korea 23 .07 (.04) .28 (.06) .28 (.06) .00 (.00) .28 (.06) .28 (.06) .00 (.00) .52 (.07) .89 (.05)
Han Chinese 100 .38 (.03) .36 (.03) .36 (.03) .00 (.00) .36 (.03) .36 (.03) .00 (.00) .64 (.03) .77 (.03)
Ob-Ugric speakers 20 .45 (.04) .43 (.05) .43 (.05) .03 (.02) .43 (.05) .42 (.02) .03 (.02) .43 (.05) .81 (.04)
Komi 10 .40 (.09) .50 (.11) .50 (.11) .15 (.07) .50 (.11) .50 (.11) .15 (.07) .65 (.10) .85 (.08)
Udmurts 30 .53 (.06) .48 (.07) .48 (.07) .33 (.06) .50 (.06) .50 (.06) .37 (.07) .58 (.06) .85 (.04)
Mokshas 30 .27 (.06) .30 (.06) .30 (.06) .28 (.06) .27 (.06) .27 (.06) .27 (.06) .37 (.07) .57 (.06)
Erzas 30 .48 (.06) .42 (.06) .42 (.06) .27 (.06) .42 (.06) .38 (.05) .22 (.05) .40 (.06) .68 (.06)
Saami 30 .53 (.06) .51 (.07) .51(.07) .17 (.04) .51 (.07) .51 (.07) .13 (.04) .60 (.06) .85 (.05)
Finns, eastern 77 .69 (.04) .69 (.04) .69 (.03) .55 (.04) .68 (.03) .66 (.04) .55 (.04) .70 (.04) .88 (.03)
Finns, western 154 .73 (.02) .71 (.03) .71 (.03) .62 (.02) .72 (.02) .71 (.03) .62 (.02) .73 (.02) .88 (.02)
Daghestan Druss 17 .23 (.07) .23 (.07) .18 (.07) .12 (.06) .21 (.07) .21 (.07) .12 (.06) .26 (.07) .62 (.09)
Daghestan Nog 20 .40 (.08) .40 (.08) .37 (.08) .07 (.04) .40 (.08) .40 (.08) .07 (.04) .40 (.08) .60 (.08)
Daghestan mixed 23 .35 (.07) .35(.07) .35(.07) .13 (.05) .35 (.07) .35 (.07) .13 (.05) .37 (.07) .67 (.07)
Pakistan Balti 23 .24 (.06) .17 (.06) .26 (.06) .00 (.00) .17 (.06) .17 (.06) .00 (.00) .26 (.07) .44 (.07)
Pakistan Burusho 30 .33 (.07) .33(.07) .33(.07) .02 (.01) .33(.07) .23(.06) .05 (.03) .28 (.06) .77 (.06)
Pakistan Kashmiri 20 .37 (.08) .42 (.08) .42 (.08) .12 (.05) .42 (.08) .37 (.08) .15 (.06) .42 (.08) .78 (.07)
Pakistan Kalash 30 .25 (.06) .27 (.06) .25 (.05) .00 (.00) .25 (.06) .22 (.05) .03 (.02) .38 (.08) .62 (.06)
Pakistan Pathan 28 .45 (.07) .41 (.07) .43 (.07) .30 (.06) .39 (.07) .41 (.07) .32 (.06) .48 (.07) .71 (.06)
Pakistan Hazara 14 .36 (.09) .32 (.09) .32 (.09) .04 (.04) .32 (.09) .29 (.09) .11 (.06) .46 (.10) .64 (.09)
Pakistan Baluch 19 .47 (.08) .47 (.08) .47 (.08) .34 (.08) .47 (.08) .47 (.08) .39 (.08) .50 (.08) .79 (.06)
Pakistan Sindi 28 .50 (.07) .52 (.07) .50 (.07) .41(.07) .50 (.07) .50 (.07) .43 (.07) .52 (.07) .75 (.06)
Pakistan Brahui 30 .43 (.07) .42 (.07) .43 (.06) .27 (.06) .43 (.06) .40 (.06) .28 (.06) .43 (.07) .82 (.05)
Pakistan Makrani Baluch 29 .35 (.06) .35(.06) .35 (.06) .17 (.05) .35 (.06) .33 (.06) .18 (.05) .48 (.07) .77 (.06)
Pakistan Mohannes 29 .38 (.06) .38 (.06) .36 (.07) .28 (.06) .36 (.07) .36 (.06) .28 (.06) .36 (.06) .67 (.07)
Pakistan Parsi 29 .21(.05) .19 (.05) .19 (.05) .14 (.05) .22 (.06) .17 (.05) .03 (.02) .33 (.06) .55 (.07)
Iranians 21 .26 (.07) .21 (.06) .21 (.06) .10 (.05) .24 (.07) .21(.06) .07 (.04) .26 (.07) .57 (.08)
Iran Qashqai 10 .10 (.07) .10 (.07) .10 (.07) .05 (.05) .10 (.07) .10 (.07) .05 (.05) .10 (.07) .40 (.11)
Arabs 50 .17 (.04) .25 (.04) .18 (.04) .10 (.03) .16 (.04) .15 (.04) .10 (.03) .19 (.04) .52 (.05)
Southern Italy 100 .22 (.03) .26 (.03) .25 (.03) .05 (.02) .26 (.03) .26 (.03) .06 (.02) .29 (.04) .60 (.03)
French 17 .44 (.08) .44 (.08) .44 (.08) .34 (.07) .44 (.08) .44 (.08) .37 (.08) .50 (.08) .62 (.09)
Basques 85 .71 (.03) .70 (.03) .73 (.03) .66 (.04) .72 (.04) .69 (.03) .64 (.04) .70 (.03) .86 (.03)
Utah 92 .83 (.03) .83(.03) .83 (.03) .74 (.03) .83(.03) .82(.03) .76 (.03) .83 (.03) .90 (.02)
Somalia 79 .18 (.03) .19 (.03) .22 (.03) .03 (.01) .18 (.03) .17 (.03) .01 (.01) .28 (.04) .68 (.03)
Fulani Sudanese 44 .80 (.05) .57 (.06) .57 (.05) .48 (.06) .56 (.06) .56 (.05) .55 (.06) .82 (.05) .94 (.02)
Morocco 90 .35 (.03) .33 (.04) .33(.03) .18 (.03) .35(.03) .33(.03) .16 (.03) .41 (.04) .64 (.03)
Saharawi 57 .36 (.05) .36 (.04) .37 (.04) .26 (.04) .36 (.05) .36 (.04) .29 (.04) .36 (.04) .72 (.04)
African Americans 50 .25 (.04) .18 (.04) .21 (.04) .09 (.03) .20 (.04) .18 (.04) .09 (.03) .62 (.05) .80 (.04)

Note.—Alleles coded as 1 in every SNP site were the ancestral alleles, on the basis of the sequence of the primate samples, that cosegregated
with the LNP phenotype, and alleles coded as 2 in every SNP site were the derived alleles that cosegregated with the LP phenotype.

and 14 haplotypes (H1, H2, H4, H27, H34, H46, H51,
HS52, H54, H55, H81, H82, H84, and H87) with alleles
carrying the C;5,, LNP variant (table 5). Comparison of
the resulting haplotypes with the haplotypes estimated by
the maximume-likelihood algorithm implemented in the
PHASE program v2.1 did not reveal discrepancies (data not
shown).

One of the nine haplotypes (H98) distinctly dominated
in LP alleles in most study populations, with only a few
exceptions: in populations of Udmurts, Erzas, and Mok-
shas, five other LP haplotypes (H8-H12) were observed at
the reasonable frequency (table 5). Among these “other”
LP alleles, the frequency of H8 was highest (5%) among
Erzas, whereas H11 was present at the frequency of 11%
and 7% among Mokshas and Udmurts, respectively (table
5). Of the 14 identified LNP haplotypes listed in table 5,
3 were found to be present in all populations (H1, H2,

and H84). Interestingly, when we monitored the structure
of these global LCT alleles, we saw that the major LP H98
allele diverges the most from the major LNP H1 allele;
these two haplotypes differ at every SNP. Another com-
mon LNP H84 allele differs from the major LP H98 allele
only at the positions of the two critical variants (C/T ;30,0
and G/A ,,,5) that correlate with LP (table 5). Thus, two
common LNP alleles in H1 and H84 show a highly di-
vergent allelic background, and the frequencies of inter-
vening haplotypes between them are low, which are most
probably lost because of recombinations and/or genetic
drift (table 5). The sequence identity between H84 (LNP)
and H98 (LP) not only covers the 30-kb region thoroughly
analyzed in all populations but actually spans 700 kb in
some tested populations (e.g., Finns; data not shown), un-
derlining their close relationship in the evolution.

To explore the relationship between different haplo-
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Figure 2. Correlation between the frequency of the LP trait, as measured by lactose-tolerance tests and/or disaccharidase activities,
and the frequency of LP, as predicted by the frequency of the C/T ., allele with the assumption of Hardy-Weinberg equilibrium in
different populations. A perfect correlation is not expected because the phenotype data are collected separately from the genotype
data. Data about the frequency of LP were obtained from or referenced in studies reported elsewhere."***” Populations are coded as
indicated in table 3, except for “Fin,” which includes both FiE and FiW as one group. The r coefficient was calculated using SPSS version
10.0. The two-sided test was performed using a .01 significance level.

types of the LCT alleles, we constructed a median-joining
(MJ) haplotype network of the 30-kb LCT region in the
global samples, using a total of 23 haplotypes showing
frequency >4% in at least one population. The network
was constructed using the NETWORK software under the

default parameters. The population frequencies of the rel-
evant haplotypes are shown in figure 4. Comparisons with
primate (i.e., chimpanzee, orangutan, gorilla, and rhesus
monkey) sequences revealed that H1 represents the an-
cestral haplotype for the human LCT gene; therefore, it

Q
\

Figure 3. Population frequencies for the T ,,,, allele associated with LP in worldwide populations. For each population, the pie chart
denotes the frequency of the T_.,,,, allele (green shading). Populations and frequency details are shown in table 3.
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Table 3.

Population Frequencies of LP Alleles C/T_,;,,

Allele
Three- G’\l:r;o‘:;;: (%I;requency Prevalence
Region or Letter of LP

Designation  Population Code N cc a 1m C T (% [SD])
1 South Korea SKo 23 23 0 0 100 0 0 (.00)
2 Han Chinese Han 100 100 0 0 100 0 0 (.00)
3 0b-Ugric speakers 0bU 62 58 4 0 96.8 3.2 6  (3.02)
4 Komi Kom 10 7 3 0 85 15 30 (14.50)
5 Udmurts Udm 30 12 16 2 66.6 33.4 60 (8.90)
6 Mokshas Mok 30 13 17 0 71.6 28.4 56.6 (9.01)
7 Erzas Erz 30 17 10 3 73.3  26.7 43.3 (9.05)
8 Saami Saa 30 20 10 0 83.3 16.7 33.3 (8.60)
9 Finns, eastern FiE 77 18 35 24 46.1 53.9 76.6 (4.75)
10 Finns, western Fiw 154 25 68 61 38.3  61.7 83.7 (2.98)
11 Daghestan Druss DaD 17 13 4 0 88.2 11.8  23.5(10.30)
12 Daghestan Nog DaN 20 15 5 0 87.5 12,5 25 (9.70)
13 Daghestan mixed DaM 23 19 3 1 89.1 11.9 17.4 (7.90)
14 Balti Bal 23 23 0 0 100 0 0 (.00)
15 Burusho Bur 30 29 1 0 98.3 1.7 3.3 (3.26)
16 Kashmiri Kas 20 15 5 0 87.5 12,5 25  (9.68)
17 Kalash Kal 30 30 0 0 100 0 0 (.00)
18 Pathan Pat 28 12 15 1 69.6 30.4 57.1 (9.35)
19 Hazara Haz 14 13 1 0 96.4 3.6 7.1 (6.86)
20 Baluch Blu 19 10 6 3 68.4 31.6  47.4 (11.46)
21 Sindi Sin 28 10 13 5 58.9 41.1 64.3 (9.11)
22 Brahui Bra 30 17 10 3 73.3  26.7  43.3 (9.05)
23 Makrani Baluch MaB 29 19 10 0 82.8 17.2 345 (8.83)
24 Mohannes Moh 29 16 10 3 72.4 27.6 44.8 (9.23)
25 Parsi Par 29 21 8 0 86.2 13.8 27.6 (8.30)
26 Iranians Ira 21 17 4 0 90.5 9.5 19  (8.56)
27 Qashqai Qas 10 9 1 0 95 5 10 (9.49)
28 Arabs Ara 51 42 8 1 90.2 9.8 17.6 (5.33)
29 Southern Italy SIt 100 89 11 0 94.5 5,5 11 (3.13)
30 French Fra 17 6 9 1 61.7 38.3 58.8 (11.94)
31 Basques Bas 85 7 44 34 34.1  65.9 91.7 (2.99)
32 Utah Uta 92 7 33 52 25.5 745 92.4 (2.76)
33 Somalia Som 79 74 5 0 96.8 3.2 6.3 (2.73)
34 Fulani Sudanese Ful 44 13 20 11 52 48 70.4 (6.88)
35 Saharawi Sah 57 29 26 2 73.7 26.3 49.1 (6.62)
36 Morocco Mor 90 62 25 3 82.7 17.3 31.1 (4.88)
37 African Americans Aam 50 44 3 3 91 9 12 (4.60)

was used as the rooted haplotype in the M] network (fig.
4). The MJ haplotype network further exposes two distinct
clusters of LP haplotypes carrying the T ,,,, variant. These
clusters are separated by more than five mutational steps
(fig. 4). The first cluster of LP haplotypes consists of HS,
H9, H11, and H12, and the second cluster consists of H48,
H49, H95, H97, and H98, of which LP H98 is the most
common among all populations tested (fig. 4). The first
cluster (H8-H12), which is relatively common among the
populations of Udmurts, Mokshas, Erzas, and Iranians,
cannot represent an outcome of simple recombination
events among the common LNP haplotypes H1, H2, H4,
and H84 and the major LP allele H98. This observation
could reflect multiple recombination events in history or
could actually report two different origins of the LP T 5,
allele in the populations living north of the Caucasus and
west of the Urals, which we consider the most probable
option.

The haplotype network also shows that the two hap-

lotypes representing different phenotypes, LNP H87 and
LP H9S5, are both connected to LP H98. We wanted to
assess the possibility that these haplotypes represent re-
combinants, by genotyping 14 of 19 individuals carrying
H87 for more-distant flanking markers. This analysis re-
vealed one major haplotype block covering >800 kb flank-
ing C/T 3, (data not shown). Further, we sequenced the
entire 3,435-bp region of intron 13 of the MCM6 gene
(where C/T 54,0 resides) of the H87 haplotype and estab-
lished that the SNPs flanking the C,,,, allele in H87 are
all part of the same 800-kb haplotype block. Thus, we were
not able to obtain any evidence that the C_,,,, allele of
H87 was generated by a recombination event, and we

Table 4. The Complete List of the 30-kb
Haplotype Frequencies in 37 Populations

The table is available in its entirety in the online
edition of The American Journal of Human Genetics.
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Table 5.

A List of the Population Haplotype Frequencies Depicted in the MJ Network of Figure 4

Population Frequency

(% [SD])
Haplotype  SKo Han  0bU Kom Udm Mok Erz Saa Fiw FiE DaD DaN  DaM Bal Bur Kas Kal Pat Haz
N 46 200 124 20 60 60 60 60 154 306 34 40 46 46 60 40 60 56 28
LNP:
H1 11 (5) 21 (3) 19 (4) 15(9) 4 (3) 32 (6) 17 (5) 12 (4) 10 (2) 11 (2) 23 (7) 40 (7) 33 (7) 54 (7) 18 (4) 18 (7) 37 (8) 21 (7) 36 (9)
H2 35 (8) 12 (2) 31(4) 10 (8) 19 (6) 18 (5) 25 (7) 25 (5) 12 (2) 16 (2) 50 (9) 15 (5) 26 (7) 13 (7) 44 (7) 31 (8) 22 (5) 27 (6) 11 (6)
H4 26 (8) 28 (3) 2 (1) 25(12) 7 (4) 7(4) 3() 5(1) 3() 5(4) 7(4) 4(3) 3(3) 15(5) 7(3) 18(8)
H46 22 (7) 3(2) 22 22 22 .. . 5 (4)
H51 8(4) 3(2) 1(1) . 4 (3)
H52 3(2) 0 (0) . 2 (2) 4 (3)
H54 we2(1) 1(1) 2(2) .. . 4 (3)
H55 . 32 ..
H81 2 (1) 0(0) 3(1) o 9(4) 5(4) 3(2) 4 (3)
H82 2(3) ... 2 (1) . 5(4) 5(3) 2(2) ..
H84 4 (3) 36 (3) 33(4) 35(12) 35(7) 9 (4) 13(5) 33(8) 6 (1) 11(2) 5(5) 8 (4) 19 (6) 15 (6) 18 (5) 20 (8) 18 (5) 7 (4) 18 (10)
H87 .. 0(0) . e 8 (4) .. e 3(2) 2() 7(6)
LP:
H8 2 (2) 5 (3)
H9
H11 7 (4) 11 (4)
H12 6(5) ..
H48 10 (7)
H49 2 (2) 6 (4)
H95 3(2)
Ho7 . 9() .. 2(2) 1(1)
H98 3(2) 5(6) 14 (5) 14 (5) 20 (6) 12 (4) 61 (4) 53 (3) 13 (6) 11 (5) 6 (5) 27 (6) 4 (3)

NoTe.—Haplotypes presented are restricted to the haplotypes with frequency >4% in any of the populations analyzed. The SNPs used for haplotype construction
are SNPs 1-9 (table 1). The three-letter codes for the populations are used; the complete names are given in table 3.

concluded that H87 represents the allelic background on
which LP T34, occurred, resulting in LP H98. For H9S,
in three of the six individuals genotyped for more-distant
flanking SNP markers, the haplotype is broken at 450 kb,
3’ of C/T 34, (data not shown), and we were not able to
obtain any evidence that H95 was generated by a recom-
bination event from other haplotypes (H84 and H98). This
prompted us to assume a different origin for LP T ,;,,, 00
H9S than for the mutation on H98, which implies that
the origin of LP T, has occurred more than once in
recent human history.

The MJ network suggested that the common ancestral
LNP haplotype background on which the major LP H98
variants occurred was LNP H84. Therefore, we monitored
the prevalence pattern of the common LNP H84 haplo-
type in our samples from global populations, to assess the
distribution of this allele, which might help in the elu-
cidation of the historical origin of LP H98. A high prev-
alence of H84 is characteristic to the eastern part of the
Ural Mountains, among Ob-Ugric speakers, where the
prevalence reaches as high as 33%. The high prevalence
of H84 extends east to the populations totally lacking the
LP mutation, like Han Chinese (36%) (table 5). The high
population frequency of this particular allele can be seen
also in South Korea, where H46, the haplotype deviating
from H84 by one mutational step, can be observed at 22%
frequency (table 5 and fig. 4). Among the populations liv-
ing west of the Urals on the European side of Russia (e.g.,
Komi and Udmurts), as well as among Saami, the fre-
quencies of this haplotype are 33%-35%. These preva-
lence figures imply that the ancestral H84 allele, the target
of the most common LP H98 mutation(s), originates from

Asian populations. On the basis of population frequencies,
we can actually monitor the western migration of this
allele. We recognize that this interpretation could be re-
versed if the common LNP H84 arose via a gene-conver-
sion event from the common LP H98 and not vice versa.
We consider this unlikely, given the relatively recent age
of LP H98 and the fact that the common LNP H84 hap-
lotype was found in all 37 populations, which indicates
introduction into global populations earlier than pre-
dicted for LP H98.

We also monitored the prevalence pattern of the less
common LNP H87 haplotype that, on the basis of the MJ
network, represents the immediate allelic haplotype on
which the LP H98 mutation occurred. The highest fre-
quencies of H87 alleles were observed among Daghestan
Nogais (8%) and Hazara (7%). This allele was detected in
Daghestan Nogais, Hazara, Baluch, Sindi, Brahui, Makrani
Baluch, Iranians, Basques, individuals from Utah, and
Finns (eastern region). From this distribution of H87, we
were able to propose that the ancestral population in
which the LP T ,,5,, H98 mutation occurred is of Caucasian
origin.

We recognize the role of selection in shaping the pre-
sent-day frequencies of LP alleles>**!*#1¢171 and other de-
mographic processes such as genetic drift, which could
have a major effect on the frequencies in some popula-
tions and could result in a biased interpretation of the
global history of the LP trait. For example, the wide LD
interval providing a strong signal for selection of the LCT
region could interfere with our interpretation based on
the population frequencies.”***" Although M] networks
can be used to analyze large data sets and multistate char-

620

The American Journal of Human Genetics Volume 81

September 2007 www.ajhg.org



Population Frequency

(% [SD])
Haplotype  Blu Sin Bra MaB Moh Par Ira Qas Ara SIt Fra Bas Uta Som Mor Sah Aam Ful
N 38 56 60 58 58 58 42 20 102 200 34 170 184 158 180 114 100 88
LNP:
H1 17 (6) 21 (6) 17 (5) 22 (6) 29 (7) 39 (7) 38(9) 60 (12) 41(5) 32 (4) 34(9) 12(3) 10(2) 27 (4) 31(3) 25(5) 19(4) 1(1)
H2 33(7) 23(6) 33(6) 30(6) 31(6) 21(6) 26 (8) 30(11) 26(5) 21(3) 13(6) 9(2) 5(2) 38(4) 20(3) 34(5) 17 (4) 7(3)
H4 3(2) 2(2) 3(2) 13(4) 12 (4) 2(2) . - 3(1) 6() 1(1) 2() 4() 6(2) 1(1) 32(5) 5(2)
H27 . . 4(2) .. . 2(1) 1(1) .. 5(2) ..
H34 2 (1) 2(2) 6(2) 1(1) 1(1) . 2 (1) . .
H46 e 12(3) 1(1) .. . .
H51 22 2(@) 2( . 6 (2) 1(1) .. . .
H52 . 7 (3) . . 5(2)
H54 . 1 (1) . 1(1) 1(1) .. 7(2) 14 (5)
H55 . . . . 6 (3)
H81 2(1) 1(1) 2(1) 1(1) .. 2(1) .. .
H84 4(3) 9(4) 8(4) 17(6) 9(4) 11(4) 17(7) 5(4) 4(@2) 4@ 9(6) 3(1) 42 153) 153) 6(2) 9(3) 6(3)
H87 5(4) 22 1) 2(1) .. 3(3) .. 2(1) 2(1) .. .
LP:
H9 2(2) 5 (4) 1(1) 1(1) 1(1) 2(1) 1(1)
H11 2 (2) 2 (2) .
H12 i
H48 ..
H49 3(1) 3(3) .
H95 5(3) 2(1) 1(1) 1(1) 1(1)
Ho8 34(8) 39(7) 25(6) 15(5) 28(6) 1(1) 2(2) 5(5) 5(2) 1(1) 31(9) 56 (4) 74(3) 1(1) 12(2) 26 (4) 6 (3) 47 (6)

acters, we recognize that the algorithm on which the M]J
haplotype network construction is based requires a recom-
bination-free region, such as the mtDNA region.** We tried
to minimize the recombination events in the critical LCT
region and analyzed the variants in a very restricted DNA
region (30 kb); we used only haplotypes that exceeded 4%
frequency in any population. We recognize that some re-
combinants still could have taken place and could have
interfered with the interpretation of the results. Despite
these limitations, we think our data provide a solid basis
for a hypothesis of more than one allelic origin of the LP
T 13010 Mutations and the evolutionary history of the LP
trait. Importantly, we base our conclusion on the fre-
quency of the critical background alleles defined by hap-
lotypes (like LNP H84 and H87) not directly affected by
selection. Further, we base our interpretation on the anal-
yses of reasonably large study samples from diverse pop-
ulations, and, although the DNA samples analyzed here
do not provide complete global covering, they do cover
the critical regional populations in Eurasia.

To further address the issue of the historical origin of
the common LP mutation in two diverse populations—
Finns and Fulanis—we first estimated the most recent
common ancestor (TMRCA) of the LP H98 T ,.,,, alleles in
the Finns, using LD-decay analysis for marker D253014,
which shows the highest LD with the LP phenotype in
the Finns.? Using a generation time of 25 years and the
algorithm by Risch et al.,*?** we found an age estimate of
5,275 years (95% CI 4,875-5,640) for the Finnish alleles.
Use of the same marker, D253014, in the Fulani Sudanese
population in the LD-decay analysis gave an age estimate
of 6,475 years (95% CI 5,875-7,100). With three flanking
markers (D283013, D2583015, and D2583016) that show
less LD in LP alleles,” the average square distance (ASD)

method that used the Ytime program'® gave an age esti-
mate of 9,252 years (95% CI 100-34,000) in this popu-
lation (table 6).

For other populations, we applied two different meth-
ods to estimate the age of the LP mutation on the basis
of the obtained haplotype frequencies. In the first method,
we tried to take advantage of the role of selection that
shaped the LCT region, to estimate the age of the LP T.
13010 alleles among different populations. Previous studies
have shown the selection coefficient, s, which measures
the proportional excess of fitness of LP allele in relation
to LNP allele, to range from 0.02 to 0.19.>%%%2° With the
assumption of a dominant model for LP, s is proposed to
be 0.04-0.05, and initial allele frequency p, to be 0.001.
We applied the general selection formula (In(p/q) +
1/q = In(py/q,) + 1/q, + st) to roughly estimate the age of
the selected allele, using the current allele frequencies (p)
in every population.” In the second, phylogeny-based
method, we specifically analyzed the sequence of the crit-
ical 30-kb region. The age estimates were obtained by con-
structing the MJ network of 30-kb LCT haplotypes in each
population separately, and, from these networks, we mea-
sured the rho statistic (p)—the average number of muta-
tions from the root haplotype, LNP H1—in these popu-
lations. We included the SDs and a generation time of 25
years, to estimate TMRCA of the LP T, alleles, using
the NETWORK 4.1.1.2 program, which applied the for-
mula t = p/u (Where t is the time since TMRCA and u is
the mutation rate for the region per year).?” This method
needs a calibration point to estimate the mutation rate of
the region. We chose our previous age estimations on the
basis of LD decay in Finns and Fulani and used the ASD
in Finns as the internal calibration point to estimate the
mutation rate of the region. The LD-decay method used

www.ajhg.org

The American Journal of Human Genetics Volume 81

September 2007 621



here is considered to represent the lower boundary for
mutation-rate calibration—4.54 x 10~® bp/year, which
translates into one mutation per 700 years. The second,
ASD-based method is considered to represent the upper
boundary for mutation-rate calibration—2.59 x 10~® bp/
year, which translates into one mutation per 1,225 years.

Although mutation-dating methods involve many as-
sumptions and uncertainties, the results clearly indicate
that our age estimate of the first cluster of LP haplotypes
(H8-H12) indicates a substantially more recent introduc-
tion of the LP variants (1,400-3,000 years) than does the
age estimate of the second cluster, representing the LP H98
haplotype (5,000-12,000 years). This supports the concept
of two different origins of the LP T ,,,,, allele (tables 6 and
7). The oldest age estimates for the LP H98 T ,,,, allele are
obtained within the populations from widely divergent
regions, such as African Fulani Sudanese, individuals from
Utah, Finns, Basques, and Udmurts, in the age =SD range
of 5,040=792 to 10,735=1,193 years (table 6). Interest-
ingly, if we take into account the high prevalence of LP
and the LP T 54,, allele in the Fulani and northern Euro-
peans, as well as the almost-identical LP H98 allelic hap-
lotype carrying the T.;,, allele (not only in the 30-kb
region studied here but also in an 800-kb region in some
populations [data not shown]), similar age estimates
emerge for the T, allele in both populations. This
would indicate that the African Fulani and northern Eu-

Mokshas 11%
Udmwts 7%

1)111211211

Erzas 5%
l Udraurts 2% 4
111211112 H

2““ 22 sz

112111111

211111112

Han Chinese 367
w212 Udwuts  35%
35%  Daghestan NOG 8%

121111122

ropeans probably share the origin of this mutation and
perhaps also share a dairy culture. Previous studies in Fu-
lani have also suggested a degree of Caucasian admixture
in their gene pool, a finding that supports the Caucasian
origin of the LP H98 T ,.,,, allele.?®

Although it is unlikely that all the populations exhibit
the same initial allele frequency or would have experi-
enced the same selection pressures throughout history, the
selection method gives very reasonable estimates for the
majority of the populations analyzed when compared
with the other methods (table 6). It is interesting that, for
many populations analyzed here, the age estimates ob-
tained correlate very well with the dates estimated for the
age of the LP H98 T ,,,,, allele in populations reported in
other studies, such as northern Europeans.”' An inter-
esting, recent report by Burger et al.* showed the relative
absence of the LP T ,,,,, allele in human remains in Europe
(dated 7,000-7,800 years ago), implying that LP was rare
in early Neolithic European farmers. This finding provides
further support for our age estimates of the introduction
of the LP T4, allele to global populations.*

The presence of the same LP allelic haplotype, H98, in
dramatically diverse populations observed here, including
Europeans, Asians, Arabs, some Sub-Saharan Africans, and
North Africans (fig. 3), supports the concept of a single
and relatively ancient global origin for the LP T ,;,,, H98
allele.*”* Recently, Myles et al. interpreted the presence

222222221

Ob Ugw:s 3%  Hazan T

Baluch

5%
122122122

222122222

222122122

111111111

CiT. 13010

GlA 22018

\J
222222222 122222212

Figure 4. MJ haplotype network for eight SNPs and one indel marker in the 30-kb L(T region among 37 populations, constructed
using NETWORK version 4.1.1.2. The analysis includes all haplotypes with an estimated population frequency >4% in at least one
population. The arrow denotes the rooted haplotype LNP H1 of the network. LNP haplotypes are shown as yellow circles, and LP
haplotypes are shown as green circles. The size of the circles corresponds to the estimated haplotype frequency in the global sample,
and the haplotypes are shown inside or above the circles. The population frequencies for some haplotypes relevant to the origin of
the LP alleles and discussed in the text are shown. The positions of the C/T..;5,, and G/A_,,q,, alleles within the haplotype are shown
in the enclosed box. The SNPs have been coded for each site as 1 for the ancestral SNP and 2 for the derived SNP. The haplotype

details are shown in tables 2 and 5.
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Rho Method®
(years [+SD])

Lower Bound®

Upper Bound®

Table 6. Age Estimates of TMRCA for LP H98 T_,,,,, in Global Populations
Selection Method®
(years [SDT) LD or ASD Method
Population® s = .04 s = .05 (years [95% CI])
Par 1,425 (0-1,875) 1,150 (0-1,500)
Som 1,425 (0-1,875) 1,150 (0-1,500)
Ira 1,875 (0-2,325) 1,500 (0-1,850)
Qas 2,475 (0-2,975) 1,975 (0-2,350)
Haz 2,325 (1,425-2,700) 1,850 (1,150-2,150)
Ara 2,475 (2,125-2,700) 1,975 (1,700-2,150)
SIt 1,425 (0-1,875) 1,150 (0-1,500)
0bU 2,125 (1,875-2,475) 1,700 (1,150-1,975)
Kas 2,600 (1,425-3,025) 2,075 (1,150-2,425)
DaN 3,175 (2,700-3,500) 2,525 (2,150-2,775)
Aam 2,600 (2,115-2,875) 2,075 (1,700-2,300)
DaD' 2,875 (2,325-3,225) 2,300 (1,850-2,575)
Kom 2,475 (0-2,975) 1,975 (0-2,350)
DaM 3,025 (2,600-3,350) 2,425 (2,075-2,675)
Mor 3,110 (2,950-3,225) 2,475 (2,350-2,575)
Mok 3,225 (2,875-3,500) 2,600 (2,300-2,775)
MaB 3,275 (2,950-3,550) 2,625 (2,350-2,825)
Fra 4,025 (3,625-4,400) 3,200 (2,900-3,500)
Moh 3,900 (3,625-4,150) 3,100 (2,900-3,300)
Saa 3,100 (2,800-3,350) 2,475 (2,225-2,675)
Sah 3,825 (3,625-3,975) 3,025 (2,900-3,175)
Erz 3,550 (3,225-3,825) 2,475 (2,225-2,650)
Pat 3,850 (3,575-4,100 3,075 (2,850-3,275)
Bra 3,750 (3,475-4,025) 3,000 (2,775-3,200)
Sin 4,350 (4,050-4,650) 3,475 (3,225-3,725)
Blu 4,150 (3,800-4,475) 3,300 (3,025-3,575)
Udm 3,225 (2,875-3,500) 2,575 (2,300-2,775)
Bas 5,150 (4,950-5,425) 4,125 (3,950-4,300)
Fiw 5,000 (4,800-5,225) 3,975 (3,825-4,175) 5,275 (4,875-5,640)°
FiE 5,475 (5,275-5,675) 4,350 (4,200-4,525) 9,252 (100-34,000)"
Uta 6,625 (6,275-7,050) 5,275 (5,000-5,625)
Ful 4,700 (4,475-4,950) 3,750 (3,575-3,950) 6,475 (5,875-7,100)'

262 (+29
280 (+44
371 (+82
485 (+76
573 (+63)
670 (+105)
795 (+272)
900 (+141)
1,400 (= 220)
1,500 (*167)
1,512 (+238)
1,527 (+270)
1,575 (+ 247)
1,575 (*247)
1,777 (+198)
1,867 (+293)
2,577 (+286)
3,013 (*=474)
3,054 (= 480)
3,150 (= 350)
3,203 (356)
3,437 (%540)
3,500 (*550)
3,780 (*420)
4,077 (£453)
4,310 (+479)
5,040 (792)
5,205 (+578)
5,207 (+579)
5,433 (+854)
5,563 (+618)
6,134 (+682)

PN AN N

459 (+51)
490 (+77)
649 (= 144)
848 (+133)
1,002 (+111)
1,173 (*184)
1,391 (*476)
1,575 (*247)
2,450 (+385)
2,625 (+292)
2,646 (+416)
2,673 (£472)
2,756 (+433)
2,756 (*433)
3,110 (= 346)
3,267 (+513)
4,510 (*501)
5,272 (+829)
5,345 (+840)
5,513 (*£613)
5,606 (+623)
6,014 (= 945)
6,125 (+962)
6,615 (+735)
7,134 (+793)
7,543 (+838)
8,820 (1,386)
9,108 (+1,012)
9,113 (£1,013)
9,508 (+1,494)
9,736 (+1,082)
10,735 (+1,193)

* The three-letter codes for the populations are used; the complete names are given in table 3.
® P = .001. The SD of the estimate is based on the SD of the current allele frequencies (p).

¢ The calculations for the Rho method were performed using the NETWORK program, version 4.1.1.2.
¢ The lower boundary for mutation-rate calibration was based on the LD method and translated into one mutation per 700

years.

¢ The upper boundary for the mutation-rate calibration was based on the ASD method and translated into one mutation

per 1,225 years.
 The LP allele detected in this population was LP 97.

9 The estimate was based on the LD method in the Finnish families.
" The estimate was based on the ASD method in the Finnish families.

" The estimate was based on the LD method.

of the LP T,,4,, allele among three North African Berber
populations (from Morocco and Algeria) as genetic evi-
dence of a shared origin of the dairy culture among those
populations from Europe and Asia that show the presence
of the LP T 5, allele.*® More-recent data indicated the lack
of the T, ;,,, variant among most Sub-Saharan African pop-
ulations known to show high prevalence of LP, implying
that other LP mutations must exist globally.>' Interest-
ingly, two new reports have shown the presence of more
than three variants that have risen independently in the
close vicinity of the C/T_;,, variant correlating with LP
in Africa.?®?* Taken together, these data and our results

show that the LP T,,,,, variant is of Caucasian origin and
was most probably introduced independently more than
once in human history. The accumulating data also imply
the critical functional role of the —13910 region, as in-
dicated by the recent reports of other mutations at or near
this site: —13907, —13915, —13913, —13914, and —14010
variants, shown to correlate with LP in different popula-
tions. Some of them are driven to high population fre-
quencies, whereas others still show low frequencies. These
data lend strong support to the concept of convergent and
still-ongoing adaptation of LP evolution in response to
adult milk consumption in different human populations.
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Table 7. Age Estimates Using TMRCA for the “Less Common” LP Alleles (H8-H12) in Various
Populations
Age Estimate
Population (years [SD])
or Region H8 H9 H11 H12
Udmurts 1,850 (0-2,300) 2,675 (2,100-3,025) 2,575 (1,425-3,050)
Erza 2,450 (1,850-2,775)
Mokshas 3,025 (2,675-3,275)
Baluch 1,850 (0-2,300)
Parsi 1,850 (0-2,300) 1,850 (0-2,300)
Iranians 2,450 (1,425-2,875)
Arabs 1,425 (0-1,850)
Southern Italy 1,425 (0-1,850)
Basques 1,425 (0-1,850)
Somalia 1,850 (1,425-2,125)
Morocco 1,425 (0-1,850)

NoTe.—The selection method was used, with P = .001 and s = .04. The SD of the estimate is based on the

SD in the current allele frequencies (p).
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