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Abstract Persistence or non-persistence of lactase
expression into adult life is a polymorphic trait that has
been attributed to a single nucleotide polymorphism
(C-13910T) in an enhancer element 13.9 kb upstream
of the lactase gene (LCT). The -13910*T allele occurs
at very high frequency in northern Europeans as part
of a very long haplotype (known as A), and promotes
binding of the transcription factor Oct-1. However,
-13910*T is at very low frequency in many African milk
drinking pastoralist groups where lactase persistence
phenotype has been reported at high frequency. We

report here for the Wrst time, a cohort study of lactose
digester and non-digester Sudanese volunteers and
show there is no association of -13910*T or the A hap-
lotype with lactase persistence. We support this Wnding
with new genotype/phenotype frequency comparisons
in pastoralist groups of eastern African and Middle
Eastern origin. Resequencing revealed three new SNPs
in close proximity to -13910*T, two of which are within
the Oct-1 binding site. The most frequent of these
(-13915*G) is associated with lactose tolerance in the
cohort study, providing evidence for a cis-acting eVect.
Despite its location, -13915*G abolishes, rather than
enhances Oct-1 binding, indicating that this particular
interaction is unlikely to be involved in lactase persis-
tence. This study reveals the complexity of this pheno-
typic polymorphism and highlights the limitations of
C-13910T as a diagnostic test for lactase persistence
status, at least for people with non-European ancestry.

Introduction

Lactase, the intestinal enzyme responsible for digestion
of lactose in milk is down-regulated in mammals after
weaning. However, in humans lactase persistence
(expression of the enzyme in adulthood) is a polymor-
phic trait. The frequency of lactase persistence has been
shown to be moderately well correlated with the cul-
tural habit of drinking fresh milk (Holden and Mace
1997). For example, African pastoralists have been
reported to show a higher incidence of lactase persis-
tence than non-pastoralists (Bayoumi et al. 1981, 1982),
and lactase persistence is more frequent in Bedouins
(who are known to consume appreciable amounts of
fresh milk) than in neighbouring non-Bedouin Arabs
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(Cook and al-Torki 1975; Snook et al. 1976; Hijazi et al.
1983; Dissanyake et al. 1990).

In Europeans, lactase persistence is controlled by a
regulatory element, cis-acting to the lactase gene LCT,
located within a region of strong linkage disequilibrium
that is characterised by only three common LCT hapl-
otypes, designated A, B and C (Harvey et al. 1998;
Hollox et al. 2001). One of these haplotypes, A, forms
the core of an extended (500 kb+) haplotype, which is
associated with lactase persistence and is at high fre-
quency, probably due to the eVect of selection for this
trait (Poulter et al. 2003; Bersaglieri et al. 2004; Altsh-
uler et al. 2005; Coelho et al. 2005). A single SNP
13.9 kb upstream from LCT (-13910*T), on the back-
ground of the A haplotype, located within intron 13 of
adjacent gene (MCM6) is proposed to be causative of
lactase persistence (Enattah et al. 2002). Promoter-
reporter construct assays revealed that -13910*T has an
enhancing eVect on transcription (Olds and Sibley
2003; Troelsen et al. 2003). It has been shown more
recently that the sequence in which the -13910*T
allele is located binds the transcriptional enhancer
protein Oct-1, while the sequence containing the
ancestral -13910*C allele binds only poorly (Lewinsky
et al. 2005).

The putative causative allele, -13910*T, however,
although present in a few urban Fulani and Hausa from
Cameroon, was absent in samples of several groups in
sub-Saharan Africa in which the lactase persistence
trait is common (Mulcare et al. 2004). This suggested
that either there may be more than one cause of lactase
persistence, with a diVerent allele occurring in some
parts of Africa, or that -13910*T is not in fact func-
tional in relation to lactase persistence in vivo and the
true causal mutation is located elsewhere on the
extended A haplotype.

Our conclusion that -13910*T cannot be the world-
wide cause of lactase persistence led us to claim that
the use of this SNP as a diagnostic tool (Rasinpera
et al. 2004) is inappropriate in non-Europeans (Mul-
care et al. 2004) but this suggestion proved to be con-
troversial (Kolho and Jarvela 2006; Swallow 2006;
Weale 2006).

Here, we report the examination of more milk
drinking groups from East Africa and also the Middle
East, selected because of the close proximity and long
history of migrations between these regions. We
included three diVerent Bedouin groups because of the
known high incidence of lactase persistence in the Bed-
ouin (Cook and al-Torki 1975; Snook et al. 1976; Hijazi
et al. 1983; Dissanyake et al. 1990). Critically, we
report for the Wrst time the results of an association
study in a cohort of Sudanese volunteers. We selected

the Jaali because of the intermediate lactase persistence
frequency (53%) published for this group (Bayoumi
et al. 1981).

We show unequivocally that neither the -13910*T
allele nor the A haplotype, upon which it resides,
account for lactase persistence. Failing to Wnd an asso-
ciation of lactase persistence phenotype and LCT core
haplotype, we resequenced the ¡13.9 kb region. This
revealed new SNPs in close proximity to -13910*T, the
functional properties, association with phenotype and
distribution of which we examine.

Materials and methods

Samples

DNA samples were extracted from buccal swabs from
adult representatives (unrelated at the grandpaternal
level) of 15 diVerent groups living in Africa and the
Middle East. Ethnic origin was self-declared and
recorded on questionnaires.

Five African and three Middle Eastern groups with
a present day pastoralist way of life were tested (Mur-
dock 1967; Holden and Mace 1997; Blench 1999).
These were Fulani and Shuwa Arabs from Cameroon,
Afar and Somali from Ethiopia, one of the pastoralist
Beja groups, the Beni Amir, from Sudan, and Bedou-
ins from Israel/area of the Palestinian Authority
(PAA), Jordan and Saudi Arabia. Some urban and
non-pastoralist neighbours were also tested. These
were Amhara from Ethiopia, Mambila from Camer-
oon, Dounglawi and Shaigi from Sudan and Druze,
Israeli urban Arabs and Palestinians from Israel/area
of the PAA. Milk drinking information was also col-
lected from the Afar from Asayita, Ethiopia; Somali
from Jijiga, Ethiopia; Fulani from the North and
Extreme North Provinces, Cameroon and Beni Amir
from Port Sudan, Sudan.

Samples were also collected from a cohort of 99
Jaali, a Sudanese group with part Arab ancestry, living
in Shendi »150 km north of Khartoum, with previously
reported intermediate lactase persistence frequency
(Bayoumi et al. 1981). Donors from this group who
were unrelated at the grandparental level were pheno-
typed for lactase persistence status using the breath
hydrogen method (see below) and were asked to
answer questions on a milk drinking questionnaire.
One Ethiopian individual of self-declared Amharic
ancestry was also lactose tolerance tested using the
same method.

Approvals for this study were obtained from UCLH
(99/0196 and 01/0236) and from the Federal Ministry of
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Health, Republic of Sudan, the Faculty of Medicine,
Addis Ababa University and the Ministry of ScientiWc
and Technical Research, Yaoundé, Cameroon.

Breath hydrogen lactose tolerance testing

Lactase persistence status was assessed by lactose tol-
erance testing. Fully informed consenting volunteers
who fasted overnight and refrained from smoking
were given 50 g lactose as a solution in 250 ml water
brought to room temperature. Lactose tolerance was
tested by the breath hydrogen method using a
MicroH2 meter (Peuhkuri et al. 1998) to measure
breath hydrogen at 30 min intervals. Reports of any
recent intestinal complaints and antibiotic treatment
were recorded. To be included individuals were
required to have a clearly detectable starting breath
hydrogen (preferably above 2 ppm) to exclude poten-
tial hydrogen non-producers, and not above 20 ppm
(to exclude individuals with potential bacterial over-
growth, or who had not fasted, or had smoked, or had
eaten an excess of fermentable carbohydrate such as
beans). Forty-nine individuals who showed a clear
rise in breath hydrogen of over 20 ppm above base-
line, during the Wrst 2 h after the lactose load, were
diagnosed as lactose non-digesters and having not
declared antibiotic treatment or relevant gastrointes-
tinal complaint were deemed most likely to be lactase
non-persistent, and 45 showing no rise at all, or a rise
of less than 11 ppm during the same period were diag-
nosed as digesters and most likely to be lactase persis-
tent. In one case the starting breath hydrogen was
1 ppm (see above) with a transient increase to
16 ppm, and in another four cases the test gave bor-
derline results, and it was not possible to detain the
volunteers for long enough to conWrm whether or not
the hydrogen level would continue to rise or be main-
tained. These Wve individuals were excluded from the
study.

Polymorphism typing

The C-13910T was typed using LAC-CM-U and LAC-
CL2 primers to amplify the region containing the C/T
polymorphism and HinfI digestion was used to
discriminate between the C or T alleles as described
previously (Mulcare et al. 2004). PCR-RFLP was also
used to type the A-678G, G666A and T5579C
polymorphisms (which deWne the core LCT haplo-
types, A, B and C) (Hollox et al. 2001) (see supple-
mentary data Table 1). To distinguish the U
haplotype, TC-942/3�� (Hollox et al. 2001) was typed
using a tetra–primer ARMS-PCR method (Ye et al.

2001) (see supplementary data, Table 2). These four
SNPs were selected from the 11 described in Hollox
et al. (2001), to eYciently capture the haplotype
diversity detectable in other sub-Saharan Africans
(Hollox et al. 2001). Note that the use of four SNPs
rather than all 11 will result in grouping of some of the
minor haplotypes.

All genotyping assays were conducted with positive
and negative controls and typing conWrmed by two
investigators. Two hundred and thirty-three samples
were typed both by PCR-RFLP and sequencing and in
all but one case typings agreed.

Sequencing

A 700 or 400 bp fragment spanning the ¡13.9 kb
region was PCR ampliWed with primers MCM6i13 and
MCM778 or LAC-CL2 (see supplementary data
Table 3). PCR product was puriWed by PEG precipita-
tion and samples were sequenced using the MCM6i13
primer and Big-Dye Terminator chemistry (Applied
Biosystems, Foster City, CA, USA) on an ABI 3100
DNA analyser.

Statistical methods and haplotype inference

Haplotypes were inferred using both an expectation
maximisation algorithm (Arlequin) (ExcoYer et al.
2005) and a Bayesian method (PHASE) (Stephens
et al. 2001) and the case/control feature of PHASE was
used to compare haplotype distribution in the lactose
digester and non-digester Jaali. The program Geno-
Pheno (Mulcare et al. 2004) (available at http://
www.ucl.ac.uk/tcga/software/) was used to compare the
predicted lactose digester frequency based on the
occurrence of candidate causative DNA variants, with
the phenotypic frequencies for published matched
groups. This program takes into account sampling and
phenotyping error rates. Populations were accepted as
‘matches’ if they were the same ethnic group living in
the same country or an immediately neighbouring
country, and these are referenced in Tables 1 and 4,
and supplementary Table 4.

Electrophoretic mobility shift assay (EMSA)

Nuclear protein enriched extracts were prepared (Hol-
lox et al. 1999) from diVerentiated Caco-2 cells (as used
previously by Lewinsky et al. 2005, and the only
reported human cell line to express lactase). Electro-
phoretic mobility shift assays (EMSAs) were per-
formed by adding approximately 8 �g nuclear extract
plus 2 �g poly[d(I-C)] (with or without 100 pmols
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unlabelled competitor probe) to a 10 �l total reaction
volume (20 mM HEPES pH 7.6, 1 mM EDTA, 10 mM
(NH4)SO4, 1 mM DTT, 0.2% (v/v) Tween-20, 30 mM
KCl). Following 15 min pre-incubation on ice, 10 fmol
of 32P-labelled oligonucleotide was added and incu-
bated for a further 35 min.

Samples were separated on a 5% non-denaturing
polyacrylamide (TBE) gel at room temperature, 200 v
for 1 h 45 min. After electrophoresis the gels were
dried and exposed to Fuji Super HR-E 30 X-ray Wlm.
The following double stranded oligonucleotides
(designed with 5� overhangs) were used as probes and
competitors (upper strand only shown):

13910C (ANCESTRAL):
5�-AAGATAATGTAGCCCCTGGCCTCAA-3�

13910T:
5�-AAGATAATGTAGTCCCTGGCCTCAA-3�

13915G:
5�-AAGATAAGGTAGCCCCTGGCCTCAA-3�

13913C:
5�-AAGATAATGCAGCCCCTGGCCTCAA-3�

13907G:
5�-AAGATAATGTAGCCCGTGGCCTCAA-3�

Oct-1 classic:
5�-ATGTCGAATGCAAATCACTAGAACT-3�

Non-speciWc:
5�-AACTCCGGTCCCCGATGTAATAGAA-3�

TAATGARAT:
5�-TCGTCGTATCTCATTACCGCCGTCG-3�

Results

13910*T and LCT core haplotype frequencies 
in the Middle East and Africa

The previously published restriction enzyme assay
for -13910*T (Mulcare et al. 2004) was used to type
three new African and Wve Middle Eastern groups
for whom lactase persistence frequencies were well
documented. The -13910*T was shown to be very
rare in the East African and Middle Eastern groups
(Table 1) and failed to explain reported lactase
persistence in any of those with inferred lactase per-
sistence allele frequency above 0.2 (max P = 1.0
£ 10¡4, using GenoPheno matched group compari-
son). In contrast we conWrmed that this allele was
frequent (0.39) in the pastoralist Fulani group from
Cameroon.

Lactase gene core haplotype markers [TC-942/3��,
A-678G, G666A and T5579C (9)], were tested in the
same groups. In the Fulani, as in Europeans, -13910*T
is strongly associated with the A haplotype (P = 1.73
£ 10¡19 for a Fishers Exact test of a 2 £ 2 table of allele
counts), and in the two Sudanese and four Middle
Eastern individuals who carry -13910*T it also appears
to occur on an A haplotype background.

The core haplotypes show considerable inter group
diVerence in frequency (Table 1). The A haplotype is
widespread, but is not at all correlated in frequency,
across these newly tested groups, with published

Table 1 Frequency of -13910*T and A haplotype frequency in eight new population groups in comparison with lactase persistence allele
frequency (LAC*P) calculated from published lactose digester frequency, with two European groups included as controls

No deviation from Hardy–Weinberg equilibrium was observed in any of the populations. The program GenoPheno was used to compare
the expected lactose digester frequency, if carrying -13910*T was causative, with the published (observed) phenotypic frequencies for
matched populations. Populations are listed in order of reported lactase persistence allele frequency. References for matched groups
(superscripts) are given below
a Numbers taken from Holden and Mace (1997) who extracted adult data. For source references see Supplementary Table 4
b Cuddenec et al. (1982)
c Bayoumi et al. (1981)
d DNA kindly supplied by Centre d’Etude du Polymorphisme Humain (CEPH) http://www.cephb.fr/
e DNA kindly supplied by S. Auricchio, M. Rossi, samples included in Harvey et al. (1998)

Population Reported Lac*P allele 
frequency of matched group

n -13910*T 
frequency

P-value n Haplotype frequency

A B C Other

Beni Amir 0.641a 100 0.005 <0.0001 100 0.210 0.195 0.325 0.270
Saudi Bedouin 0.592a 56 0.000 <0.0001 46 0.109 0.239 0.554 0.098
Fulani 0.533a 91 0.390 0.4828 75 0.493 0.200 0.040 0.267
French CEPHd 0.524b 24 0.458 0.4126 24 0.583 0.271 0.063 0.083
Jordanian Bedouin 0.515a 26 0.058 <0.0001 23 0.283 0.261 0.413 0.043
Israeli Bedouin 0.515a 19 0.026 <0.0001 21 0.214 0.310 0.262 0.214
Jaali 0.316c 96 0.005 <0.0001 93 0.119 0.313 0.273 0.295
Italian-southe 0.187a 29 0.103 0.3406 29 0.367 0.333 0.217 0.083
Israeli urban Arab 0.138a 83 0.024 <0.0001 136 0.272 0.515 0.184 0.029
Palestinian Arab 0.138a 19 0.026 0.8110 19 0.316 0.368 0.211 0.105
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lactase persistence allele frequencies. The C haplotype
was noted to be most frequent in three of six groups
where lactase persistence is reported to be high
(Table 1).

Phenotyped cohort study

Of the 94 individuals for whom clear lactose tolerance
test results were obtained 48% were lactose digesters,
in close agreement with previously published frequen-
cies for this ethnic group (Bayoumi et al. 1981). Lac-
tose digester status and milk consumption behaviour
were highly associated (P = 5.84 £ 10¡6, Table 2). The
-13910*T was found in only one person in this cohort,
who was a lactose digester (presumed lactase persis-
tent). This clearly shows that it is not the sole causal var-
iant in this group. None of the ‘core’ LCT SNPs showed
signiWcant association with lactose digestion status (min
P = 0.12, for Fishers Exact tests of 2 £ 2 tables of allele
counts). Core haplotype distributions are shown in
Fig. 1. Although the C haplotype is more frequent in the
lactose digester group, the diVerence in core haplotype
distribution between the two groups was also not signiW-
cant (P = 0.73, PHASE, case-control comparison), and
no one haplotype was frequent enough to carry a single
allele causal of lactase persistence.

Questioning whether another nucleotide change
could be located in the vicinity of -13910*T, we rese-
quenced the ¡13.9 kb region. Several variant alleles
were revealed following sequencing of the region in the
Jaali cohort and in a single sample from a lactase per-
sistent Ethiopian. Three of these were novel and very
close to -13910*T (-13915*G, -13913*C and -13907*G)
and two (-13915*G, -13913*C) overlap the previously
reported Oct-1 binding site (Fig. 2). The -13907*G is
just three nucleotides outside and was present in the
lactase persistent Ethiopian.

The most common of these new sequence variants in
the Jaali, -13915*G, is present at a frequency of 0.14.

Genotypic data for this SNP are shown in Table 3. The -
13915*G allele shows a signiWcant association with lac-
tose digester status (P = 6.05 £ 10¡3, for a Fishers Exact
test of a 2 £ 2 table of allele counts). However, the
association was not 100%, and there were discrepancies
in both directions. Five lactose non-digester individuals
carried the -13915*G allele, and this included one
homozygote. None of these Wve reported any recent
gastro-intestinal complaints when questioned, and four
of Wve reported drinking less than 500 ml milk per day.
Furthermore, the -13915*G allele was not frequent
enough to explain all the lactase persistence observed in
this population; 23/39 lactose digesters did not carry the
allele (Table 3). The -13910*T, -13913*C and -13907*G
were each present in a single lactose tolerant individual,
leaving 20 individuals with the ancestral allele in this
region. Twelve of these 20 reported drinking 0.5 l or
more of fresh milk per day.

Table 2 Contingency table showing numbers of lactose digester
and non-digester people reporting consumption of more than
500 ml milk per day

Five individuals were excluded from the analysis due to ambigu-
ous lactose tolerance test results. Note that the numbers are
slightly larger than in subsequent tables because individuals are
included from whom no (or poor quality) DNA was obtained

Milk drinking Phenotype

Non-digester Digester Total

No 41 17 58
Yes 8 28 36

94

Fig. 1 Comparison of the core lactase haplotype frequencies in
lactose digester (persistent) and non-digester (non-persistent)
Jaali. The diVerence in distribution between the two groups is not
statistically signiWcant (P = 0.73, PHASE). Haplotype nomencla-
ture taken from Hollox et al. (2001). The designations for these
four SNP haplotypes are those of the most frequent 11 SNP hapl-
otypes in sub-Saharan Africans. Note that lower case c is quite
distinct from upper case C
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Fig. 2 Sequence comparisons of the ancestral and variant se-
quences within MCM6 intron 13 at ¡13.9 kb upstream of LCT.
The Oct-1 binding site (determined by TRANSFAC analysis,
Lewinsky et al. 2005) is shaded, and the variant alleles are shown
in bold underline

ANCESTRAL TGGCAATACAGATAAGATAATGTAGCCCCTGGCCTCAAAGGAACTCTCC

-13915*G TGGCAATACAGATAAGATAAGGTAGCCCCTGGCCTCAAAGGAACTCTCC

-13913*C TGGCAATACAGATAAGATAATGCAGCCCCTGGCCTCAAAGGAACTCTCC

-13910*T TGGCAATACAGATAAGATAATGTAGTCCCTGGCCTCAAAGGAACTCTCC

-13907*G TGGCAATACAGATAAGATAATGTAGCCCGTGGCCTCAAAGGAACTCTCC
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Population distribution and haplotype background of 
the new variant alleles

We sequenced the region around -13910*T in a further
434 individuals from various Middle Eastern and Afri-
can groups, including pastoralists and non-pastoralists
from each location, in order to better understand the
distribution of the new alleles (Table 4). Of the popu-
lations tested, the -13915*G allele was found to be
fairly widespread in eastern Africa and the Middle
East. It was most common in the Saudi Bedouins and

appeared to be more common in the milk-drinking
pastoralists, though the frequencies are in most cases
signiWcantly lower than those published for lactose tol-
erance. This is also the case if it is assumed that any
variant allele at this locus is causative of lactase persis-
tence (Table 4). Only one individual was found to
carry two diVerent variant alleles in the ¡13.9 kb
region. The majority of the Beni Amir, Afar and
Somali tested reported drinking more than 500 ml
fresh milk per day and there was no association of
milk drinking with carrier status for one, or any one,
of the variant alleles (data not shown).

The newly observed -13915*G allele was found to
occur exclusively on a C-haplotype background in the
Jaali, and only 10 of 131 -13915*G alleles were found
on non-C haplotypes in the other populations tested;
three on an E (an A/C recombinant) haplotype back-
ground, four on a K haplotype, and three on diVerent,
rare haplotypes. These non C -13915*G carrying chro-
mosomes were found in Beni Amir (n = 3), Saudi Ara-
bian Bedouin (n = 2), Israeli urban (n = 1) and
Bedouin Arabs (n = 2) and Jordanian Bedouin (n = 2)
groups. The other new SNPs (-13907*G and -13913*C)
are not associated with the C haplotype, and were rare
in the populations genotyped thus far, but from the

Table 3 Contingency table showing numbers of each -13915*G
genotype in the lactase digester and lactose non-digester catego-
ries

Data obtained by sequencing. Five genotyped individuals were
excluded from the analysis due to ambiguous lactose tolerance
test results

Genotype Phenotype

Non-digester Digester Total

GG 1 1 2
TG 4 15 19
TT 39 23 62

83

Table 4 Allele frequencies of new MCM6 intron 13 polymorphisms

Allele frequencies above 0.10 are shown in bold. No deviation from Hardy–Weinberg equilibrium was observed in any of the popula-
tions. Lactase persistence allele frequency (LAC*P) calculated from published lactose digester frequencies, is shown for matched
groups for which published data are available. References (superscripts) are given below. The program GenoPheno was used to com-
pare the expected lactose digester frequency, if carrying any one of the non-ancestral variants at ¡13.9 kb was causative, with the pub-
lished (observed) phenotypic frequencies for matched populations. In four cases there were signiWcantly fewer expected digesters than
observed in matched groups in the literature (bold)
a Numbers taken from Holden and Mace (1997), for source references see Supplementary Table 4
b Bayoumi et al. (1981)
c Pastoralist taken from Blench (1999), Murdock (1967) and Holden and Mace (1997)
d Milk drinking data available

Country/Area Population 
group

Pastoralistsc n Allele frequency Published LAC*P 
allele frequency

P-value

-13915*G -13913*C -13910*T -13907*G Any allele

Israel/PAA Urban Arabs N 81 0.049 0.000 0.025 0.000 0.074 0.13a 0.0030
Israel/PAA Druze N 14 0.107 0.000 0.036 0.000 0.143 – –
Israel/PAA Bedouin Y 19 0.132 0.000 0.026 0.000 0.158 0.51a 0.0001
Israel/PAA Palestinians N 18 0.000 0.000 0.028 0.000 0.028 0.13a 0.2791
Saudi Arabia Bedouin Y 46 0.489 0.011 0.000 0.000 0.500 0.59a 0.2507
Jordan Bedouin Y 23 0.391 0.000 0.065 0.000 0.457 0.51a 0.4073
Sudan Beni Amird Y 82 0.244 0.000 0.006 0.061 0.311 0.64a 0.0001
Sudan Shaigi N 9 0.056 0.000 0.000 0.000 0.056 0.21b 0.2805
Sudan Dounglawi N 6 0.000 0.000 0.000 0.083 0.083 0.10b 0.7670
Sudan Jaalid N 88 0.142 0.006 0.006 0.006 0.159 0.31b 0.0032
Ethiopia Amharic N 19 0.132 0.000 0.000 0.053 0.184 – –
Ethiopia Afard Y 10 0.150 0.000 0.000 0.200 0.350 – –
Ethiopia Somalid Y 9 0.056 0.056 0.000 0.056 0.167 – –
Cameroon Mambila N 38 0.000 0.000 0.000 0.000 0.000 – –
Cameroon Fulanid Y 63 0.000 0.024 0.389 0.000 0.413 0.53a 0.6237
Cameroon Shuwa Arabs Y 16 0.063 0.000 0.000 0.000 0.063 – –
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preliminary data it appears that -13913*C is associated
with B haplotype and -13907*G with A.

Oct-1 binding aYnity for the new sequence variants

Gel shift analysis conWrmed binding of the -13910*T
oligonucleotide to the same protein as bound by the
Oct-1 classic and TAATGARAT probes (Fig. 3),
which was inferred from the study of Lewinsky et al.
(2005) to be Oct-1. SpeciWcity of the interactions was
demonstrated by adding competitor probes of either
unspeciWc or Oct-1 classic unlabelled probes. Binding
was not aVected by addition of unspeciWc probe, but
addition of unlabelled Oct-1 classic probe completely
displaced binding of the labelled -13910*T probe.
Binding of the -13913*C and -13915*G sequence vari-
ants to the protein was not detected and the ancestral
and -13907*G variants showed only very faint binding
after long exposures (not shown). In reciprocal experi-
ments the -13910*T oligonucleotide was shown to be
the only variant to displace the Oct-1 oligonucleotide
(data not shown).

Discussion

This study provides new insight into the origins of lac-
tase persistence in human populations. We provide
direct evidence that -13910*T is not the worldwide
cause of lactase persistence. In a cohort study, 45 vol-
unteers were phenotyped as lactose tolerant but only

one of these people carried the -13910*T allele, dem-
onstrating it cannot account for lactase persistence in
this group. We also found no overrepresentation of the
A haplotype in the persistent members of the cohort,
ruling out the hypothesis that a haplotype similar to the
extended European A haplotype but lacking the
marker -13910*T, carries a common cause of lactase
persistence. We also show that neither the -13910*T
allele nor the A haplotype are frequent enough to
account for lactase persistence in other East African
and Middle Eastern milk drinking groups. Where it
was present, -13910*T was most often (as in Europe)
on an A haplotype background suggesting a common
origin for this chromosomal segment.

There was also no statistically signiWcant diVerence
in core LCT haplotype distribution between the lac-
tose tolerant and intolerant Jaali, although we note
that the C haplotype was slightly more frequent in the
digester than the lactose non-digester group. These
data pointed to another cause for lactase persistence in
Africa and the Middle East, and even to the possibility
that this may be trans-acting to LCT. However, the
lack of association between lactose digester status and
the LCT core haplotypes in the cohort study could in
part reXect the shorter haplotype blocks seen in Afri-
cans or the somewhat reduced power resulting from
errors in phenotyping, as discussed in detail below.

The discovery of new SNPs in the vicinity of the
Oct-1 binding site, one of which is signiWcantly associ-
ated with lactase persistence, does suggest that lactose
tolerance is at least inXuenced by cis-acting variants in
these populations, and pointed to a potential func-
tional role, at least for -13915*G. However, despite the
location of this SNP in the Oct-1 binding site, the
agreement with phenotype was not as tight as one
would have expected for a causal SNP.

It is well known that lactose tolerance testing has an
error rate by whichever method is used, and for breath
hydrogen testing (which is considered most accurate)
this has been reported as about 5% false positive (i.e.
people found to be lactose intolerant by this, but not by
other methods) and 8% false negative (Mulcare et al.
2004). The identiWcation of 23/39 individuals in the lac-
tose digester group who do not carry -13915*G (and
20/39 who carry no variant allele) suggests an implausi-
ble false negative error rate of about 50%, if -13915*G
is causal. There is also a high-false positive rate (5/44).
However, it is just possible that some or all of the Wve
individuals who carry -13915*G, but are lactose non-
digesters, were suVering from undiagnosed or undis-
closed intestinal illness, which caused them to have
secondary lactose intolerance. In the context of a Weld
study it was not possible to do more than question the

Fig. 3 Electrophoretic Mobility Shift Assay (EMSA) of ¡13.9 kb
sequence variants 32P-labelled probes were incubated with nucle-
ar protein extract. Unlabelled competitor probes were pre-incu-
bated with the protein extract to demonstrate binding speciWcity.
Competitor is indicated above each lane; none (N), unspeciWc (U)
and Oct-1 (O). N.B. Vertical lines of radioactivity in lanes 4 and 6
are artefacts of the gel drying process
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volunteers, and further lactose tolerance tests and
other examinations were not feasible. Consequently,
we cannot exclude the possibility that -13915*G is one
of several causes of lactase persistence in this group of
people, along with other variants that are yet to be
identiWed. With this in mind it was important to ask
whether this allele, like -13910*T, promotes binding to
Oct-1.

Analysis of Oct-1 binding, however, shows that in
vitro neither -13915*G nor any of the other alleles
resemble -13910*T in their eVect on strength of binding
to the protein we infer to be Oct-1. It is relevant to
note that we found the aYnity of this protein for the
-13910*T containing sequence (TAATGTAGT) was
similar to that seen with the TAATGARAT probe and
signiWcantly weaker than for the classic Oct-1 motif
(ATGCAAAT), and from sequence inspection it
seems possible that Oct-1 binds in its (OCTA-)TA
ATGARAT conformation (Cleary and Herr 1995). If
this is the case, the SNP (-13915*G) that associates
with lactase persistence would be expected to disrupt
the Oct-1 binding site, since it converts a critical TAAT
to TAAG of the PouH binding domain (Verrijzer et al.
1992). Thus, the identiWcation of these new SNPs in the
immediate vicinity of -13910*T casts serious doubt on
the physiological role of this Oct-1 binding site in the
expression of lactase, although this site may be func-
tional in relation to lactase persistence in some other
way.

If on the other hand the ¡13.9 kb SNPs that are
associated with phenotype (-13910*T and -13915*G)
are not functional, one possibility is that they reside in
a mutation hotspot (suggested by the occurrence of
four SNPs in such close proximity) and that in diVerent
populations -13910*T and -13915*G happen to be asso-
ciated with the true causal mutations. Interestingly, a
Wfth SNP immediately adjacent to -13907*G has been
identiWed in the NIH Polymorphism Discovery
Resource Panel (rs4988236, C-13908*T) (Entrez SNP
database, NCBI, http://www.ncbi.nih.gov/).

The -13915*G allele has not been reported so far in
Europeans (Enattah et al. 2002; Mulcare et al. 2004)
(C. J. E. Ingram, unpublished data), and has not been
reported in any of the public databases. Our prelimi-
nary studies on its distribution suggest that this allele
may have originated in the Middle East, where it is
seen at highest frequency in Bedouin groups. It is fre-
quent in East Africa but hardly found in West Africa.
It is possible that it was introduced in the last
1,400 years as a result of the Arab expansion, which
accompanied the spread of Islam. This is consistent
with the presence of the allele in the Beni Amir and
Jaali of eastern Sudan, as well as the Shuwa Arabs of

Cameroon, all of whom are Muslim and claim some
Arab ancestry (Robinson 1927; Warburg 1978; Levy
and Holl 2002; Vanhove 2006). However, if it is a
marker of the principle cause of lactase persistence in
Sudan, a longer history seems more likely since there is
linguistic and archaeological evidence for herding of
cows in the Nile valley and eastern Africa at least
4–5,000 years ago (Ehret 1979; Smith 1992). It is note-
worthy that the frequency of -13915*G is low in the
Israeli urban Arabs and Palestinians. The sharp diVer-
ences in allele frequency in the Middle Eastern groups
may reXect genetic drift magniWed by the endogamous
nature of these communities, or selection for lactase
persistence in the nomadic groups.

The -13907*G is widespread in Sudan and Ethiopia,
being at highest frequency in the Afar (Table 4 and
C. J. E. Ingram, unpublished data). It was not detected
in the Middle East, suggesting a diVerent origin for this
allele. It would be of interest to estimate a date of
origin for both of these SNPs using microsatellite
markers, as has been done for -13910*T (Coelho et al.
2005). The rarest of the new alleles, -13913*C, is seen
at highest frequency (in the populations tested thus
far) in the Fulani, who also carry the putative causative
SNP -13910*T at high frequency.

This study demonstrates the value of resequencing,
which allowed discovery of new, possibly recent, SNPs
that are frequent in East Africans and even some West
Africans, but which have not been reported in the pub-
lic databases, and which enabled us to show an associa-
tion with phenotype.

The results presented here provide an important
starting point to better deWne the haplotypes which
carry the -13915*G allele and the other new variants
as well as the haplotype blocks that associate with
phenotype in this cohort and in other African groups.
Work is in progress to attempt to demonstrate
directly that the regulation of expression is in fact cis-
acting in Africans. Because of the strong possibility of
multiple genetic and even epigenetic (Maiuri et al.
1991) causes of lactase persistence and the inherent
error rate in the phenotypic test it will be important in
the collection and testing of further cohorts to pay
particular attention to the size of the study group to
obtain adequate power, and to consider combining
putative causative alleles (or their absence) in the
analysis.

It is tempting to speculate that a phenotype that may
have had a great selective advantage is likely to have
multiple causes. However, intuitively it seems more
likely that several diVerent mutations would result in
disruption, rather than gain of function, as attributed to
-13910*T.
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The work described here demonstrates directly that
using C-13910T as a diagnostic test for lactase persis-
tence status is inappropriate for people of East African
or Arabian ancestry.
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