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Mito da cria¢do

No principio existia uma enorme gota de leite.

Entdo chegou Doondari e criou a pedra.

A pedra criou o ferro;

E o ferro criou o fogo;

E o fogo criou a dgua ;

E a agua criou o ar.

Entdo Doondari desceu pela segunda vez.

Juntou os cinco elementos

E moldou-os num homem,

Mas o homem era orgulhoso.

Entao Doondari criou a cegueira e a cegueira derrotou o homem.
Mas quando a cegueira se tornou demasiado orgulhosa,
Doondari criou o sono, € o sono derrotou a cegueira;

Mas quando o sono se tornou demasiado orgulhoso,
Doondari criou a preocupagio, e a preocupacéo derrotou o sono;
Mas quando a preocupagdo se tornou demasiado orgulhosa,
Doondari criou a morte, € a morte derrotou a preocupagao.
Quando a morte se tornou demasiado orgulhosa,

Doondari desceu pela terceira vez.

E ele veio como Gueno, o Eterno,

E Gueno derrotou a morte.

Mali, Fulani

(Trad.: Vasco David)

(Rosa do Mundo-

2001 poemas para o futuro; 3* edigdo, Assirio e Alvim)
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Summary

Summary

The ability to digest lactose in human adults is a hereditary condition caused by the
persistence of lactase activity after weaning, which may represent one of the most impressive
examples of genetic adaptation to modifications in dietary habits. Two recently described
single nucleotide polymorphisms (SNPs), -13.91kbC/T and -22.01kbG/A, were shown to be
highly associated with the lactase restriction/persistence variation, providing an important
tool to study lactose digestion capacity in human populations.

This work is a contribution to the understanding of the natural history of lactase
persistence: its origin and the factors that might have influenced its present geographic
distribution.

The work is divided in two parts. In the first part, the concordance between
diagnoses based on the breath hydrogen test (BH2 test) and the molecular results obtained
through -13.91kbT/A and -22.01kbG/A genotyping was evaluated in 68 Portuguese
individuals. A level of concordance as high as 93% was observed between the results from
the BH2 test and the classifications based on the -13.91kbC/T polymorphism. This shows
that -13.91kbC/T genotyping can be a valid alternative to physiological tests in the
characterization of the lactase activity profile of the Portuguese population. Due to its
relative simplicity, non-invasiveness and high level of automation, the molecular test is
particularly suitable for large scale studies. Furthermore molecular testing of lactase
persistence may also be useful in the differential diagnosis of abdominal complaints, without
the shortcomings associated with inter-individual variability in physiological response.

In the second part of the work, the distributions of the -13.91kbC/T and -
22.01kbG/A polymorphisms were studied in samples from Portugal, Italy, Sdo Tomé Island,
Mozambique and in the Fulbe ethnic group from Cameroon. In addition, the levels of
diversity associated with the “core haplotypes” defined by the -13.91kbC/T and -
22.01kbG/A SNPs were assessed through the analysis of 4 fast evolving microsatellites loci
(D2S3010, D2S3013, D2S3015 and D2S3016). The prevalences of lactase persistence
predicted from the frequencies of the -13.91kb*T allele, more closely associated with the
trait, were found to vary considerably between populations. The frequencies in Portugal
(60%), here determined for the first time, lie within the prevalence range previously reported

for Southern France and Northern Spain. The 24% frequency of lactase persistence in Italy is

compatible with previous studies based on physiologic tests. In the African samples, the




Summary

estimates for lactase persistence were higher in the pastoralist Fulbe population (38%) than
in Sdo Tomé (7,8%) and Mozambique (4,0%), which are not associated with dairying
traditions. The frequency of the -13.91kb*T allele appears to be a good predictor of the
prevalence of lactase persistence in these populations.

The survey of microsatellite diversity revealed a substantial reduction of haplotype
variation in the chromosomes bearing the -13.91kb*T allele across all populations,
suggesting that lactase persistence had a relatively recent origin.

Age estimates based on the intra-allelic microsatellite variation indicate that the -
13.91kb*T allele originated only after the separation between European and African
populations and may be as recent as 12500-7500 years.

The use of a neutrality test based on the comparison of the frequency of the -13.91kb*T
allele and its observed levels of intra-allelic variability has shown that this variant is too
recent to have reached its current frequencies without the influence of positive selection.
This evidence supports the hypothesis that the -13.91kb*T allele arose in Eurasia and
reached its present distribution in a relatively short time due to the selective advantage of
lifelong unrestricted use of milk.

Taken together, the results show that even a limited number of microsatellite loci may
provide sufficient resolution to reconstruct the most important aspects of the evolutionary

history of human lactase persistence.
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Resumo

Resumo

A capacidade de digerir a lactose na idade adulta ¢ uma caracteristica hereditaria
causada pela persisténcia da actividade da lactase apds desmame, que pode considerar-se um
um exemplo de adaptagdo genética a modificagdes nos habitos nutricionais. Recentemente
foram identificados dois polimorfismos genéticos, -13.91kbC/T e -22.01kbG/A, fortemente
associados a variagdo na restrigdo/persisténcia da lactase, que passaram a constituir um
importante instrumento de estudo da capacidade de digestdo da lactose nas populagdes
humanas.

Este trabalho é uma contribuigdo para a compreensdo da historia natural da
persisténcia da lactase, da sua origem e dos factores que podem ter influenciado a sua actual
distribuigdo geografica.

O trabalho esta dividido em duas partes. Na primeira parte, avaliou-se a concordancia
entre os diagnosticos obtidos com o Teste do Hidrogénio expirado (BH2) e os resultados
moleculares da genotipagem dos polimorfismos -13.91kbC/T e -22.01kbG/A em 68
individuos portugueses. Um nivel elevado de concordancia (93%) foi observado entre os
resultados do teste do BH2 e as classificagdes baseadas no polimorfismo -13.91kbC/T. Este
resultado mostra que a genotipagem do -13.91kbC/T constitui uma alternativa valida aos
testes fisiologicos na populagdo portuguesa. Dada a sua relativa simplicidade, ndo
invasividade, e alto nivel de automatizagdo, o teste molecular é particularmente apropriado
em estudos de larga escala, podendo também ser util no diagnostico diferencial de patologias
com sintomas abdominais sem as desvantagens associadas a variagdo inter-individual na
resposta fisiologica.

Na segunda parte do trabalho, as distribuigdes dos polimorfismos -13.91kbC/T e -
22.01kbG/A foram estudadas em amostras de Portugal, Italia, ilha de Sdo Tomé,
Mogambique e no grupo étnico Fulbe dos Camardes. Procedeu-se também a caracterizagdo
dos niveis de diversidade haplotipica associados as linhagens definidas pelos 2
polimorfismos através da analise de 4 microssatélites (D2S3010, D2S3013, D2S3015 e
D2S3016). Verificou-se que as prevaléncias da persisténcia da lactase calculadas a partir das
frequéncias do alelo -13.91kb*T, que tem maior associagdo com a caracteristica, variam
consideravelmente entre populagdes. A frequéncia em Portugal, aqui determinada pela
primeira vez, enquadra-se no intervalo de valores anteriormente descritos para o Sul de

Franga e Norte de Espanha. A frequéncia de 24% da persisténcia da lactase em Italia ¢
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compativel com estudos anteriores baseados em testes fisiologicos. Nas amostras africanas, a
populagio Fulbe, com forte tradicdo de consumo de leite, apresenta um valor de prevaléncia
da persisténcia da lactase (38%) claramente superior ao das populagdes de Sdo Tomé (7,8%)
e Mogambique (4,0%), que descendem de sociedades onde a produgdo e consumo de
lacticinios ndo tem tido uma grande importincia nas respectivas economias de subsisténcia.
A frequéncia do alelo -13.91kb*T revelou-se um bom indicador da prevaléncia da
persisténcia da lactase nestas populagdes.

A analise da diversidade dos microssatélites revelou uma redug¢do substancial da
diversidade haplotipica associada a mutagdo 13.91kb*T nas diferentes populagbes, o que
indica que a persisténcia da lactase é relativamente recente. As estimativas da idade da
mutagdo baseadas na variagdo dos microssatélites sugerem que o alelo -13.91kb*T se tera
originado apds a separagdo entre as populagdes Africanas e Europeias e situam a idade
minima do alelo no intervalo entre 12500-7500 anos. A utilizagdo de um teste de
neutralidade baseado na comparagio entre a frequéncia do alelo -13.91kb*T e os seus niveis
observados de diversidade alélica mostrou que este variante ¢ demasiado recente para que as
suas frequéncias actuais possam ter sido atingidas sem favorecimento selectivo. No seu
conjunto, a evidéncia recolhida apoia a hipédtese de que o alelo -13.91kb*T surgiu na Eurasia
e atingiu a sua distribuigdo num periodo de tempo relativamente curto devido a vantagem
selectiva conferida pelo uso do leite ao longo de toda a vida.

Estes resultados mostram que mesmo um nimero limitado de microssatélites oferece
resolugdo suficiente para a reconstrugdo dos aspectos mais importantes da historia evolutiva

da persisténcia da lactase.
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Introduction

The ability to digest milk lactose in adulthood is a polymorphic human trait due to
variation in the persistence of lactase activity in the small intestine. Except for rare cases of
congenital lactase deficiency, intestinal lactase activity reaches a peak shortly after birth and
remains invariably high during infancy and early childhood. In non-human Mammals,
lactase activity always declines after the weaning phase as part of the developmental
regulation of the lactase gene and this synchronized down-regulation has been interpreted by
some as an evolutionary adaptation promoting the shift towards adult diet and optimizing the
spacing of offspring (Flatz, 1987).

In contrast to the invariant nature of lactase decline in other mammals, two
phenotypes can be distinguished in humans on the basis of lactase activity profiles: the
ancestral lactase restriction phenotype, in which lactase activity declines after weaning, and
the derived lactase persistence phenotype characterized by the maintenance of high levels of
enzyme activity throughout adulthood (Flatz, 1987). Family studies have shown that this
phenotypic variation in lactase activity profiles is genetically controlled and that lactase
persistence is due to a dominant mutation in an autosomal locus (Sahi, 1994).

Curiously, the perception of this variation seems to be deeply rooted in medical
tradition since Galen himself is generally acknowledged to have written that: “With regard to
milk, it should not be given to all, but only to those who digest it well and perceive no
symptoms in the right hypochondrium.”

Lactose is the major disaccharide present in milk and consists of the monosaccharides
glucose and galactose. It is a carbohydrate of considerable nutritional importance during the
suckling phase that acts as a major supplier of energy. In the absence of high lactase activity,
lactose cannot be broken into its components and will remain unabsorbed during its passage
through the small intestine. The unbroken lactose induces osmotic changes in the gut and
leads to the build up of lactic acid, short chain carbonic acids, carbon dioxide, hydrogen gas
and methane, as a result of fermentation by enteric bacteria in the large intestine. As a
consequence, individuals may feel abdominal pain, flatulence and diarrhoea among other
symptoms of milk intolerance. However, absence of lactase persistence is not always
associated with gastrointestinal discomfort. Many subjects with lactase restriction can drink
milk without experiencing any intolerance symptoms (Flatz, 1987).Therefore the notion that
lactase restriction is invariably linked to milk/lactose intolerance may be misleading. People
may adjust the dietary intake of milk and dairy products to their individual tolerance

threshold taking no notice of any trouble. There may also be cultural adaptation to
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milk/lactose intolerance through the consumption of milk products that are soured or
otherwise treated, like cheese and yogurts. These products cause few problems because they
contain relatively low levels of lactose, or even contain bacteria that secrete lactases
themselves (eg. Lactobacillus acidophilus). Furthermore, lactase activity doesn’t seem to be
the only variable determining the pattern and severity of symptoms. Velocity of gastric
emptying, individual differences in prostaglandin synthesis (which stimulate peristalsis in
small intestine), colonic bacteria and colonic irritability may also play an additional role
(Flatz, 1987). Nevertheless, “lactose intolerance” is still a useful expression to describe the
symptoms that ensue if the individual threshold of digestible lactose is exceeded. On the
other hand, the fact still remains that lactase restriction does limit the use of large quantities
of fresh milk in adulthood.

The diagnosis of lactase activity phenotypes may be done with direct or indirect
methods (reviewd in Arola, 1994). Direct methods are based on the determination of lactase
activity in intestinal biopsies and provide a reliable diagnosis, but are very invasive and
therefore not suitable for large scale population studies. Indirect methods, also known as
lactose tolerance tests (LTT), are based on the quantification of metabolites that are formed
when lactose is not digested. One of the most popular LTT is the breath hydrogen test
(BH,T), which measures the hydrogen content in the proband’s breath that results from
lactose fermentation by colonic bacteria and is excreted through the lungs after entering the
bloodstream. The concentration of breath hydrogen determined by gas chromatography after
a lactose load is then used to classify individuals according to their lactase phenotype (Flatz,
1987). Since the load of lactose is high enough to ensure that most individual tolerance
threshold are exceeded, the terms “lactase restriction”™ and “lactose intolerance” are used
interchangeably in the context of LTTs classifications. Although LTTs, and especially BH,T,
are considered to be convenient, non-invasive methods yielding unequivocal resolution, there
are a number of sources of error that may led to incorrect phenotypic classification (Arola,
1988). For example, changes in colonic flora may cause inability to ferment undigested
lactose and prevent the identification of some cases of lactase restriction (false negatives).
Conversely, secondary loss of lactase activity due to damages in the intestinal epithelium may
result in the wrong inclusion of tolerant individuals in the lactase restriction category (false
positives).

The prevalence of the lactase persistence phenotype is highly variable and appears to

be positively correlated with the milk drinking habits of different human populations.
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Lactase persistence is most frequent in Northern Europe, where milk dependent cattle
pastoralism might have been developed as early as 5000 years ago (Beja-Pereira et al, 2003),
and gradually decreases towards the south and east of the continent (Fig.1). Outside Europe,
lactase restriction is the predominant phenotype in most world populations, except in African
and Arabic nomadic pastoralist which typically show higher frequencies of lactase
persistence than their neighbouring non-pastoralist communities (Sahi, 1994). According to
the so called “culture-historical” hypothesis (Simoons, 1970 and McCracken, 1971), this
correlation is caused by a recent selective pressure associated with the advantages of
drinking milk that led to a rapid increase of the lactase persistence mutation in populations
with milk drinking habits. Such a rapid increase of lactase persistence would have been
possible only under special conditions of milk dependency in human societies where fresh
milk was the major source of essential nutrients that could not be obtained in other foods
available (Flatz, 1987). An alternative to the “culture-historical” hypothesis called the
“reverse cause argument” suggests that the increase of lactase persistence in some human
populations is unrelated to milk use and that dairying was adopted precisely by those
populations that could tolerate lactose (reviewed in Aoki, 2001). Thus, the two major

proposals (culture-historical hypothesis and reverse cause argument) differ in the temporal

priority given to cultural or genetic change.

Fig.1 Distribution of the lactase persistence
mutation in present-day Europeans. The
hotter the color the highest the frequency
(Adapted from Beja-Pereira et al, 2003).
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The molecular basis for variation in lactase persistence has remained unclear for a
long time. The lactase gene is well characterized only since 1991 (Boll ef al, 1991). It is
located on chromosome 2q21, comprises 17 exons and covers approximately 49kb, with a
corresponding mRNA of slightly more than 6kb that encodes a 1927 aminoacid polypeptide.
Initial efforts to identify the cause of the persistence/restriction variation led to the
identification of several DNA polymorphisms within the LCT gene and its neighbouring
promoter regions, but none showed the appropriate phenotype-genotype correlation
(reviewed in Swallow, 2003).

More recently, a T allele of a C/T polymorphism located in a potential regulatory site
13910kb upstream the lactase gene (-13.91kb*T allele) was found to be completely
associated with lactase persistence in Northern Europeans (Enattah et al, 2002). A similar,
but less strong association, was also found with a G/A single nucleotide polymorphism
located at -22018bp (-22.01kb), about 8kb further upstream. Both the -13.91kb and -22.01kb
Single Nucleotide Polymorphisms (SNPs) are located within introns of the neighbouring gene
MCMS6, which is involved in the cell cycle, and illustrate the complexity of the regulation of
the LCT gene by showing how apparently silent DNA variants in non-coding regions of the
genome may play unexpected functional roles many kilobases away.

Kuokkanen et af (2003) have demonstrated that LCT mRNA levels are consistently
more elevated in chromosomes bearing the -13.91kb*T allele indicating that it is associated
with the cis transcriptional regulation of LCT. More recent transfection studies have
suggested that the -13.91kb*T allele might be indeed the causative factor directly involved in
the enhancement of LCT transcription (Olds and Sibley, 2003; Troelsen et al, 2003).

The finding of the -13.91kb*T mutation has also provided a basis for addressing
major issues concerning the evolutionary history of lactase persistence. Using several linked
SNPs, Bersaglieri et al (2004) found that the -13.91kb*T allele is associated with remarkable
high levels of haplotype homogeneity in Northern Europeans, indicating that the high
frequencies of lactase persistence might have been reached in a short time frame due to the
action of natural selection. However, since there is no data on linked haplotype variation in
other populations, the effect of population history in the generation of this linkage
disequilibrium is still not fully appreciated. On the other hand the possibility that haplotype

homogeneity might be caused by dominant suppression of recombination over Mb distances

could not be completely ruled out.
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The analysis of the critical -13.91kb C/T polymorphism in Africa has shown that the
-13.91kb*T allele is very rare in most tested populations, including pastoralist communities
where higher frequencies of lactase persistence were previously reported on the basis of
physiological tests (Mulcare et a/, 2004). Only in the Fulbe and Hausa pastoralists from
Cameroon was the frequency of -13.91kb*T consistent with the levels of lactase persistence
predicted by the physiological evaluations. This result implies that either the -13.91kb*T is
not the direct cause of lactase persistence or that there is further genetic heterogeneity
underlying this condition.

In order to have a wider perspective of the evolutionary history of the lactase
persistence polymorphism it is important to: a) understand whether lactase persistence arose
multiple times in human populations or it was caused by a single mutation; b) to assess the
concordance between persistence candidate mutations and physiological tests in different
populations; c) to determine the age of lactase persistence candidate mutation; d) to perform
genetic tests of natural selection in a broad range of populations; e) to reconstruct the major
population movements that could have spread the persistence- candidate mutations in
different areas.

This work aims to contribute to these general goals and presents an analysis of the
genetic polymorphisms of lactase persistence that is divided into two parts: in the first part,
the concordance between lactase phenotypes determined by the breath hydrogen test and by
the -13.91kb C/T polymorphism genotypes was evaluated in Portuguese family samples with
probands that had lactose tolerance tested for differential diagnosis. In the second part, the
evolutionary history of lactase persistence was studied through the characterization of the
haplotype variation associated with the -13.91kb C/T and -22.01kb G/A polymorphisms by
using fast evolving microsatellite loci in geographically diverse populations with different

subsistence patterns from Portugal, Italy, Sdo Tomé island (W Africa), Mozambique and the

Fulbe ethnic group from Cameroon.
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2.1 Sample composition

The concordance study between molecular and physiological tests was undertaken in 68
paediatric cases referred for abdominal symptoms suggestive of lactase restriction and their
first degree family members recruited in Paediatrics Gastroenterology Unit of University
Hospital Santa Maria (age range: 5 to 68 years; mean age 18.4 years).

The haplotype diversity study was carried in random samples of unrelated individuals
from geographically and ethnically diverse populations: Northern Portugal (N=90), Central
Italy (N=68, 37 from Tocco and 30 from Rome), Sdo Tomé island (N=142, from different
locations in the island), the Fulbe ethnic group from Cameroon (N=51) and Mozambique
(N=47, from speakers of the Ronga Bantu language from Maputo). The Fulbe sample was
obtained in the province of the Extreme Nord in Cameroon, in the villages of Marua, Meme
and Mora. This population descends from nomadic herders that moved from Nigeria to the
Cameroon from the 18" century onwards and progressively abandoned sheep farming to
become settled agriculturists (Spedini et al, 1999). The samples from Mozambique and Séo
Tomé are from populations that have neither tradition of pastoralism nor dairy practices.
Mozambique lies at the southeastern edge of the Bantu expansion and might have been a
contact zone between Bantu-speaking farmers and more ancestral Khoisan (Salas et al,

th

2002). Sao Tomé started to be peopled by the end of the 15™ century with slaves imported by
Portuguese colonists from the adjacent coasts of the Gulf of Guinea and the Congo-Angola
area. As a consequence of this settlement pattern this insular population has retained the high
levels of genetic diversity that are generally observed in the African mainland and has an

estimated European admixture of 11% (Tomas et al, 2002).

DNA was obtained from buccal swabs using standard extraction methods.
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2.2 Identification of the lactase persistence status

2.2.1 Breath hydrogen test (BH;T)

The hydrogen breath test was performed according to standard methodology: after a
minimum of 6 hours fasting, a 20% lactose aqueous solution was ingested, at a dosage of
2g/Kg body weight up to a maximum of 50g. Expired air samples were collected at minute 0
(previously to the lactose administration) and at 30-minute intervals for 3 hours after
ingestion of the lactose source. Diagnosis was made on the basis of hydrogen concentration
in expired air as measured by gas chromatography. The test was considered positive if the
maximal increase in BH2 was higher than 20ppm (Flatz, 1987).

Gastrointestinal symptoms during the test were determined by asking the subjects to
recount them. All subjects also completed a questionnaire about quantity and frequency of

milk consumption.

2.2.2 Molecular test

The recently described -13.91kb C/T polymorphism reported to be highly associated
with lactase restriction/persistence trait and the 22.01kb G/A SNP, with a similar but less
strong association, were the basis of the molecular diagnosis (Fig.3). Individuals were
genotyped for the -13.91kb C/T variant using the polymerase chain reaction (PCR) followed
by digestion with BsmF1 restriction enzyme (2U/uL). In the PCR the following primers were
used: -13.91kbF (5’- GCAGGGCTCAAAGAACAATC- 3°) and -13.91kbR (5'-
TGTACTAGTAGGCCTCTGCGCT-3"). The reaction mixture contained 0.5 uM of each
primer, 0.2mM of each deoxynucleotide triphosphate (dNTP), 10mM Tris-HCI (pH 8.8),
50mM KCI, 0.08% Nonidet, 1.5 mM MgCl, and 1 U Tag polymerase. Samples were
denatured for 5 min at 94°C, followed by 35 cycles of 94°C for 1 min, 58°C for 1 min, and
72°C for 1 min, followed by a 20-min extension at 72°C. Amplification produces a 125-bp
product, and enzymatic restriction produces 80- and 45-bp fragments if the individual has the

T allele and a 125bp fragment in individuals with the C allele. DNA fragments were

visualized by silver staining after non-denaturing electrophoresis separation in 9%
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polyacrylamide gels. For the -22.01kb G/A variant, a similar approach was used. The primers
used to the amplification were: -22.01kbF (5’-CTCAGTGATCCTCCCACCTC-3") and -
22.01kbR (5°- CCCCTACCCTATCAGTAAAGGC-3"). The reaction mixture differed only
in the MgCl, concentration (1,0 mM). The annealing time was reduced to 30 seg.
Amplification produces a 271-bp product, and enzymatic restriction with Hin 61 (1U/pL)
produces 196- and 75-bp fragments if the individual has the G allele and a 271bp fragment in

individuals with the A allele.
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Figure 3: Schematic representation of the genetic interval including the Lactase locus (LCT) and the
neighbour gene for the human homolog of a yeast gene involved in the cell cycle (MCM6), with the
relative locations of the two SNPs (-13.91kb and -22.01kb) and the four microsatellite (D2S3010,
D2S3013, D2S3015, D283016) used to characterize the haplotype diversity associated with the lactase
restriction/persistence polymorphism. Distances are as in BAC clone RP11-34L23 (GenBankAcession
no. AC011893.7).
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2.2.3 Comparison between the results of the tests

The results obtained from the BH; test, the recorded symptoms and the molecular
test were contrasted against each other. Specificity, sensitivity and positive and negative
predictive values were evaluated for each test by using the alternative tests as the golden

standard, as follows:

Gold standard
positive  Negative
positive A b atb
Tet negative C d c+d
atc b+d at bt+tc+d

Sensitivity= a/(atc),
Specificity= d/(b+d),
Positive predictive value= a/(a+b),

Negative predictive value= d/(c+d),

2.3 Haplotype characterization

To assess the genetic diversity associated with the lactase persistence polymorphism
we used combined haplotypes defined by the -13.91kb and -22.01kb SNPs and four fast
evolving linked microsatellites loci: D2S3010, D2S3013, D2S3015 and D2S3016. The four
microsatellites were typed by PCR amplification in two duplex PCRs with fluorescently
labelled primers, followed by separation of amplification products in an ABI 310 DNA
sequencer. Fragment analysis and weight determination were performed with the GeneScan
software. The first duplex reaction included the primers for D2S3013 (5-
GAGAATATAGTCATAAACTATGTT-3’ and 5-ATTTTGGATTATATATGCTTTCTTG-3" (labelled
with FAM fluorescence)) and D2S3015 (5- CCTGTAGTCCCAGCTAATTTC3® and 3'-
CAGAGAAGTTTTGTTTIGTGGA-S’ (labelled with TET fluorescence)) at 0.5 pM and 0.075 pM

concentrations respectively. The second duplex reaction included the primers for D2S3010
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(5- TTAGGCCTCTCTTCGAATGAT-3’ and 5- GATTTAGGTGGAGACACAC-3" (labelled with
FAM fluorescence)) and D2S3016 (5- GAGAAAAATTAGGTGTGAAACCA-3® and 5-
CCCTTTAGCTGCCTGAACTG-3’ (labelled with TET fluorescence)) at 0.5 uM and 0.075 pM
concentrations, respectively. Each duplex reaction mixture contained the primers, 0.2mM of
each deoxynucleotide triphosphate (ANTP), 10mM Tris-HCI (pH 8.8), 50mM KClI, 0.08%
Nonidet, 1.5 mM MgCl, and 1 U Tag polymerase. In both duplex reactions, samples were
denatured for 5 min at 94°C, followed by 35 cycles of 94°C for 1 min, 55°C for 1 min, and
72°C for 1 min, followed by a 20-min extension at 72°C.

2.3.1 Haplotype inference

Six-locus haplotypes combining the two -13.91kb and -22.01kb SNPs and the four
microsatellites were determined from the combined genotype data for all the populations by
statistical inference with the software package PHASE, version 2.0.2. (Stephens, Smith and
Donnelly, 2001; Stephens and Donnelly, 2003). The haplotype frequencies were calculated

by direct counting after resolution of each individual haplotype phase.

2.3.2 Allele age determination

To estimate the time of the most recent common ancestor (TMRCA) of the -
13.91kb*T allele associated with lactase persistence, we used three different methods based
on the intra-allelic accumulation of microsatellite diversity, assuming a stepwise mutation
model and using a 25-year generation time.

In the first method, an unbiased estimator of the TMRCA that is independent of
population demography was calculated by T=A, u, where A is the average squared
difference in repeat number (ASD) between each sampled -13.91kb*T haplotype and the
root haplotype, averaged over loci, and [ is the microsatellite mutation rate averaged over
loci (Stumpf and Goldstein, 2001). The root of the -13.91kb*T clade (10-21-4-2) was
obtained by combining together the modal allele lengths at each microsatellite locus in the

pooled sample. The TMRCA central estimates and confidence intervals were calculated

using the program Ytime (Behar ef al, 2003).
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The second method, which also assumes no recombination, is based on the
accumulated variance in microsatellite repeat number (V), averaged over loci, whose
relationship with time may be approximated by T=-2Ne In(1-V/Nep) or T=V/[1, depending
on the assumption of a constant population size (Ne) or a rapid population growth,
respectively (Slatkin, 1995, Goldstein et al, 1996, Su ef al, 1999). Estimates performed with
this method were done either assuming different constant Ne values or rapid population
growth. Confidence intervals for the estimates with constant population size were calculated
according to Goldstein et al (1996).

The third method is based on the simulation of the overtime decay in the frequency
of the allele originally associated with -13.91kb*T in each microsatellite locus (Seixas et al,
2001). Unlike the other two methods, this approach allows for recombination to be taken into
account, according to the relation py = pep-1y (1-p-r) + rqi + (W/2) [P, ity + Pee-t, ivny)s Where
P is the frequency of a marker microsatellite allele with i repeats in generation g within the
-13.91kb*T allele, q; is the frequency of that allele in the whole population, r is the
recombination fraction between the -13.91kb site and each microsatellite locus and p stands
for the microsatellite mutation rate. The modal allele length at each microsatellite locus in
the pooled sample was considered to be the ancestral. The combined TMRCA was calculated
as the weighted average of the single locus estimates, with the weight of each microsatellite
locus determined by the sum of its corresponding mutation and recombination rates.
Recombination rates (r) were calculated using the general relation 1cM=1Mb, according to
the approximate estimates provided by Kong ef al (2002) for the region encompassing the
four microsatellite loci. Confidence intervals were calculated by using +2x the standard
deviation of p,; (Goldstein et al, 1999).

For each age estimation method we used two sets of microsatellite mutation rates
(). The first set was derived indirectly from the parameter 6=4Nep, assuming mutation-drift
equilibrium and using the unbiased 6 estimator proposed by Xu and Fu (2004), based on the
sample homozygosity under the stepwise mutation model. We assume Ne =10000 (Takahata,
1993) and estimated homozygosities from the microsatellite allele frequency distributions in
Sdo Tomé, which are less likely to have been distorted by a possible increase in the
frequency of tolerance-associated chromosomes due to selection.

The second set of mutation rates was derived from the average 0.001 value obtained

from observed mutations in pedigrees (Weber and Wong, 1993). Locus specific mutation
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rates were calculated by apportioning this average according to the ratios of the locus

specific estimates calculated by the indirect approach.

2.3.3 Neutrality test

The possibility of occurrence of selection acting on the -13.91kb*T allele was
studied by using the method developed by Slatkin and Bertorelle (2001) which evaluates
whether the observed frequency of a lineage is consistent with its levels of variability under a
given demographic pattern, assuming neutrality. We used the test modality that measures the
intra-lineage variability by the minimum number of mutations (S,) observed at linked
microsatellite marker loci, assuming the infinite sites model and no recombination. The
assumption of an infinite alleles model for microsatellite loci discards information from the
dataset but has the advantage of avoiding the introduction of additional uncertainty about the
mutation process (Slatkin and Bertorelle, 2001; Slatkin, 2002).

The tests were performed by considering the simultaneous combination of all four
microsatellites with the -13.91kb*T allele. S, was calculated by using Median-Joining
networks (Bandelt et al, 1999) to infer the minimum number of mutations necessary to
generate the observed haplotypes. The networks were calculated using the program
NETWORK 4.1.0.0. (http://www.fluxus-engineering.com). To allow for the possibility that
these estimates may be to small, given the occurrence of recurrent mutations, we doubled all
the values of S, as suggested by Slatkin and Bertorelle (2001). Different combinations of
two global demographic models and the two sets of microsatellite mutation rates were
considered in the calculation of the TMRCA of the -13.91kb*T allele (Table 3). The first
demographic model (D1) is based on the analysis of Pritchard et al (1999) and assumes a
constant exponential growth rate of 0.008 starting 900 generations ago from an initial
population of 10°. The second model (D2) is a variation of the scenarios simulated by
Kruglyak (1999) and assumes that the effective population size increased exponentially from

10" to 5 x 10°, also starting 900 generations ago. The data consists of the full haplotypes

combining all four microsatellite markers linked to the -13.91kb*T allele.



http://www.fluxus-engineering.com

3. Results and discussion



3.1 Concordance study
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3.1.1 Results from the breath hydrogen (BH2) and the molecular tests

Figures 4 A and B present examples of negative and positive BH2 tests, respectively.

When an increase higher than 20 ppm occurred, individuals were classified as lactase

persistent (Flatz, 1987).

Figures 5 and 6 present typical results of the -13.91kb C/T and -22.01kb G/A

genotyping, respectively. The -13.91kb polymorphism was genotyped by analysing the

presence of a BsmFI restriction site. The genotyping of the -22.01kb G/A polymorphism was

made by analysing the presence of a Hin6I restriction site. Homozygous individuals for the -

13.91kb*C allele genotypes were classified as lactase restrictors; CT and TT genotypes were

classified as lactase persistents. In the -22.01kb polymorphism, homozygous for the G allele

genotypes were classified as lactase restrictors; GA and AA genotypes were classified as

persistent (Enattah et al, 2002).
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Figure 4: Variation of the breath hydrogen concentration measured during the 3hour period that
ensued the lactose load. A: Individual classified as lactase persistent (A [H,] < 20ppm); B: Individual
classified as lactase restrictor(A [H,]> 20ppm).
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Figure 5: A- Position of the polymorphic BsmFI restriction site within the 125bp fragment containing
the -13.91kb C/T variation; B- Electrophoretic separation of the fragments resulted from BsmFI
digestion in 9 individuals. The 45bp band is not shown. MW- molecular weight marker.
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Figure 6: A- Position of the polymorphic Hin6I restriction site within 271 bp fragment containing the
-22.01kb G/A variation; B — Electrophoretic separation of the fragments resulted from Hin6I digestion
in 5 individuals. MW- molecular weight marker.
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3.1.2 Comparison between classifications

The comparison between the results from different methods was made by estimating
the following indicators: sensitivity, specificity, positive predictive value and negative

predictive value. Table 1 synthesizes all the estimated values.

Table 1: Comparison of the results from the different tests. In each column a specific test is taken as

the “gold standard”.

N=56* “Gold Standard”
-13910 -22018 BH2 test Symptoms
-13.91 1,00 0,969 0,765
-22.01 0,971 0,938 0,735
Semsrivaty BH2 test 0,912 0,909 0,794
Symptoms 0,765 0,758 0,844
-13.91 0,957 0,875 0,636
g -22.01 1,000 0,875 0,636
Specificity
BH2 test 0,955 0,913 0,773
Symptoms 0,636 0,609 0,708
-13.91 0,971 0,912 0,765
Positive -22.01 1,000 0,909 0,758
predictive value BH2 test 0,969 0,938 0,844
Symptoms 0,765 0,735 0,794
. -13.91 1,000 0,955 0,636
Negive 22,01 0,957 0.913 0,609
predictive
Value BH2 test 0,875 0,875 0,708
Symptoms 0,636 0,636 0,773
-13.91 0,982 0,929 0,714
-22.01 0,982 0,911 0,696
Concordance
BH2 test 0,929 0,911 0,786
Symptoms 0,714 0,696 0,786

* From the original 68 cases, only 56 were typed for all criteria.
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Lactase-persistent individuals are conventionally described as “negative” and the
restrictors as “positive”.

The lack of sensitivity of a test will be reflected in the presence of false negative
(FN) individuals (wrongly considered to be lactase persistent), and the lack of specificity
will be reflected in the presence of false positive (FP) individuals (wrongly considered to be
non-persistent).

Symptoms present the weakest correlation in relation to all other tests (Table 2). The
unreliability of the symptoms to predict the lactase persistence status is widely recognized.
Besides the capacity to digest the lactose, there are many other functional reasons that
explain the presence or absence of symptoms during the BH2 test, including the individual
threshold response to intestinal gas, intestinal flora or gastrointestinal transit time (Flatz,
1987).

A high correlation is observed between the two SNPs: in all but one individual there
was concordance between -13.91kbC/T and -22.01kbG/A diagnosis (Table 2). The
discordant case was considered to be lactase persistent with the -22.01kb and lactase
restrictor with the -13.91kb polymorphism. The analysis of the results obtained in the same
individual by using the breath hydrogen test and the record of the symptoms gives support to
the positive diagnosis of the -13.91kb SNP and suggest that the -13.91kbC/T is more
strongly associated to the lactase persistent trait than the -22.01kbG/A variant. This
observation is in agreement with the recent results of Enattah er a/ (2002) who reported a
higher association between the -13.91kb SNP and the lactase persistent trait (as assessed by
direct lactase assay from jejunal biopsy) than with the -22.01kb.

It may be useful to interpret the patterns of discrepancy between the two SNPs and
the BH2 test in a phylogenetic context. Figure 7 presents a schematic representation of the
hypothetical evolutionary relationship between the haplotypes defined by -13.91kb and -
22.01kb polymorphisms. The genotype of the discordant case (-13.91kbCC/-22.01kbGA)
would correspond in Figure 7A to the combination of haplotypes (a) and (b). The (a) and (c)
haplotypes are more commonly found. The (a) haplotype is highly associated with lactase
restriction and the (c) haplotype is highly associated with the lactase persistence. In an
evolutionary perspective, the (b) haplotype seems to be intermediate. The association
between the -22.01kb*A allele and the lactase persistence is disrupted in this haplotype,

giving rise to a false negative and decreasing the sensitivity of this molecular marker.



Results and discussion

-13910 -G

® &
©

-22.01kb*A -22.01kb*A

-
4----

-13.91kb*T

®
©

-13.91kb*T

4----

®
©

¥ C-G C-A T-A

Figure 7: A- Schematic representation of the possible evolutionary steps involved in the origin of the
three haplotypes formed by the combination of the -13.91kbC/T and 22.01kbG/A SNPs. The red line
corresponds to the putative lactase restrictor haplotypes and the yellow line to the lactase persistent
one. B- Tree showing the possible genealogical relations among the three haplotypes formed by the
combination of the -13.91kbC/T and 22.01kbG/A SNPs.

In this respect it is interesting to note how the temporal order of persistence-
associated mutations determines the intensity of this association and how it is reflected in
some indicators of concordance. If the older mutation is taken as the golden-rule, the
sensitivity and negative-predictive value of the younger mutation should be 100%.
Conversely, if the younger mutation is the golden-rule, it is the specificity and the positive
predictive value that should be 100%.

Figure 8 depicts the results of the BH2 test in individuals classified as lactase
persistent/restrictor with the molecular classification based on the -13.91kb polymorphism,
which is the SNP that presents the highest correlation with the physiological method.

The interpretation of the causes of discrepancies between the two tests could give
further insights into the genetic and physiologic understanding of the lactase persistence
polymorphism. Mulcare et al, 2004 combined the results of five studies and estimated to the
breath hydrogen test the following rate errors: FN=9/132 (0,06818) and FP=5/120 (0,04166).
These values are not very different from the values found in this study: FN=3/56 (0,0535)
and FP=1/56 (0,01785).
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If the discrepancies are attributed to the recognized limitations of the BH2 test, then
the occurrence of false negatives (insensitivity) can be explained by several factors. The type
of colonic bacteria could influence the quantity of hydrogen detected. For example,
hydrogen-utilizing flora producing methane and colonic flora unable to produce hydrogen
(Arola, 1988) can lead to an underestimate of the hydrogen production and would require a
parallel methane measurement and a breath test with lactulose, respectively. There are also
certain antibiotics (e.g. metronidazole) that suppress the colonic hydrogen formation (Flatz,
1987). On the other hand, lack of specificity (presence of false positives) of the breath
hydrogen test has also some possible justifications: congenital lactase deficiency, secondary
lactose malabsorption due to epithelial damage or the increase of hydrogen excretion caused
by certain antibiotics (e.g. neomycin) (Flatz, 1987).

However, if the discordant results persist after the exclusion of the conditions
associated with the insensitivity/inespecificity of the breath hydrogen test, alternative genetic
explanations could be claimed, and the BH2 test should be otherwise considered the golden
rule.

Figure 9 presents a schematic representation of the genetic implications of the

discordant results between the BH2 test and the -13.91kb molecular test. The presence of
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false positives in the molecular test could be explained if the lactase persistence is caused by
other mutations besides the -13.91kb*T. Alternatively, if we assume that the -13.91kb
polymorphism is not causal, false positives would be present if the -13.91kb*T allele arises
after the causal mutation (Fig.9B). On the other hand, false negatives could be an indication
that the -13.91kb*T occurred before the causal mutation (Fig.9C).

The three scenarios illustrated in figure 9 are mutually exclusive. If we assume that
the -13.91kb*T mutation is causal (Fig.9A) there is no genetic explanation to the presence of
the false negatives. If the -13.91kb*T is just a marker for lactase persistence (figures 9B and
9C), the simultaneous observation of false positives and false negatives is not expected
unless recombination is considered. Figure 10 illustrates the implications of recombination in
the case of non-causality of the -13.91kb*T mutation. In the two scenarios illustrated in
figure 10, there are two major haplotypes: one containing the -13.91kb*C allele and without
the causal mutation and other containing the -13.91kb*T allele and the causal mutation.
Recombination between these two haplotypes leads to the occurrence of both false negatives

(FN) and false positives (FP).

-13.91kb
C T
Laclase persistence
A mutation
@ % @
LA LP
Laclase
persistence -13.91kb
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LR False positive ke
-13.91kb Laanm
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‘@ +—:—+-0O

False negative

Figure 9: Schematic representation of the genetic implications of the discordant results between the
BH2 test and the -13.91kb molecular classification. A - The -13.91kb*T is the causal mutation of the
lactase persistence; B - The -13.91kb*T mutation postdates the causal event; C - The -13.91kb*T
mutation antedates the causal event. LR- lactase restriction; LP- lactase persistence.
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Figure 10: Schematic representation of the implications of the recombination in the scenario of a
non-causality of the -13.91kb*T mutation. A - The -13.91kb*T mutation postdates the causal event;
B - The -13.91kb*T mutation antedates the causal event.

Recently, Mulcare et al (2004) reported a very low frequency of the T allele in African

populations that have high prevalences of lactase persistence according to physiological

tests. The genetic consequences of this observation are illustrated in figure 11. If non-

causality of the -13.91kb*T is assumed (Fig.11A) the causal mutation is likely to have

occurred before the -13.91kb*C/T mutation. In this context, the high association between the

-13.91kb*T and the causal mutation would occur only in some regions and would be less

useful as a predictor of the lactase persistence trait in Africa. The possibility of occurrence of

at least two different causative mutations (Fig.11B), one in Africa and other in Europe, is

also plausible since recent functional studies have suggested that the -13.91kb*T allele might

be indeed the causative factor directly involved in the enhancement of LCT transcription

(Olds and Sibley, 2003; Troelsen et al, 2003).
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Figure 11: Phylogeograhic implications of different hypothesis about the causative role of the -
13.91kb*T mutation in lactase persistence that may explain why this mutation is absent from African
populations with high frequencies of lactase persistence. A- If -13.91kb*T is not the causal mutation
then the absence of the mutation in African populations with high frequency of lactase persistence
can be explained by assuming that the real lactase persistent mutation occurred before -13.91kb*T.
B- If -13.91kb*T is the causal mutation, then there is genetic heterogeneity (lactase persistence in
Europe and Africa are caused by different mutations).

Taken together, these results show that important inferences about the evolutionary
history of the lactase persistence polymorphism can be made by comparing the classical
physiological tests with molecular tests based in the presence/absence of candidate
mutations. However, to completely clarify the discrepancies found, further studies
comparing the different tests against the more reliable intestinal disaccharidases assay in
different populations are required. This is an important goal also for applied purposes. The
implementation of a genetic test for lactose intolerance will be useful for health practitioners
as a screening tool in differential diagnosis that may substitute or complement more tedious
and time consuming physiological tests. An accurate diagnosis of lactose intolerance is very
important to exclude some serious gastrointestinal disorders (e.g. functional bowel disorders,
dysmotility-type dyspepsia) with symptoms that resemble those experienced by lactase
restrictor individuals. On the other hand, the combined use of the -13.91kb molecular test
and the breath hydrogen test may represent an additional tool in differentiating the lactase
non-persistence from secondary lactase deficiency. Finally, the information on the
prevalence of lactose intolerance from population surveys may assist in programming

targeted nutritional interventions and public health educational initiatives.
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The analysis of haplotype diversity associated with the lactase persistence candidate
mutation(s) is essential to have a full appreciation of the major factors that might have
influenced the origin, evolution and spread of this trait. Due to their high mutation rates,
microsatellites may be markers of choice to study the recent evolutionary episodes that
influenced the distribution of lactase persistence, providing complementary information to
studies based on SNP analysis, especially in situations where recombination might have been
suppressed.

In this section we present an analysis of the genetic variation based on the
assessment of microsatellite variation within core haplotypes defined by the -13.91kb C/T
and -22.01kb G/A. The analysis addresses three major points. First, the distribution of the
SNP -13.91kb and -22.01kb haplotypes was assessed in different populations. Second,
different methods, based on the microsatellite variability linked to a specific allele, were
used to estimate the age of the -13.91kb mutation. Finally, the role of natural selection in
shaping the distribution of the -13.91kb*T mutation allele was assessed by analysing the
compatibility between the levels of variation associated with the mutation and its frequency

in each population.

3.2.1 Frequency of the SNP haplotypes in different populations

The frequencies of the core haplotypes defined by the -13.91kb C/T and -22.01kb
G/A SNPs and the expected prevalences of lactase persistence in different populations are
shown in Table 2.

The frequencies of lactase persistence estimated on the basis of the -13.91kb*T allele
frequencies vary considerably between populations: 60% in Portugal, 24% in Italy, 7,8% in
Sao Tomé, 4,0% in Mozambique and 38% in Fulbe. The estimate from North Portugal is
within the frequency range previously reported for samples from southern France and
Northern Spain on the basis of physiological tests (Flatz, 1987; Leis e al 1997, Swallow,
2003). The value found for the Italian sample is similar to previous estimates from the
southern part of the country and lower than in samples from northern Italy, confirming
previous observations on a high level of geographic microdifferentiation among Italian

populations (Flatz, 1987; Swallow, 2003). The estimates from Sdo Tomé and Mozambique

are within the range observed for the majority of African non-pastoralists populations (Flatz,




Results and discussion

1987; Swallow, 2003). It is likely that lactase persistence in these two populations is due to
recent admixture with Europeans. In S. Tomé, for example, the frequency of the -13.91kb*T
allele is very close to that expected from a reported 11% level of admixture with the
Portuguese colonists (Tomas et al, 2002). Finally, the 0.21 frequency of the -13.91kb*T
allele in the Fulbe is higher than a previous 0.11 estimate in another sample from Cameroon
(Mulcare et al, 2004), but this difference is not significant (p=0.09) according to the exact
test of population differentiation of Raymond and Rousset (1995) implemented in the
Arlequin 2.1 software (Schneider er al, 2000). Both values are consistent with previous
estimates of lactase persistence in the Fulbe based on physiological tests, which range from
29% in Nigeria (Kretchmer et al, 1971) to 100% in Senegal (Arnold et al, 1980).

Since, as previously shown (Poulter et al, 2003; Swallow, 2003), the -13.91kb and -
22.01kb polymorphisms were originated according to a C-G—=> C-A—>T-A phylogenetic
sequence, the low frequency of C-A intermediate haplotypes indicates that the -22.01kb
G—> A mutation might have occurred only shortly before the -13.91kb C— T mutation. As
previously discussed (see 3.1.3), it is the occasional occurrence of this C-A haplotype that

may lead to the wrong identification of lactase persistence on the basis of the -22.01kb

genotyping.

Table 2: Frequencies of the haplotypes defined by -13.91kb C/T and -22.01kb G/A polymorphisms

and predicted prevalences of lactase persistence in the different populations.

Haplotype Populations
Portugal Italy Fulbe  Sdo Tomé Mozambique
-13.91kb -22.01kb (N=90) (N=67) (N=51) (N=142) (N=47)
C G 0.62 0.87 0.79 0.94 0.99
C A 0.01 - - 0.02 -
T A 0.37 0.13 0.21 0.04 0.01

Predicted frequency of

lactase persistence® 062 0.24 0.38 0.08 0.02

*Frequency of -13.91kb CT + TT genotypes assuming Hardy-Weinberg equilibrium
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3.2.2 Microsatellite variation within the SNP haplotypes

Figures 11 and 12 present the patterns of the D2S3013/D2S3015 and
D2S3010/D2S3016 duplex reaction products, respectively.

In figure 13, the microsatellite allele frequency distributions within the common C-G
and T-A -13.91kb/-22.01kb SNP core haplotypes are shown for a pooled sample that
combines the data from all populations. Figure 14 shows equivalent distributions in each
population. Allele frequency distributions in Finland were retrieved from the original data
from Enattah et al (neither CG haplotypes nor D2S3010 data were available). Differences

related to the pattern of variation observed across microsatellite loci are observed.
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Figure 11: Pattern obtained after the separation of an amplification product of the D2S3013/D2S3015
duplex PCR in the automated genetic analyzer ABI PRISM® 310. In blue (D2S3013): heterozygote
137/161 bp; in green (D2S3015): heterozygote 195/210 bp.
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Figure 12: Pattern obtained after the separation of an amplification product of the D2S3010/D283016
duplex PCR in the automated genetic analyzer ABI PRISM® 310. In green (D253016): homozygote
150/150 bp; in blue (D2S3010): heterozygote 220/236 bp.
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Figure 13: Microsatellite allele frequency distributions within C-G and T-A -13.91kb/-
22.01kb SNP haplotypes in a pooled sample with populations from Sdo Tomé, Portugal,
Italy, Mozambique and Cameroonian Fulbe. The estimated sizes of allele 1 in each
microsatellite are: 188 bp for D2S3010; 133 bp for D253013; 190 bp for D2S3015 and 148
for D2S3016 (H, heterozygosity; V, variance in repeat number; n, number of
chromosomes).
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Figure 14: Allele frequency distributions of the D253010, D2S3013, D2S3015, D2S3016 loci within the
C-G (in white) and T-A (in black) SNP haplotypes from Portugal, Italy, Sdo Tomé and Fulbe (Cameroon),
Mozambique. The estimated sizes of allele 1 in each microsatellite are: 188 bp for D2S3010; 133 bp for
D2S3013; 190 bp for D253015 and 148 for D2S3016. (H: heterozygosity; V: variance in repeat number; n:
number of chromosomes).
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A clear reduction in microsatellite variation is observed within the T- A haplotypes
suggesting a relatively recent origin for the -13.91kb C = T mutation. This result is
consistent with the low extended haplotype diversity associated with the -13.91kb*T and -
22.01kb*A alleles observed in previous studies based on SNP variation (Poulter et al, 2003;
Bersaglieri ef al, 2004). The higher diversity accumulated in D2S3010 and D2S3013 implies
that these loci have higher mutation rates than D2S3015 and D2S3016 (Fig.13).

The analysis of each population separately gives additional information about the
role of the demographic history in the pattern of variation observed in the global
distributions. It is clear that the -13.91kb C = T mutation had a single origin, since T-A
chromosomes cluster together despite their geographic location when the microsatellite allele
frequencies among SNP core haplotypes from different populations are compared (Figs.14
and 15A).

A Median Joining network relating the compound SNP-microsatellites haplotypes in
the pooled sample is shown in figure 15B. The network has two main branches that reflect
the bimodality of the D2S3013 microsatellite allele frequency distributions within C-G core
haplotypes (Figs 13 and 14). In contrast with the high variability associated with C-G
chromosomes, T-A haplotypes are tightly clustered within one of the two main branches as
expected from a unique, relatively recent, origin.

An additional feature of the microsatellite allele frequency distributions is the
apparent lack of recombinant T-A haplotypes within the 61.4-kb region encompassing the
D2S3013, D253015 and D2S3016 loci. This is indicated by the complete absence of
diversity in D2S3015 and D2S3016 and by the observation of a clear unimodal distribution
at the D2S3013 locus, which suggests the occurrence of a stepwise accumulation of
mutations in an ancestral T-A haplotype carrying the D2S3013*21 allele (Fig.13). If
recombination had played a major role in the generation of the D2S3013 diversity, the
striking bimodality observed within C-G haplotypes would be at least partially reflected
among the T-A chromosomes and these would not cluster just in one side of the haplotype
network (Fig. 14). Due to a less clear difference between the shape of the D2S3010
microsatellite allele frequency distributions among C-G and T-A haplotype distributions, it is
more difficult to evaluate the role of recombination in the regeneration of diversity in this
locus. As previously noted by Poulter e a/ (2003), the relative weights of mutation and
recombination in the generation of microsatellite diversity may have important implications
for the identification of potential candidate regions where a causal mutation for lactase

persistence may lie. For example, Enattah es al/ (2002) considered that variation at the

i
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D2S3013 locus in chromosomes associated with lactase persistence was caused by
recombination and used this marker to delimit a 47kb region where -13.91kb C = T was
subsequently identified as the best candidate mutation. However, since D2S3013 diversity
seems to have been mainly originated through mutation, it is likely that the candidate region
is longer than 47kb, implying that the -13.91kb*T allele may just be a marker closely
associated with the true, as yet unknown, causal mutation for lactase persistence (Poulter ef

al, 2003).
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Figure 15: A. Neighbor-joining tree based on allele frequencies of four microsatellites within T-A
and C-G -13.91kb/-22.01kb SNP haplotypes from different populations. Allele frequencies were
compared by the (8u)* genetic distance (Goldstein et al, 1995) calculated with the program
MICROSAT (http://hpgl.standford.edu/projects/microsat/). POR= Portugal; ITA= Italy; FUL=
Fulbe; ST= Sdo Tomé; MOZ= Mozambique. R= lactase-restriction-associated C-G haplotypes; P=
lactase-persistence associated T-A haplotypes. B. Median-joining network (Bandelt, Forster and
Rohl, 1999) representing the compound SNP- microsatellite haplotype variation in a pooled sample
with populations from Sdo Tomé, Mozambique, Portugal, Italy and Cameroonian Fulbe. C-G
haplotypes are shown in red and T-A haplotypes are shown in yellow. The distribution of the T-A
chromosomes haplotypes through the different populations is shown in inset. Haplotypes are
represented by circles, with areas proportional to the number of individuals harbouring the
haplotype. The putative ancestral 10-21-4-2 (D253010-D2S3013-D253015-D2S3016) haplotype is
indicated with an arrow. Networks were calculated with the program NETWORK 4.1.0.8, using the
same weight for SNP and microsatellite loci and the “frequency>1" option, which selects only the
haplotypes that occur more than once in the data set.
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3.2.3 Estimation of the age of the -13.91kb*T allele

The diversity accumulated in microsatellite loci was used to estimate the age of the -
13.91kb C/T candidate mutation for lactase persistence.

Table 3 presents the estimates of the TMRCAs of the -13.91kb*T allele calculated in
different samples under various sets of assumptions regarding mutation and recombination
rates (m1, m2, m3 and m4). Calculations for the Finnish sample were performed with data
taken from Enattah ef af (2002) and do not include locus D2S3010. Although the confidence
intervals (Cls) are wide, there is a good agreement between the different methods for each
set of assumptions. In general the average square distance method leads to higher age
estimates than calculations based on the accumulated variance (V) or the decrease in
frequency of the modal microsatellite allele (p). This discrepancy is particularly noticeable in
the Italian sample and may be due to the inadequacy of the assumptions made by the V and p
methods in this sample. Confidence intervals for the average square distance method (A),
which contrary to central estimates do depend on demography (Stumpf and Goldstein, 2001),
were calculated under no population growth and may be too wide. If demographic models
assuming star-like genealogies are used, the 95% Cls are substantially reduced (results not
shown). Calculations based on the accumulated variance under constant population sizes
lead to higher TMRCAs than under rapid growth. However, comparison of estimates based
on different constant population sizes (with a minimum Ne of 5000) and rapid growth shows
that the assumption of a growing population leads at most to a 10% decrease in the age
estimation (data not shown). This suggests that the -13.91kb*T allele is recent enough for a
strong deviation from a linear relation between age and variance to be observed.

In the pooled sample, estimates that do not take recombination into account (m! and
m2) are within 45000- 30000 or 17500-11750 year ranges, depending on the use of indirect
or direct estimates of microsatellite mutation rates, respectively. If we assumed that both
recombination and mutation contribute to the intra-allelic diversity, the observed haplotype
homogeneity can be only explained by a very recent origin of the -13.91kb*T allele.
Accordingly, calculations based on the decrease in frequency of the modal microsatellite
allele that do not assume recombination suppression lead to the lowest TMRCA estimates:
12500 and 7500 years in the pooled sample, under assumption sets m3 and m4, respectively
(table 4). The ages calculated with assumption m3 are noticeably similar to those obtained
with the same method assuming the set of highest mutation rates and no recombination

(assumption m2).
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Age estimates in the different populations give an idea of the time passed by since the
mutation arrived to each place. The Fulbe and Finnish samples present consistently lower
age estimates than Portugal and Italy suggesting that the mutation reached the former
populations lately. The relative position of the age estimates obtained for S.Tomé switch as
different age estimates are used: the lowest, intermediate and the highest age estimates are
observed by using the p, A and the V methods respectively. This lack of coherence may
reflect the fact that, in S. Tomé, microsatellite diversity observed linked to the -13.91kb*T
mutation could be the result of the haplotype diversity of the colonists rather than the step-
wise accumulation of mutations.

Taken together, age estimates using different methods and assumptions have shown
that the TMRCA of the -13.91kb*T allele is unlikely to be older than 45000 years, implying
that the -13.91kb C—T mutation occurred only after the separation between European and
African populations 100000-50000 years ago (Klein, 2000; Relethford, 2001). More realistic
assumptions lead to 12500-7500 years estimates that place the coalescent time of the -
13.91kb*T variant more near the Neolithic. This is close to the TMRCA ranges provided by
Bersaglieri et al (2004), who obtained ages between 2188 and 20650 years for the -
13.91kb*T allele in European derived samples using recombinational decay of SNP

haplotype homogeneity.
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3.2.4 Neutrality test

Figures 13 and 14 clearly show a low diversity associated with T-A haplotypes. This
low variability can be a casual event, within the range of expected values under neutrality
(Bamshad and Wooding, 2003). However the wide distribution of the -13.91kb*T allele and
its observed high frequencies in some regions raise the question of whether natural selection
had also played a role in the present diversity pattern observed.

Table 4 presents the results of the neutrality tests for the -13.91kb*T allele in different

samples using the method of Slatkin and Bertorelle (2001). To compare the results of the

Finland population with the results of the remaining populations, the method was replicated

to all populations but excluding the microsatellite D2S3010 (Table4-3STRs).

Table 4: Probabilities of finding a number of mutations < S, in the microsatellite loci (STRs) linked
to the -13.91kb*T allele.

Demographic models
DI* D2°
| n So ml1° m2¢ ml m2
Portugal | 66 180 34 | 3.94x107 1.43x1077 | 4.65x10™ 1.85<10™
B Italy 17 134 16 0.241 3.82x107 8,62x10™ 7.54x107'°
2 Fulbe 21 102 14 0.011 2.21x10™" 3.86x107 6.41%107%
Sdo Tomé | 13 284 22 0.988 0.056 0.467783 3.24x10°
m3© md’ m3 m4
Portugal | 66 180 10 | 5.29x10° 1.94x107* 3.21x10™ 1.26x10™
& Italy 17 134 10 0.725 0.005 0.080 6.53x107
@& | Fube |21 102 4 0.013 3.73x10° 1.69%10° 1.69x10°
Sdo Tomé | 13 284 4 0.345 0.002 0.035 1.27x10°¢
Finland® | 33 78 6 | 5.56x10™ 1.74x10" 1.43x10° 4711107

i, number of chromosomes bearing the -13.91kb*T allele; n, number of chromosomes in the sample; S, Double of the minimum
number of mutations in linked microsatelllite loci. The four right-hand columns show the tail probabilities, P= Pr(Se=S,), under
the different conditions presented.

* Demographic model based on the analysis of Pritchard e a/(1999) and assumes a constant exponential growth rate of 0.008
starting 900 generations ago from an initial population of 107,

® Demographic model that is a variation of the scenarios simulated by Kruglyak (1999) and assumes that the effective
population size increased exponentially from 10*to 5x 10 starting at 900 generations ago.

4 Gets of mutation rates as defined in Tabled,

¢ Mutation rates as in m1 but not including locus D253010.

" Mutation rates as in m2 but not including locus D2S3010.
& Based on the data from Enattah ef af (2002), not including locus D2S3010.
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Neutrality is rejected at the 0.001 level for the Portuguese and Finnish samples under
all assumptions (Table 4).

The results obtained vary substantially with the parameter values assumed. The
demographic model “Pritchard” (which implies a lower effective size of the founding
population) and the set of mutation rates obtained by the indirect approach (with slow
mutation rates) are the conditions that lead to the most conservative tests.

When the 4 microsatellite loci are considered, the Portuguese sample is the only that
reject neutrality for all the parameter values analysed. Apart from this population, signatures
of selection on the remaining cases depend on the parameter values assumed. In the Italian
and Fulbe samples, neutrality cannot be rejected under the most conservative assumption,
which combines demographic model D1 with the set of lower mutation rates (ml). In Sao
Tomé, neutrality is rejected only with the least conservative assumption, combining model
D2 with higher mutation rates (m2).

The use of only 3 microsatellites decreases the power of the test. Some of the
parameters that led to neutrality rejection when 4 microsatellite are used, are compatible with
neutrality with this reduced set of microsatellites (Table4). Even so, Finnish and Portugal
samples reject neutrality for all the parameters analysed (Table4).

In general, the results reflect the variation in the frequency of the -13.91kb*T allele
in different populations (Table 2). Given the observed levels of intra-allelic variability, only
in samples with frequencies >0.35 is the signal of selection robust enough for the
conclusions to be insensitive to different values of key parameters.

These results, based on the microsatellite variation, agree with of the ones found by
Bersaglieri ef al (2004) who used the SNP haplotypic homogeneity linked to the -13.91kb*T
and -22.01kb*A alleles, providing formal genetic evidences of selection acting on haplotypes
associated with lactase persistence.

Taken together the available evidence from studies of microsatellites and SNP
variation in human populations and the high correlation between lactase persistence and
archaeological sites documenting early European dairying use (Beja-Pereira er al, 2003)
strengthen the hypothesis that lifelong unrestricted use of milk provided the selective
advantage that led to a pronounced increase in the frequency of lactase persistence, at least
in some European populations, after the origin of dairying practices in the Neolithic.

However, since the signal of selection may be passively propagated by migration, it

remains to be shown whether the current inter-population variation in lactase persistence was
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caused by different levels of admixture with early pastoralists after selection in a single area,

or if it represents the outcome of multiple independent selection regimes.

n
2




4. Conclusions



Conclusions

4.1 Concordance study

A highly satisfactory 93% level of concordance was observed between the results
from the breath hydrogen (BH2) test and from the molecular test based on the -13.91kbC/T
polymorphism. This concordance shows that molecular diagnosis can be a valid alternative
to physiological tests in the identification of the lactase activity profile of the Portuguese
population. The method is easily applicable outside the hospital, has a high level of
automation and reproducibility and provides age-independent diagnostic results that are
particularly suitable for large scale population studies. Furthermore, genetic testing of lactase
persistence also provides a less invasive and less tedious alternative for the differential
diagnosis of abdominal complaints in patients older than 5 years, which has the added
benefit of being insensitive to individual variability in physiological response. Finally, the
use of the molecular test in combination with the BH2 test may be important to discriminate
between primary and secondary causes of lactose intolerance and to narrow the spectrum of

possible diagnoses associated with abdominal discomfort.
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4.2 Population distribution and evolutionary history of the lactase persistence

polymorphism

4.2.1 Frequency of lactase persistence in different populations

The prevalence of lactase persistence predicted by the -13.91kb*T allele varied
widely within and among the European and African populations that were studied. In the
European samples, high frequency differences were observed between the Italian and
Portuguese populations. The Portuguese frequencies (60%), here determined for the first
time, have been shown to lie within the prevalence range previously reported for Southern
France and Northern Spain. The Italian frequencies (24%) were consistent with previous
studies based on physiologic tests and confirmed that Italy is among the European
populations with the lowest prevalence of lactase persistence. In the African samples, lactase
persistence was much more frequent in the pastoralist Fulbe population (38%) than in Sdo
Tomé (7,8%) and Mozambique (4,0%), which are not associated with dairying traditions.
We conclude that the frequency of the -13.91kb*T allele is a good predictor of lactase

persistence in the populations analyzed in the present study.
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4.2.2 Microsatellite variation and evolutionary history of the lactase persistence

polymorphism

The analysis of microsatellite variation linked with the “core haplotype™ defined by
the -13.91kb and -22.01kb SNPs allowed the inference of key parameters of the evolutionary
history of lactase persistence.

The microsatellite allele distributions associated to the chromosomes bearing the -
13.91kb*T allele were similar in the different populations suggesting that a single mutation
event may be enough to explain the presence of the -13.91kb*T allele in populations
geographically as distant as Finland and Cameroons.

The observation of a reduced haplotypic diversity associated to the chromosomes
bearing the -13.91kb*T allele suggests that a recent event may have been in the origin of the
-13.91kbC—»T mutation. The application of different methods under various sets of
assumptions regarding mutation and recombination rates showed that the TMRCA of the -
13.91kb*T allele is unlikely to be much older than ~50000 years, implying that the -
13.91kbC—»T mutation occurred only after the separation between European and African
populations 100000-50000 years ago. More recent estimates placed the coalescent time of
the -13.91kb*T variant closer to the Neolithic, ~10000 years ago.

The observation that the -13.91kb*T intra-allelic variability was generally lower than
expected, given its allele frequencies, suggests that natural selection may have played a role
in the present distribution of this allele. The ability of the microsatellite approach to capture
the effects of selection was confirmed in the Finnish dataset from Enattah er al (2002).
Neutrality was further rejected in the Portuguese sample irrespective of the range of tested
mutation rates and demographic models. Rejection of neutrality was less independent of
demographic and mutation parameters in the Fulbe and, especially, in the Italian samples.
However, the effect of migrations and other demographic processes in the geographic
patterning of the -13.91kb*T should also be accounted when interpreting the results from the
neutrality tests.

Taken together, these results suggest that human lactase persistence is a relatively
recent trait that originated in Eurasia and support the hypothesis that the current distribution

of this trait is, at least in part, an outcome of the nutritional advantage conferred by the life-

long capacity of digesting large quantities of lactose in populations where milk was a critical




Conclusions

part of the diet. The presence of the -13.91kb*T allele in the African populations studied
could be explained by introgression from Euro-Asiatic populations.

Our demonstration that a battery of only four microsatellite loci may be sufficiently
informative to estimate key micro-evolutionary parameters of the history of lactase

persistence highlights the significance of using these faster evolving markers to increase the

efficiency of the phylogeographic studies on the ability to digest lactose.
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