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I

SOMMARIO

Il presente lavoro rappresenta un primo passo verso l’analisi comparata dei pattern di diversit� 

osservati in numerose popolazioni umane per il gene AKR7A2 (che catalizza la riduzione della 

succinico semialdeide in gamma idrossi butirrato) e per il cromosoma Y, considerato come un 

paradigma di neutralit�. Le prime sezioni del lavoro presentano i dati di variabilit� del 

cromosoma Y sotto forma di pubblicazioni su riviste internazionali, nelle stesse popolazioni 

analizzate per AKR7A2. L’ultima sezione presenta dati originali, non ancora pubblicati, sulla 

diversit� di AKR7A2 nelle popolazioni appartenenti al pannello HGDP. Gli articoli e i dati 

originali aggiungono nuovi elementi all’interpretazione della complessa distribuzione della 

variabilit� genetica, su scala continentale e subcontinentale. I lavori sulla variabilit� del 

cromosoma Y mostrano che l’eterogeneit� a livello microgeografico � la regola piuttosto che 

l’eccezione. Tale quota di variabilit� pu� dimostrarsi un’utile risorsa quando si studia la 

selezione naturale. La parte originale del lavoro consente di identificare AKR7A2 come un 

sistema genetico in cui intervengono fattori di complicazione quali la selezione naturale e la 

ricombinazione. Il presente lavoro, infine, rappresenta un tentativo di valutare l’efficacia di 

metodi di analisi alternativi rispetto a quelli classici proposti dalla genetica di popolazione, 

introducendo una prospettiva inter-specifica.



II

SUMMARY

The present work represents the commencement of a comparison between the patterns of 

diversity detected in several human populations at AKR7A2 (a gene of pharmacogenetics 

relevance known to catalyze the NADPH-dependent reduction of SSA to GHB in human brain) 

and the Y chromosome, this latter considered as a paradigm of neutrality. The present work is 

then organized into sections. The first section (Chapters 2-4) summarizes the properties of the 

male specific portion of the Y chromosome (MSY) which are useful for population genetics 

studies. Two chapters (3-4) present published works which explore features of Y chromosome 

diversity in the same populations also analyzed for AKR7A2. The last section  (Chapter 6) 

presents original, yet unpublished data on variation of AKR7A2 as determined in the same 

populations, which thus represent the first step towards a comparison between the two sets of 

data. The entire production of articles and original data presented here contributed in unveiling 

the complex scenario of distribution of genetic variation, both at a continental and sub-

continental scale. In fact, our works on Y chromosome variation show that local heterogeneity 

is the rule rather than the exception. Local variations thus appear to be a useful resource, 

especially when natural selection is involved. The original part of the work allows to identify 

AKR7A2 as a genetic system in which factors of complication intervene, e.g. natural selection 

and, recombination. Moreover, the second part of the present work represents an attempt to 

assay the power of methods of analysis different from those of classical population genetics,

introducing an inter-specific perspective.
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CHAPTER 1

INTRODUCTION

The identification of alleles that have been subjected to positive natural selection during 

recent human evolution is one of the challenges in human biology. The best examples derive 

from candidate genes for which there are prior hypotheses of selection. These studies combined 

the analysis of interspecific divergence, molecular diversity associated with allelic variants and 

polymorphism in human populations (for a review see Sabeti et al. 2006). 

Most models for the dispersal(s) of early humans out of Africa about 100-50 kya assume 

that only a subset of the African genetic variation left the continent: the effects are still traceable 

in the extant distribution of genetic variation in human populations (Excoffier 2002; Garrigan 

and Hammer 2006). Modern humans spreading in Asia, Europe, Oceania and, later, America 

encountered different climates, pathogens, toxins and sources of food, which generated 

differential selective pressures requiring local specific adaptive capabilities. More recent 

marked changes in population size, population density and cultural conditions could have 

further modified the effects of selective pressures, depicting a complex scenario for the 

distribution of genetic variation in human populations (Neel 1962). In fact, genetic variation 

may have been adaptive in certain environments and more neutral in others; this would have 

balanced and maintained variation across different environments or populations, resulting in, 

for example, geographic clines in allele frequencies (Cavalli-Sforza et al. 1994; Chikhi et al.

1998). Recent data confirm this expectation for metabolic genes (Hancock et al. 2008).

Until recent times, genetic variation has been considered mostly neutral (Bamshad and 

Wooding 2003). According to the neutral theory of molecular evolution, the patterns of protein 

polymorphism seen in nature are more compatible with the hypothesis that most polymorphisms 

and fixed differences between species are selectively neutral; thus, polymorphisms are 
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eliminated or fixed in populations as a consequence of the stochastic effects of genetic drift 

(Kimura 1985).

In contrast with this model, many recent studies have published nucleotide

polymorphism data consistent with a role of natural selection in shaping a major quota of 

genetic variation distribution, in a directional and/or a balanced fashion. A genome-wide survey 

of  >11,000 genes in 39 subjects of Caucasian and African ancestry led Bustamante et al. (2005) 

to conclude that variation in coding sequences is mainly shaped by weak negative selection. 

Recently, the Hap-Map phase II data (International Hap-Map Consortium 2007) supported this 

view, based on the observation of on excess of rare non-synonymous coding variants.

Analyses of specific genes have produced clear cut results. Evans et al. (2004, 2005) revealed 

signatures of strong positive selection in the lineage leading to humans in the form of an excess 

of nonsynonymous substitutions in the coding region of Microcephalin, a gene controlling 

human brain size. Intra-specific human variation confirms that the gene continues to evolve 

adaptively in human populations, although the expected pattern of phenotypic variation was not 

observed (Woods RP, Freimer NB, De Young JA et al (2006) Normal variants of Microcephalin 

and ASPM do not account for brain size variability (Hum Mol Genet 15:2025-2029).

Nucleotide diversity estimates and LD (Linkage Disequilibrium) simulations indicate 

that several G6PD alleles may have been recently driven to intermediate frequencies by positive

selection in the last 10 ky (Sabeti et al. 2002; Tishkoff et al. 2001), i.e. over a period which is 

associated with the onset of severe malaria in human populations (Livingstone 1971). Thus, 

G6PD replacement SNPs may have recently reached intermediate frequencies, but have been 

maintained by balancing selection for resistance to malaria across global groups where malaria 

is prevalent (Verrelli et al. 2002).

Bersaglieri et al. (2004) demonstrated that strong positive selection occurred in a large 

region of the genome that includes the Lactase gene, after the separation of European-derived 
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populations from Asian- and African-derived populations, likely after the colonization of 

Europe, in response to new dietary habits related to the introduction of dairy farming (Beja-

Pereira et al. 2003). Moreover, positive selection of strong intensity is expected to drive alleles 

towards fixation in a fast and very geography-dependent manner. This has been recently 

exemplified by Tishkoff et al. (2007) for the parallel increase in frequency of lactase persistence 

in Europe and Africa.

Also for genome regions long considered as a paradigm of neutrality, such as mtDNA, 

the hypothesis of a role of natural selection in shaping the overall diversity has been 

reconsidered (Mishmar et al. 2003; Ruiz-Pesini et al. 2004).

Due to such increasing evidence, discriminating between selective signatures and 

neutral, historically shaped, variation becomes crucial to make unbiased inferences on both 

functional variants and past demographic processes.

EXAMPLES OF CONSTRUCTION OF NULL HYPOTHESES AND THEIR TESTING

The correct interpretation of a neutrality test strongly relies on the formulation of an 

appropriate null hypothesis against which to test the data for evidence of natural selection. 

Kimura’s theory of neutrally evolving mutations is the backbone on which readily testable null 

hypotheses (also expanding beyond the species level) have been developed.

Another possibility is to compare many non-neutral hypotheses using a likelihood 

framework, rather than adopting a simple neutral null hypothesis. The problem existing with 

these methods is that they are computationally intensive. In fact, as evolutionary models 

become more complex, more parameters are required, and the information in the data can be 

spread more thinly amongst them. Consequently, also more data are often required to maintain 

similar levels of certainty when more complex models introduce new parameters.
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INTER-SPECIFIC LEVEL

The neutral rate of nucleotide substitution provides a benchmark that can only be 

exceeded when positive selection also contributes to the substitution process. As a consequence, 

the ratio between the rate of the non-synonymous DNA substitutions (those involving an amino 

acid replacement) per site (Ka) to the estimated rate of synonymous changes (Ks) in the same 

protein (Ka/Ks), can be calculated for inferring the action of positive selection . Ka/Ks>1 ratios 

have been taken as evidence for directional selection favouring certain amino acid replacements

(Yang and Nielsen . 2000; Yang et al. 1997; Yang and Nielsen 2002).

However, this criterion is considered extremely stringent; in fact the most useful

applications of this test have been those restricted to specific functional domains of a protein 

(Hughes et al, 1988; 1989; 1994). More recently, less stringent criteria have been used, with the 

introduction of a comparative evaluation of Ka/Ks ratio in extended inter-specific comparisons

(Dorus et al. 2004).

The comparison of within-species polymorphism and between-species divergence can be 

extended also over different loci. Under the hypothesis of neutrality, in fact, the Ka/Ks ratio not 

only should be equal for different species, but also for different genomic regions across species. 

The Hudson-Kreitman-Aguadè test (Hudson et al. 1987) attempts to control for differences in 

neutral mutation rates between two loci (or sequences) that might be caused by differences in 

the level of selective constraint acting in each locus, under the assumption of no recombination 

within loci and free recombination between loci.

Genetic variants that alter protein function are usually deleterious and are thus less likely 

to become common or reach fixation (i.e., 100% frequency) than are mutations that have no 

functional effect on the protein (i.e., silent mutations). Positive selection over a prolonged 

period, however, can increase the fixation rate of beneficial function-altering mutations, and 

such changes can be measured by comparison of DNA sequence between species. The increase 
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can be detected by comparing the rate of non-synonymous (amino acid–altering) changes with 

the rate of synonymous (silent) or other presumed neutral changes, by comparison with the rate 

in other lineages, or by comparison with intraspecies diversity (Bustamante et al. 2005). One 

extreme example of this kind of signature is found in the gene PRM1, which has 13 non-

synonymous and 1 synonymous differences between human and chimpanzee (Sabeti et al.

2006). Statistical tests commonly used to detect this signature include the Ka/Ks test, relative 

rate tests, and the McDonald-Kreitman test (MK). The McDonald-Kreitman (McDonald and

Kreitman 1991) test is a powerful test of neutral molecular evolution; furthermore, it can be 

used to infer the proportion of substitutions driven by positive adaptive evolution (Charlesworth 

1993; Akashi 1999; Fay et al. 2001; Smith and Eyre-Walker 2002). Under the MK test, the 

pattern of evolution within a species is compared to that between species, for two different

types of site. Typically the data are divided into synonymous and nonsynonymous sites. 

Similar tests can also be applied to other functional sites, such as non-coding regulatory 

sequences, and their development is an area of active research. This signature can be detected 

over a large range of evolutionary time scales. Moreover, it focuses on the beneficial alleles 

themselves, eliminating ambiguity about the target of selection.

Its power is limited, however, because multiple selected changes are required before a gene will 

stand out against the background neutral rate of change. It is thus typically possible to detect 

only ongoing or recurrent selection. In practice, when the human genome is surveyed in this 

manner, few individual genes will give statistically significant signals, after correction for the 

large number of genes tested. However, the signature can readily be used to detect positive 

selection across sets of multiple genes. For example, genes involved in gametogenesis clearly 

stand out as a class having a high proportion of non-synonymous substitutions (Nielsen et al.

2005; Chimpanzee Sequencing and Analysis Consortium 2005).
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INTRA-SPECIFIC LEVEL

Major advances in the description of intra-specific variation derive from the coalescent 

theory (for a review see Rosenberg and Nordborg 2002; Stephens 2001; Wakeley 2003). This 

leads to a steady state expected distribution of variants in a given sample, which can be 

summarized into two measures: Theta(pi) or the mean heterozygosity for nucleotide and 

Theta(S), a measure of the number of alleles expected in the sample. The two have the same

expectation and their comparison is the basis of the measure Tajima’s D (TD) (Tajima 1989).

Deviations from the neutral hypothesis distort this pattern in different ways. Variations in 

population size and the presence of positive selection both represent deviations and can overlap 

their effects. For example, positive selection acting on a specific variant which is being driven 

to fixation causes this variant to increase its frequency to the exclusion of the remaining 

variants. This will cause a decrease of the overall level of polymorphism [Theta(pi)] more 

pronounced than the number of polymorphic alleles, i.e.: a negative TD. On the other hand, a 

recent population expansion causes more newly arisen variation to survive in the population, 

generating what is known as a star phylogeny of molecular types. In this case, the number of 

alleles increases more rapidly than the overall level of polymorphisms, also generating a 

negative TD. Thus, numerically similar values of TD may originate from different processes, 

with the notable exception that the demographic effects should be detectable on all genes, 

whereas the selection effect only on the target locus (Luikart et al. 2003).

Derived (that is, not ancestral) alleles arise by new mutation, and they typically have 

lower allele frequencies than ancestral alleles. When an allele is strongly beneficial and its 

frequency grows rapidly (selective sweep), however, derived alleles linked to the beneficial 

allele can hitchhike to high frequency. Because many of these derived alleles will not reach 

complete fixation (as a result of an incomplete sweep or recombination of the selected allele 

during the sweep), positive selection creates a signature of a region containing many high-
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frequency derived alleles (Bamshad and Wooding 2003). A good example of this kind of

signature is the 10-kb region around the Duffy red cell antigen (FY), which has an excess of 

high-frequency derived alleles in Africans, thought to be the result of selection for resistance to 

P. vivax malaria (Sabeti et al. 2006). The most commonly used test for derived alleles is the Fay 

and Wu’s H test. In practice, the ancestral allele is inferred from the allele present in closely 

related species, with the assumption that mutation occurred only once at this position and that it 

occurred after the two species diverged. Determination of the ancestral allele in humans is 

facilitated by the availability of the chimpanzee genome sequence and by the growing data from 

additional primate genomes (Chimpanzee Sequencing and Analysis Consortium 2005). The 

derived-alleles signature differs from the rare-allele signature discussed above in two important

ways. First, different demographic effects are potential confounders [for example, population 

expansion is a major confounder for rare-alleles tests but not for derived alleles tests]. Second, 

the signature persists for a shorter period because high frequency derived alleles rapidly drift to 

or near fixation.

When geographically separate populations are subject to distinct environmental or 

cultural pressures, positive selection may change the frequency of an allele in one population 

but not in another. Relatively large differences in allele frequencies between populations (at the 

selected allele itself or in surrounding variation) may therefore signal a locus that has undergone 

positive selection. For example, the FY*O allele at the Duffy locus is at or near fixation in sub-

Saharan Africa but rare in other parts of the world, an extreme case of population 

differentiation. Similarly, the region around the LCT locus demonstrates large population 

differentiation between Europeans and non-Europeans, reflecting strong selection for the lactase 

persistence allele in Europeans. Commonly used statistics for population differentiation include 

Fst and  pexcess (Sabeti et al. 2006).
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DESIGNING A POPULATION GENOMICS STUDY

When scanning large gene sets for evidences of selective signatures, it is important to 

have a priori hypotheses or strong candidate genes to test. “Fishing expeditions”, in fact, are 

susceptible to detecting false positives and drawing erroneous conclusions. When a formal 

population genomic approach is not applicable, it is anyway possible to test for selection by 

comparing the pattern of variation at a candidate locus with the genome-wide pattern estimated 

from a set of neutral markers typed in the same individuals or population, or by comparison 

with available summary statistics estimated from hundreds of coding and non-coding regions 

(Stephens et al. 2001a). Whatever is the choice, the strength of this approach relies on the 

capability to define the baseline of neutral variation against which testing for any selective 

signature.

Among the most promising candidates to test for a signature of local positive selection 

are genes that encode drug metabolizing enzymes. Many of these genes show marked 

differences in allele frequencies between populations, and gene variants have been associated 

with variable responses to foods and drugs (Wilson et al. 2001).

The present work represents the commencement of a comparison between the patterns of 

diversity detected in several human populations at AKR7A2 (a gene of pharmacogenetics 

relevance) and the Y chromosome, this latter considered as a paradigm of neutrality. The 

present work is then organized into 4 sections. The first section (Chapter 2) summarizes the 

properties of the male specific portion of the Y chromosome (MSY) which are useful for 

population genetics studies. Two sections (Chapters 3-4) present published works which 

explore features of Y chromosome diversity in the same populations also analyzed for 

AKR7A2. The last section (Chapter 6) presents original, yet unpublished data on variation of 

AKR7A2 as determined in the same populations, which thus represent the first step towards a 

comparison between the two sets of data.
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CHAPTER 2

FEATURES OF THE Y CHROMOSOME DIVERSITY

The male specific portion (MSY) has several useful properties: 1. the availability of 

numerous SNPs with a robust phylogeny; 2. the availability of numerous microsatellites to

further explore diversity within each SNP-defined lineage; 3. the haploid state in males which 

makes the haplotype reconstruction immediate; 4 a large accumulation of interpopulation 

variation, due to its reduced effective population size (expected Fst 4 times larger than 

autosomal loci).

1. The MSY consists of ~60 Mb of DNA, 30 of which represent the euchromatic portion 

(Skaletsky et al. 2003). This amount of genetic material contains markers that belong to the 

same classes observed in the autosomes and thus represent a repertoire larger than in 

mitochondrial DNA (mtDNA). In the MSY, variation in the modules of alphoid DNA, deletions 

and inversions of large stretches of DNA are observed, as well as variations of smaller 

magnitude such as Alu insertions, single nucleotide polymorphisms (SNPs) and variation in the 

2-5 bp repeats of microsatellites (STRs). All of the above, alone or in combination, have been 

used for population studies but SNP and STR are by far the most popular. 

In the Y literature, SNPs are often referred to as stable binary or biallelic markers as they 

arise by mutational events that occur with a very low frequency (of the order of 10-8/base 

pair/generation). The consequence is that the chance of two consecutive events hitting exactly 

the same nucleotide pair is very low. Considering more than one position on the same DNA 

molecule, the particular combination of allelic variants (the haplotype) thus represents a record 

of all mutational events occurred on the lineage leading to that haplotype. Alleles shared by two 

haplotypes testify of their common ancestry, whereas alleles which differentiate two haplotypes 

testify that they belong to lineages that diverged some time in the past and, since then, 

accumulated a different series of mutations. All haplotypes based on SNPs can be then viewed 
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as the final branches (leaves) of a phylogenetic tree ( Karafet et al.2008). The root of the tree is 

represented by an haplotype (not necessarily found today and thus to be inferred) carrying the 

ancestral state at all positions found to be variable today. This is also called Most Recent 

Common Ancestor (MRCA), to signify that all variation existing when the MRCA existed, or 

earlier, has gone extinct. Each lineage defined by biallelic markers is referred to as a 

haplogroup, whereas the term haplotype has been restricted to a combination of alleles at STRs 

(see below). 

2. Another important class of markers is represented by Short Tandem Repeats (STRs). 

These include loci with different length of the basic repeat and extensive searches for 

developing them as markers have been performed (Kayser et al. 2004 and refs. therein). In any 

case, the monophyletic origin of STR alleles cannot be assumed, as any allele of a given size 

can be generated by a number of events from an entire set of parental alleles. Mutation rates at 

STR loci are orders of magnitude higher than for SNPs, with a relevant heterogeneity among 

loci. Estimates of mutation rates can be obtained by a variety of direct methods, i.e. comparison 

of father's vs. son's haplotypes (see the compilation by Gusmao et al. 2005) as well as changes 

in allele sizes in deep-rooting pedigrees (Heyer et al. 1997; Bianchi et al. 1998; Foster et al. 

1998). Evolutionary methods can be also used. Luca et al. (2005) used coalescent 

reconstructions and obtained locus-specific values comparable to those of the previous methods. 

Zhivotovsky et al. (2004) obtained an average mutation rate from population rather than family 

data, considering known foundation events as starting points for the production of the level of 

diversity observed today.

3. The Y is known as a chromosome that determines, as a whole, the male sex and has no 

homologue in the individual's chromosome set. However, from the Mendelian point of view, it 

consists of three distinct portions, known as PAR1 (Pseudo-autosomal), MSY and PAR2 (for a 

review see Jobling and Tyler-Smith 2003). The MSY is the only portion that is entirely 
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transmitted from male to male, being free from homologue-homologue recombination (i.e. with 

the X chromosome). Typically, the subject's haplotype is transmitted unaltered to his male 

offspring except when a mutation occurs. This haploid state renders markers of the MSY 

particularly easy to type as only one allele has to be detected and no phase reconstruction is 

required.

4. The MSY occupies a special place in population genetics theory, as it is a uniparental 

marker in much the same way as the mtDNA, but with some peculiar features.

The MSY long revealed a low level of diversity per unit of DNA length (Malaspina et al. 

1990; Shen et al. 2000), which was compensated only by specific searches in regions 

particularly prone to mutation (Wilder et al. 2004a). These findings were interpreted as a 

signature of possible selection on the chromosome, with a consequent young genealogy 

(Thomson et al. 2000), even younger than mtDNA. However, in recent years, it is becoming 

increasingly clear that the role of other factors which affect the evolutionary rate have not been 

taken in due account (Wilder et al. 2004b). In fact, multiple features of human reproductive and 

migratory behaviour cause populations to depart from panmixia. 

The MSY markers showed the highest quotas of population divergence among continents 

ever recorded for different portions of the genome (Hammer and Zegura 2002; Romualdi et al. 

2002). When the role of mutation rate was kept putatively constant by using NRY markers and 

markers with a similar sequence from the X chromosome, world populations showed a higher 

degree of structuring for the MSY at the inter- and intra-continental scale (Scozzari et al. 1997; 

Karafet et al. 1998). Seielstad et al. (1998) compiled data showing a stronger dependance of 

between-population differentiation on distance for the MSY as compared to both the autosomes 

and mtDNA, and proposed the idea of a higher proportion of females than males migrating at 

each generation, increasing the female-mediated gene flow and reducing divergence for all 

portions of the genome except the MSY (see also Kayser et al. 2001). Others (Malaspina et al. 
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2000; Karafet et al. 2001) showed that the same regression changes dramatically depending on 

the geographic area from which populations originated, replicating findings from large datasets 

of classical genetic markers (Cavalli-Sforza and Feldman 2003). Finally, Wilder et al. (2004a)

dismissed the hypothesis that patterns of genetic structure on the continental and global scales 

are shaped by the higher rate of migration among females than among males.

CHAPTER 3

FEATURES OF THE Y CHROMOSOME DIVERSITY: PAPER 1

Y-Chromosomal variation in the Czech Republic

In order to analyse the contribution of the Czech population to the Y-chromosome 

diversity landscape of Europe and to reconstruct past demographic events, we typed 257 males 

from 5 locations for 21 UEPs. Such sampling has allowed to test the hypothesis of the presence 

of a line of fault in the frequencies of some haplogroups through central Europe, that had 

repeatedly been hypothesized in the literature (Kayser et al. 2005). We verified that such line 

exists, but within the Czech Republic it is not as sharp as at the German-Polish border. Thanks 

to the joined study of SNP and microsatellites, we succeeded in identifying a signal of 

demographic expansion of the population, that is to be assigned to the bronze age. This 

represents a relevant correlation with archaeological evidence. 141 carriers of the 3 most 

common haplogroups were typed for 10 microsatellites and coalescent analyses applied. Sixteen 

haplogroups characterized by derived alleles were identified, the most common being R1a-

SRY10831 and P-DYS257*(xR1a). The pool of haplogroups within I-M170 represented the 

third most common clade. Overall, the degree of population structure was low. The ages for Hg 

I-M170, P-DYS257*(xR1a) and R1a-SRY10831 appeared to be comparable and compatible 

with their presence during or soon after the LGM. A signal of population growth beginning in 
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the 1st millennium B.C. was detected. Its similarity among the three most common Hgs 

indicated that growth was characteristic for a gene pool that already contained all of them. The 

Czech population appears to be influenced to a very moderate extent by genetic inputs from 

outside Europe in the post-Neolithic and historical times. Population growth post dated the 

archaeologically documented introduction of Neolithic technology and the estimated central 

value coincides with a period of repeated changes driven by the development of metal 

technologies and the associated social and trade organization.
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ABSTRACT To analyze the contribution of the Czech
population to the Y-chromosome diversity landscape of
Europe and to reconstruct past demographic events, we
typed 257 males from five locations for 21 UEPs. More-
over, 141 carriers of the three most common haplogroups
were typed for 10 microsatellites and coalescent analyses
applied. Sixteen Hg’s characterized by derived alleles
were identified, the most common being R1a-SRY10831
and P-DYS257*(xR1a). The pool of haplogroups within
I-M170 represented the third most common clade. Over-
all, the degree of population structure was low. The ages
for Hg I-M170, P-DYS257*(xR1a), and R1a-SRY10831
appeared to be comparable and compatible with their
presence during or soon after the LGM. A signal of popu-

lation growth beginning in the first millennium B.C. was
detected. Its similarity among the three most common
Hg’s indicated that growth was characteristic for a gene
pool that already contained all of them. The Czech popu-
lation appears to be influenced, to a very moderate ex-
tent, by genetic inputs from outside Europe in the post-
Neolithic and historical times. Population growth post-
dated the archaeologically documented introduction of
Neolithic technology and the estimated central value
coincides with a period of repeated changes driven by
the development of metal technologies and the associ-
ated social and trade organization. Am J Phys Anthropol
132:132–139, 2007. VVC 2006 Wiley-Liss, Inc.

The male-specific portion of the human Y chromosome
(MSY) represents, together with mtDNA, an uniparen-
tally inherited polymorphic system. This property is also
associated with the ability of the MSY to detect high lev-
els of structure within and between populations. In fact,
not only the male-specific portion of the human Y chro-
mosome (MSY) is represented in numbers 1/4 and 1/3
than the autosomes and the X chromosome, respectively,
but it is also influenced by the action of additional fac-
tors that further reduce its effective population size.
These include variance in family size and heritability of
reproductive success (Austerlitz and Heyer, 2000; Heyer
et al., 2005), both of which could be influenced by social
rank and other cultural features in addition to biological
determinants (Zerjal et al., 2003). The overall result is a
very fast divergence attributable to stochastic factors
which, in populations at the sub-continental scale and in
the short term, can largely override limited gene flow
and the possible action of natural selection.
Major advances in reconstructing the particular real-

ization of the build-up of MSY diversity in the whole
world, as well as in more local populations include: a)
the ever-increasing detail of MSY phylogeny based on
indel and other binary markers with low recurrence of
mutation (Y Chromosome Consortium, 2002; Jobling and
Tyler-Smith, 2003); b) the estimation of the antiquity of
lineages based on either the infinite site mutation model
for binary markers with negligible recurrence of muta-
tion (UEP) or the stepwise mutation model for micro-
satellite variability into the UEP lineages, with a variety
of methods (Wilson and Balding, 1998; De Knijff, 2000;
Stumpf and Goldstein, 2001; Di Giacomo et al., 2004;
Zhivotovsky et al., 2004; Luca et al., 2005); c) the use of

coalescent methods to quantify processes of population
growth and infer events of subdivision from the observed
distribution of molecular types (Weale et al., 2002; Kas-
peraviciute et al., 2004).
Evidence for a strong structure of the extant popula-

tions of Europe for the MSY has been accumulating by
analyses of independent sets of binary indel and Single
Nucleotide Polymorphisms (SNP) markers (Rosser et al.,
2000; Semino et al., 2000). More recent studies, consider-
ing both spatial frequency patterns of haplogroups (Hg)
with varying degrees of phyletic affinity and their age
estimates, have identified clear patterns in the geo-
graphic distributions of haplotypes or Hg’s as well as
sharp genetic boundaries (Cruciani et al., 2004; Rootsi
et al., 2004; Semino et al., 2004). They have proposed
models for the underlying population movements, with a
mainly prehistorical temporal assignment. In addition,
analyses focused on specific Hg’s or limited geographic
regions displayed the outcome of post-Neolithic popula-
tion processes (Di Giacomo et al., 2004; Pericic et al.,
2005). Finally, the analysis of a large database of micro-
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satellite data has confirmed the main picture of the MSY
geography in Europe, but has also highlighted the signa-
ture of more recent population events (Kayser et al.,
2005; Roewer et al., 2005).
Here we report on the results of the characterization

of MSY diversity in a population of central Europe as
obtained with a sampling scheme that detected popula-
tion substructure in other European countries (Mala-
spina et al., 2000; Stefan et al., 2001; Brion et al., 2004;
Roewer et al., 2005). Indeed, the area here investigated
is crucial to understanding the origin of the present-day
genetic landscape of the Continent, as it lies on routes
that had inevitably to be involved in a wide range of
processes, including repopulation events from glacial ref-
ugia, population inputs from the Asian-European border,
as well as local expansions triggered by major technolog-
ical advances.
In this paper we specifically tested the hypothesis that

MSY diversity in the Czech Republic retains a signature
of a sudden population expansion as documented in the
local archaeological record.

MATERIALS AND METHODS

Subjects

We studied an overall number of 257 males collected
in the five sampling locations shown in Figure 1. These
are arranged along a West-to-East transect in the south-
ern part of the Czech Republic. The linear distances
between consecutive locations are, from West to East,
65, 65, 65, and 50 km, respectively. Full informed con-
sent was obtained from all participants in this study.

DNA typings

We used 21 UEP markers, i.e. SRY10831, M78, M201,
DYS221136, M170, M253, P37, M26, M223, M267, M172,
M67, M9, LLY22g, Tat, DYS257(p27), M56, M157, M87,
the YAP element insertion/deletion polymorphism, and
the rearrangement detected by probe p12f2. These allow
the recognition of the haplogroups (Hg’s) listed in Table
1. The Y Chromosome Consortium (2002) nomenclature

for the I clade was revised according to new phylogeny
reported by Underhill et al. (2005). Chromosomes that
cannot be assigned to any of the above Hg’s are classified
as Y*(xA,DE,G,I,J,K).
We used the following sequential typing scheme to

determine Hg frequencies. YAP (Hammer and Horai,
1995) and DYS257 (Hammer et al., 1998) were typed in
all subjects. p12f2 (Rosser et al., 2000) was typed on all
YAP(�)/DYS257(G). All subjects producing a positive
p12f2 amplification were typed with multiplex 1 (see
below). LLY22g, Tat, and M9 (Underhill et al., 1997; Zer-
jal et al., 1997) were tested sequentially on all subjects
carrying ancestral alleles at all markers in multiplex 1.
Finally, all unclassified subjects were tested for SRY10831

to detect Hg A. Within each Hg the remaining markers
were assayed when appropriate: SRY10831 (Kwok et al.,
1996) within P-DYS257; M267, M172, and M67 (Mala-
spina et al., 2001; Underhill et al., 2001) within J-p12f2;
M253, M223 (multiplex 2), and P37 (YCC, 2002) within
I-M170; DYS221136 (Hammer et al., 2001) within G-
M201; M78 (Underhill et al., 2000) within DE-YAP; M56,
M87, and M157 (Underhill et al., 2000) within R1a-
SRY10831. These latter were used to search for additional
variation within R1a-SRY10831, as originally described in
Asia, but they turned out to be monomorphic and thus
uninformative in this population. On the whole, in this
scheme Hg P-DYS257*(xR1a) is relatively ill-defined.
However it has been shown that the bulk of these chro-
mosomes in Europe are also derived at M173, P25, and
M269 (Jobling and Tyler-Smith, 2003).
The YAP insertion and p12f2 rearrangement were

typed by PCR, followed by direct visualization on aga-
rose gels. M9, LLy22g, Tat, M78, and DYS257 were
typed by restriction with HinfI, HindIII, Hsp92II, AciI,
and BanI, respectively. M67, M172, DYS221, and M267
were typed by ASO probe hybridization (Di Giacomo
et al., 2003, 2004). P37, M56, M87, and M157 were also
typed by ASO hybridization, with probes and conditions
listed in Table 2.
Multiplex reactions 1 and 2 were developed as fast

assays for three and two loci, respectively (Table 3).
Each set of loci was multiplexed in a 20 ll reaction with

Fig. 1. Map of the Czech Republic showing the sampling locations.
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2.5 mM MgCl2, 0.125 mM dNTPs, 0.375 ng/ll BSA, and
0.5 U Taq Polymerase for 33 cycles (948C, 20 s; 568C,
1 min; 728C, 1 min). One micro liter of each reaction was
then reamplified with one of the original primers and
two internal fluorescently labeled allele-specific primers
(Table 3) in a 10 ll reaction with 2.0 mM MgCl2, 0.20

mM dNTPs, 0.5 ng/ll BSA, and 0.5 U Taq Polymerase
for 18 cycles (948C, 30 s; 428C, 1 min; 728C, 30 s). Two
micro liters of the product were mixed with 12 ll of form-
amide, loaded on an ABI 310 automated sequencer and
analyzed with the GeneScan software with Tamra as in-
ternal standard. Allele states were identified by black
(ancestral) or blue (derived) peaks of locus-specific size.
We also typed 141 subjects carrying Hg’s I*(xI1,I2a,I2b1),

I1-M253, I2a-P37, I2a1-M26, I2b1-M223, P-DYS257*(xR1a),
and R1a-SRY10831 with the following microsatellite markers
(Butler et al., 2002): YCA2A, YCA2B, YCAIIa, YCAIIb,
DYS385A and B, DYS388, DYS391, DYS426, DYS439,
DYS460, and H4 (individual haplotype data available at
www2.bio.uniroma2.it/biologia/laboratori/lab-geneticaumana/
geneuma-pubb.htm).

Data analysis

Diversity indexes and AMOVA computations were
obtained with the Arlequin 2.000 package (Schneider
et al., 2000). To assay the gradient of Hg differentiation,
we carried out spatial autocorrelation analysis using the
program SAAP (Sokal and Oden, 1978). We performed
several runs using different numbers of distance classes
to faithfully represent the geographical distances among
samples, yet retaining a meaningful number of compari-
sons in each class.
Dating estimates of Hg antiquity based on microsatel-

lite diversity were obtained with the program BATWING
(Wilson and Balding, 1998) under two different condi-
tions: in the first one, all settings for prior distributions
were as described (Arredi et al., 2004; Di Giacomo et al.,
2004). In the second one, the priors for a (the rate of
increase of population size) and b (the time of start of
population growth) were relaxed to UNIFORM (0.0,
0.04) and UNIFORM (0.0, 1.0), respectively, in order to
explore the signature of population growth which is
present in the data. Mutation rates at the 10 STR loci
were given GAMMA (2,1000) as prior. We already vali-
dated these settings (Luca et al., 2005) by observing that
they are able to predict figures for mutation rates
obtained in father-son transmissions (Gusmao et al.,
2005) and that using lower priors for mutation rates pro-
duces convergent results.
For Hg I, information on the phylogenetic relationships

between internal haplogroups was used, with the
‘‘infsites’’ option, which permits only STR trees consistent
with the Single Nucleotide Polymorphisms (SNP) data.
Two I2a1-M26 haplotypes were not considered, as the
multirepeat deletion at YCAIIb found on these chromo-
somes does not conform to the stepwise mutation model
assumed in the method. Each BATWING run consisted of
5,000 Markovian steps, after a warmup of 1,000.
A multidimensional representation of population affin-

ities was obtained by Correspondence Analysis (as imple-
mented in SPSS) on the listing of data from Poland, Ger-
many (Kayser et al., 2005), Croatia, Serbia and Bosnia
(Marjanovic et al., 2005) and Italy (our unpublished
data). This required some approximation in Hg assign-
ment across studies, e.g. lumping of F*(xJ2,K), G*, J1
and the uncharacterized Hg’s into a single category.

RESULTS

Haplogroup frequencies are reported in Table 1. The
diversity between population samples was very low, with
an undetectable overall Fst. R1a-SRY10831 is the single

TABLE 1. Haplogroup absolute and relative frequencies
in the five Czech sampling locations

Haplogroup

Location

Klatovy Pisek J.Hradec Trebic Brno Total

DE-YAP*(xE3b1)
N 0 0 1 1 0 2
% 0 0 2.0 2.0 0 0.8

E3b1-M78
N 2 1 4 3 3 13
% 4.2 1.5 8.2 6.1 6.5 5.1

G-M201*(xG2)
N 1 0 1 0 0 2
% 2.1 0 2.0 0 0 0.8

G2-P15
N 3 4 2 2 0 11
% 6.3 6.2 4.1 4.1 0 4.3

I-M170* (xI1,I2a,I2b1)
N 0 3 2 0 0 5
% 0 4.6 4.1 0 0 1.9

I1-M253
N 2 5 1 1 4 13
% 4.2 7.7 2.0 2.0 8.7 5.1

I2a-P37
N 7 6 2 2 2 19
% 14.6 9.2 4.1 4.1 4.3 7.4

I2a1-M26
N 0 0 0 2 1 3
% 0 0 0 4.1 2.2 1.2

I2b1-M223
N 3 2 2 0 0 7
% 6.3 3.1 4.1 0 0 2.7

J-p12f2*(xJ1,J2)
N 0 1 0 0 2 3
% 0 1.5 0 0 4.3 1.2

J1-M267
N – – – – – –
% – – – – – –

J2-M172*(xJ2f)
N 1 1 1 3 0 6
% 2.1 1.5 2.0 6.1 0 2.3

J2f-M67
N 0 1 0 1 1 3
% 0 1.5 0 2.0 2.2 1.2

K-M9*(xP,N)
N 0 1 0 0 0 1
% 0 1.5 0 0 0 0.4

N-LLY22g*(xN3)
N – – – – – –
% – – – – – –

N3-Tat
N 0 2 1 1 0 4
% 0 3.1 2.0 2.0 0 1.6

P-DYS257*(xR1a)
N 11 19 13 16 13 72
% 22.9 29.2 26.5 32.7 28.3 28.0

R1a-SRY10831

N 17 19 16 17 19 88
% 35.4 29.2 32.7 34.7 41.3 34.2

Y*(xA,DE,G,I,J,K)
N 1 0 3 0 1 5
% 2.1 0 6.1 0 2.2 1.9

Total
N 48 65 49 49 46 257
% 100.0 100.0 100.0 100.0 100.0 100.0
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Hg showing the highest frequency in the easternmost
sample of Brno. This is in line with the frequency and
continental distribution of this Hg reported by Rosser
et al. (2000), who showed a sharp decline over the tran-
sect here examined. In our data this trend is detected by
spatial autocorrelation (Moran I decreasing from 0.026
to �0.967), though it is not statistically significant.
Given the linear arrangement of the samples, we also
simply regressed Hg frequency on geographic distance,
with insignificant results (r ¼ 0.296; P ¼ n.s.). Further-
more, no clear trend in the parallel decrease in the fre-
quency of P-DYS257*(xR1a) was detected (r ¼ 0.791; P
¼ n.s.). These results point towards a remarkable homo-
geneity among the five population samples, that can be
treated as a single super-sample.
Haplogroup frequencies in the overall sample are in

agreement with those reported in the literature for the
population of the Czech Republic or neighbouring nations.
E3b1-M78 frequency is in the range (2.9%–8%) reported
in countries of central Europe (Cruciani et al., 2004;
Semino et al., 2004). The frequency of G-M201 (inclusive
of G2) agrees with a pattern of leveled frequencies always
lower than 4.4% in central Europe (Semino et al., 2000).
We show here that �80% of the entire haplogroup G-
M201 is accounted for by the derived Hg G2-P15. The G2-
P15 frequency among Czechs is slightly lower than that
found in continental Italy and Greece (6.3 and 6.6%,

TABLE 2. Probe sequences and hybridization and washing temperatures for four loci assayed by dot-blot hybridization

Locus PCR primers Allele AS0-PROBE T (8C)

P37 YCC, 2002 ANC. TTG GTT CAT AGT GTA AA 44
DER. TTG GTT CAC AGT GTA AA 44

M561 Paracchini et al., 2002 ANC. GAT TAC GAA GAA AGG AG 45
DER. GAT TAC GAT GAA AGG AG 45

M871 Paracchini et al., 2002 ANC. GAA TCT TAT ATT TTT GT 40
DER. GAA TCT TAC ATT TTT GT 40

M1571 Paracchini et al., 2002 ANC. AAC AAA AAC AAC CAC AAA T 45
DER. AAC AAA AAC CAC CAC AAA T 46

1 Multiplexed in a single reaction.

TABLE 3. Primer sequences and conditions for the allele-specific assays of multiplex PCR reactions 1 and 2

Reaction 1 Reaction 2

Locus
Primer

concentration1 (lM) Primers
Primer

concentration (lM)
Product
size (bp)

Multiplex 1
M26 0.10 HEX-ATTCAGTGTTCTCTGC 0.15 83

FAM-ATTCAGTGTTCTCTGT 0.11
CCAGTGGTAAAGTTTTATTACAATTT2 0.15

M170 0.08 HEX-CTTAAAATCATTGTTCA 0.20 96
FAM-CTTAAAATCATTGTTCC 0.06
CCAATTACTTTCAACATTTAAGACC3 0.15

M201 0.08 HEX-GTACCTATTACGAAAAC 0.15 152
FAM-GTACCTATTACGAAAAA 0.15
TATGCATTTGTTGAGTATATGTC2 0.15

Multiplex 2
M223 0.17 HEX-GATAAATTTACTTACAGTC 0.15 160

FAM-GATAAATTTACTTACAGTT 0.08
CCTTTTTGGATCATGGTTCTT4 0.15

M253 0.10 HEX-ATAGATAGCAAGTTGAC 0.19 135
FAM-ATAGATAGCAAGTTGAT 0.15
CAGCTCCACCTCTATGCAGTTT5 0.15

1 For both primers; primer sequences as in Underhill et al. (2000).
2 Same as forward primer of Underhill et al. (2000).
3 Same as reverse primer of Underhill et al. (2000).
4 Same as reverse primer of Underhill et al. (2001).
5 Same as reverse primer of Cinnioglu et al. (2004).

Fig. 2. Correspondence Analysis. Two-dimensional plot of
the distribution of populations according to their Hg frequen-
cies. l: Polish samples; n: German samples; ^: Italian sample;
~: Balkan samples; &: Czech samples.
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respectively) (Di Giacomo et al., 2003). The frequencies of
Hg I-M170 and its internal Hg’s here found are very simi-
lar to those previously reported. However, we also found
carriers of I2a1-M26, also in this population associated
with the diagnostic YCAIIb 11 allele (Ciminelli et al.,
1995; Quintana-Murci et al., 1999). This brings the SNP
diversity index for the entire I clade to 0.738, i.e. the
third highest among the large series of European popula-
tions examined (Rootsi et al., 2004). Both Hg’s J-p12f2
and N3-Tat display frequencies lower than 5% in the
overall sample.
The position of Czech samples in the genetic landscape

of central Europe emerges in Correspondence Analysis
(Fig. 2). In the first dimension the Czech samples are
clustered and positioned in between the Polish and Ger-
man samples. In fact Hg’s R1a and N3-Tat (more fre-
quent in Poland) have the largest negative loadings on
this dimension, whereas Hg’s K*-M9 and J2*-M172
(more frequent in Germany and Italy) have the largest
positive ones. The second dimension is mainly contrib-
uted by Hg’s I-M170, E3b1-M78, and K*-M9 (negative
loadings) vs. Hg P-DYS257*(xR1a). Thus, the position of
the three Balkan populations in Figure 2 is in line with
the focal distribution of Hg’s I and E3b1 in this area
(Cruciani et al., 2004; Pericic et al., 2005).
To obtain information on past processes involving the

Czech population, we analyzed the diversity at 10 micro-
satellite loci in the three most common Hg’s (Table 4).
The 10 loci here used produced a very high STR haplo-
type diversity, only slightly diminished in I1-M253, I2a-
P37, and I2b1-M223. I1-M253 and I2b1-M223 indeed
shared YCAII 21-19 as the most common pattern (Rootsi
et al., 2004), but this affinity was not extended to the
rest of the haplotype, in line with the reviewed phylog-
eny. In fact, I2b1-M223 shared DYS391, DYS426, and
H4 modal alleles with I1-M253, but it also shared
DYS388, DYS385b, DYS426, and H4 modal alleles with
I2a-P37. Mean pairwise difference among STR haplo-
types within each Hg was highest for I-M170, but it was
strongly reduced in each of its subclades.
We then applied coalescent dating methods under a

model of population growth in the post-glacial period,
summarized in the prior distributions for a and b. Under
these conditions, the ages of Hg’s I-M170, P-DYS257*
(xR1a), and R1a-SRY10831 turned out to be almost com-

parable, while the ages of I subclades were remarkably
younger than the entire Hg. In our analysis the ages of
I2a-P37 and I2b1-M223 were similar and approximately
one half that of the entire Hg I-M170 clade, whereas
previous results (Rootsi et al., 2004) identified I2b1-
M223 (formerly I1c) as the oldest I subclade.
To exclude that strict ranges for a and b priors played

an overwhelming role on the reconstruction of the co-
alescent process, we relaxed the assumptions on these
parameters by using flat priors. In these conditions Hg
I-M170 as a whole emerges as the oldest, in line with its
presence during or soon after the LGM (Rootsi et al.,
2004). The results confirmed a growth rate in a narrow
range among the three Hg’s, between 0.023 and 0.032,
i.e. a still marked growth rate though lower than before,
paralleled by a more ancient start of growth. The begin-
ning of growth ranges between 97 and 150 generations
ago, i.e. between the second and first millennium B.C. by
considering 30 years/generation (Arredi et al., 2004). The
ages of Hg’s P-DYS257*(xR1a) and R1a-SRY10831 appear
to be only slightly younger but nevertheless place their
origins most likely in the Upper Paleolithic. In summary,
figures for the rate and start of population growth were
similar for the three Hg’s, and indicated that growth
was characteristic for the whole population in a rela-
tively more recent period.

DISCUSSION

We explored diversity of the male-specific portion of
the human Y chromosome (MSY) in five closely spaced
Czech population samples. The Hg’s P-DYS257*(xR1a)
and R1a-SRY10831 establish a major divide across central
Europe, with a line roughly extending from the Adriatic
to the Baltic seas, potentially crossing the transect
examined here. This line separates high frequencies of
R1a-SRY10831 to the East from low frequencies to the
West, with an opposite trend for P-DYS257*(xR1a) (Malas-
pina et al., 2000; Rosser et al., 2000; Semino et al., 2000).
The same line was also detected in an analysis of popula-
tion differentiation at seven microsatellite loci commonly
used in forensics (Roewer et al., 2005). Kayser et al.
(2005) found this sharp genetic boundary to coincide
with the German-Polish border, and interpreted it as the
result of massive population movements associated with

TABLE 4. STR haplotype diversity for three major Hg’s and averages (2.5th to 97.5th percentiles) of posterior
distributions from coalescent analyses for Hg age, natural rate of increase of the population (Alpha), and time since

beginning of population growth (Beta), under different prior conditions

I-M170 I1-M2531 I2a-P371 I2b1-M2231 P-DYS257*(xR1a) R1a-SRY10831

Typed 34 9 14 7 43 62
H2 26 7 10 6 36 41
Mean
pairwise
difference

4.58 6 2.30 2.03 6 1.25 1.94 6 1.17 2.38 6 1.47 3.52 6 1.83 2.98 6 1.58

Diversity 0.978 6 0.014 0.917 6 0.092 0.923 6 0.060 0.952 6 0.096 0.989 6 0.008 0.966 6 0.013
Stringent priors
Age3 534 (261–1,041) 340 (60–1,041) 218 (65–548) 227 (53–623) 581 (22–1,392) 469 (224–1,036)
Alpha 0.040 (0.031–0.050) 0.042 (0.031–0.050) 0.043 (0.031–0.050)
Beta3 58 (34–90) 93 (61–141) 84 (53–132)

Relaxed priors
Age3 497 (234–998) 325 (68–998) 218 (72–548) 229 (54–635) 398 (183–889) 348 (176–697)
Alpha 0.023 (0.003–0.039) 0.031 (0.016–0.040) 0.032 (0.015–0.040)
Beta3 97 (28–217) 150 (97–222) 125 (82–191)

1 Age as midpoint between minimum and maximum.
2 Number of different haplotypes.
3 In generations.
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World War II, superimposed on pre-existing continent-
wide clines. Here we show a very similar composition
among five Czech sub-samples. Equating P-DYS257*
(xR1a) to R1*(xR1a1), and R1a-SRY10831 to R1a1, our sub-
samples display frequencies intermediate between the Pol-
ish and German ones. The overall ratio between the two
Hgs is 1.22 (34.2/28.0) as compared to <1 in Germany and
>3 in Poland. Thus, the Czech Republic appears to be
affected by a much smoother frequency shift, if any, sup-
porting the interpretation by Kayser et al. (2005) for a
very recent origin of the German-Polish discrepancy.
The frequency patterns of other Hg’s contribute to the

description of the Czech population. First, Hg I-M170
frequency is in the range reported for other central Eu-
ropean populations (Semino et al., 2000; Rootsi et al.,
2004; Kayser et al., 2005), with the exception of Balkans
(Marjanovic et al., 2005). All its three common subclades
are represented, and also I2a1-M26 is found, enlarging
to the East the area where this latter Hg is found within
Europe, though at low frequencies (Capelli et al., 2003;
Rootsi et al., 2004). These findings further increase the
SNP diversity within Hg I-M170 and raise questions on
whether the presence of one or more of its internal hap-
logroups (before or after the LGM) has been obscured in
some areas of Europe by the overlay of other Hg’s.
Also, the frequency of YAP+ chromosomes and the large

proportion accounted by E3b1-M78 within this clade, is
in line with other central European results, signed by
Neolithic or post-Neolithic range expansions within the
Continent (Cruciani et al., 2004).
The low frequency of J-p12f2 and its subclades con-

firms the low gene flow with the Mediterranean, from
where this Hg spread into southern Europe (Marjanovic
et al., 2005; Capelli et al., 2006 and references therein).
King and Underhill (2002) associated this Hg with Neo-
lithic inputs into Europe by observing that its presence
predicts the distribution of painted pottery. Also, the
missing Hg J1-M267 denotes very poor contacts with the
Middle East. N3-Tat is a marker of populations who
originally spoke Uralic languages, that is found at high
frequency in the Baltic region (Zerjal et al., 1997). Its
low frequency in the Czech population is in line with a
reduced genetic contribution from northern Europe
(Jobling and Tyler-Smith, 2003).
Overall, these results identify the Czech population as

one influenced to a very moderate extent by genetic inputs
from outside Europe in the post-Neolithic and historical
times. It thus may represent an ideal population to draw
inferences on geographically confined processes that might
have occurred also in other parts of central Europe.
Inferences based on STR variation in the three most

common Hg’s obtained with coalescent methods deserve
careful evaluation. First, even though our sampling was
carried out in a limited geographic area, it returned age
estimates for I-M170, P-DYS257*(xR1a), and R1a-SRY10831

similar to those obtained in reports with a wider geo-
graphical coverage (Kivisild et al., 2003; Cruciani et al.,
2004; Rootsi et al., 2004; Semino et al., 2004; Pericic et
al., 2005). These estimates paralleled the trend in mean
pairwise difference distribution which, however, weights
equally mutation rates across STR loci. Our coalescent
estimates are associated with very large confidence
intervals (up to three fold the average) and, as such, can
only be used with caution to locate in time the age of
Hg’s (molecules). Conservatively, one can simply conclude
that the Czech population harbors a large part of the
STR variation generated in each Hg. With two sets of

prior assumptions, the ages of the three most common
Hg’s turned out to be largely overlapping, and compati-
ble with their presence during or soon after the LGM.
However, a local signal emerged from the distribution

of this diversity, i.e. that of a fast and recent population
growth, which persists even after relaxing the prior
assumptions and is similar for the three Hg’s. This is
summarized by the parameters a and b and their rela-
tively narrow confidence intervals (up to 1.5 fold the av-
erage). Estimation of the b parameter most likely locates
the beginning of this process in the first millennium
B.C., with confidence intervals that are barely compati-
ble with the archaeologically documented introduction of
Neolithic technology in this area (Haak et al., 2005). At
least for the female lineage, these authors found a little
genetic contribution to the present European gene pool
from the first farmers settled in the area. Independently
from the relevance of these data for reconstructing the
genetics of Europe in the early Neolithic (Barbujani and
Chicki, 2006), our central value for population growth
coincides with a later period of repeated changes in the
material cultures in this geographic region, driven by
the development of metal technologies and the associ-
ated social and trade organization (Childe, 1957; Piggott,
1965; Kristiansen, 1998; Kruta, 2000).
In conclusion, the combined use of SNP and STR

markers allowed us to explore different time horizons for
the age of molecules and for the process of population
growth (Barbujani and Chicki, 2006; Torroni et al., 2006).
In fact, our data for the Czech population favor a model in
which the age of the most common MSY molecules and
their presence in the same gene pool largely predate a
consistent population growth. Similar results have been
obtained for Lithuania (Kasperaviciute et al., 2004). Both
regions lie at the north-western and northern edge,
respectively, of the putative homeland (central and south-
eastern Europe) of an aboriginal quota of the molecular
MSY diversity. This offers an unprecedented opportunity
to test alternative models for a continental pattern of di-
versity which is arranged along the southeast-to-north-
west axis (Cavalli-Sforza et al., 1994; Currat and Excoffier,
2005). The question whether this could be the result not
only of a single demic diffusion, but also of the demo-
graphic increases affecting pre-existing local gene pools is
still open (Renfrew, 1979). Examples of recent growth of
pre-existing gene pools adding complexity to simple demic
diffusion models are provided by mtDNA Hg’s HV and
H1 (Torroni et al., 1998), as well as Y chromosomal Hg
R-SRY2627 (Hurles et al., 1999). In order to arrive at a
more complete picture, future research efforts should be
directed towards the study of additional populations from
central and south-eastern Europe with genetic markers
and statistical methods which enable inferences on popu-
lation dynamics. Populations in which a major and recent
admixture can be excluded represent an ideal setting to
perform this search.
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CHAPTER 4

FEATURES OF THE Y CHROMOSOME DIVERSITY: PAPER 2

Tracing past human male movements in northern/eastern Africa and western Eurasia : 

new clues from Y-chromosomal haplogroups E-M78 and J-M12

Detailed population data were obtained on the distribution of novel biallelic markers that finely 

dissect the human Y chromosomal haplogroup E-M78. Among 6501 Y chromosomes sampled 

in 81 human populations worldwide, we found 517 E-M78 chromosomes and assigned them to 

ten sub-haplogroups. Eleven microsatellite loci were used to further evaluate sub-haplogroup 

internal diversification. The geographic and quantitative analysis of haplogroup and 

microsatellite diversity is strongly suggestive of a north-eastern African origin of E-M78, with a 

corridor for bidirectional migrations between north-eastern and eastern Africa (at least two 

episodes between 23.9-17.3 ky and 18.0-5.9 ky ago), trans-Mediterranean migrations directly 

from northern Africa to Europe (mainly in the last 13.0 ky) and flow from north-eastern Africa 

to western Asia between 20.0 and 6.8 ky ago. A single clade within E-M78 (E-V13) highlights 

a range expansion in the Bronze Age of south-eastern Europe, which is also detected by 

haplogroup J-M12. The phylogeography, pattern of molecular radiation and coalescence 

estimates for both haplogroups are similar and reveal that the genetic landscape of this region is, 

to a large extent, the consequence of a recent population growth in situ rather than the result of 

a mere flow of western Asian migrants in the early Neolithic. The results of this paper not only 

provide a refinement of previous evolutionary hypotheses, but also well defined time frames for 

past human movements both in northern/eastern Africa and western Eurasia. As far as Europe is 

concerned this work detected a drastic population burst dated in the third millennium BC in the 

Southern Balkans, which involved also haplogroup J-M12. 
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Universitat de Barcelona, Barcelona, Spain; **The Swedish Museum of Natural History, Stockholm, Sweden; ��Department of
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Detailed population data were obtained on the distribution of novel biallelic markers that finely dissect the human Y-
chromosome haplogroup E-M78. Among 6,501 Y chromosomes sampled in 81 human populations worldwide, we found
517 E-M78 chromosomes and assigned them to 10 subhaplogroups. Eleven microsatellite loci were used to further
evaluate subhaplogroup internal diversification.

The geographic and quantitative analyses of haplogroup and microsatellite diversity is strongly suggestive of
a northeastern African origin of E-M78, with a corridor for bidirectional migrations between northeastern and eastern Africa
(at least 2 episodes between 23.9–17.3 ky and 18.0–5.9 ky ago), trans-Mediterranean migrations directly from northern
Africa to Europe (mainly in the last 13.0 ky), and flow from northeastern Africa to western Asia between 20.0 and 6.8 ky ago.

A single clade within E-M78 (E-V13) highlights a range expansion in the Bronze Age of southeastern Europe, which is
also detected by haplogroup J-M12. Phylogeography pattern of molecular radiation and coalescence estimates for both
haplogroups are similar and reveal that the genetic landscape of this region is, to a large extent, the consequence of a recent
population growth in situ rather than the result of a mere flow of western Asian migrants in the early Neolithic.

Our results not only provide a refinement of previous evolutionary hypotheses but also well-defined time frames for
past human movements both in northern/eastern Africa and western Eurasia.

Introduction

A large number of Y chromosome unique event poly-
morphisms (UEPs) has been reported in the last 7 years (Shen
et al. 2000, 2004; Underhill et al. 2000, 2001; Cruciani et al.
2002, 2004, 2006; The Y Chromosome Consortium 2002;
Hammer et al. 2003; Cinnioğlu et al. 2004; Rootsi et al.
2004; Semino et al. 2004; Wilder et al. 2004; Kayser
et al. 2006; Mohyuddin et al. 2006; Sengupta et al. 2006;
Sims et al. 2007) leading to the identification of hundreds
of Y-specific haplogroups. Most of the terminal branches
of the present Y-phylogenetic tree show a geographic distri-
bution, which is essentially limited to specific continental or
subcontinental areas, mainly as a consequence of the reduced

effective population size of the Y chromosome and/or of the

origin of each branch after major peopling episodes (for a re-

view see Jobling and Tyler-Smith 2003). As previously ob-

served (Cruciani et al. 2004), haplogroup E3b1a (E-M78)

escapes this rule, being present at high frequencies in a wide

area stretching from northern and eastern Africa, Europe,

and western Asia (Underhill et al. 2000, 2001; Bosch

et al. 2001, 2006; Cruciani et al. 2002, 2004; Semino

et al. 2002, 2004; Arredi et al. 2004; Behar et al. 2004;

Cinnioğlu et al. 2004; Flores et al. 2004, 2005; Luis et al.

2004; Shen et al. 2004; Alonso et al. 2005; Goncxalves

et al. 2005; Marjanovic et al. 2005; Peričić et al. 2005;

Sanchez et al. 2005; Wood et al. 2005; Regueiro et al. 2006).
Due to the lack of informative UEPs defining addi-

tional nodes internal to this haplogroup, scholars relied

upon the information provided by network analysis of

fast evolving microsatellites in order to identify putative

monophyletic groups of chromosomes within E-M78

(Cruciani et al. 2004; Semino et al. 2004), an approach

which had been successfully used in the past for an initial

molecular dissection of major unresolved haplogroups

(Malaspina et al. 1998, 2000; Scozzari et al. 1999).
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Cruciani et al. (2006) recently reported on the identi-
fication of 6 new UEPs within the E-M78 clade, 4 of which
seem to be relatively common and informative for evolu-
tionary studies. An evaluation of the correspondence be-
tween the subhaplogroups defined by the new UEPs and
the E-M78 clusters previously identified by microsatellite
network analysis, revealed not only a tight correspondence
between the trees generated by the 2 types of markers but
also important discrepancies, underlining once more that
microsatellite-defined clusters cannot always be considered
monophyletic groups of chromosomes (Cruciani et al.
2006).

In the present study, we provide detailed population
data on the distribution of E-M78 binary subhaplogroups
defined by 10 UEPs (2 of which are here described for
the first time) in a sample of 6,501 Y chromosomes belong-
ing to 81 populations mainly from Europe, western Asia,
and Africa. In order to obtain estimates of internal diversity
and coalescence age of E-M78 subhaplogroups and the as-
sociated human migrations and demographic expansions,
we also analyzed a set of 11 microsatellites. The same
set of microsatellites was also analyzed in a sample of Y
chromosomes belonging to the haplogroup J-M12, whose
geographic distribution in Europe strictly overlaps that of
a single E-M78 subhaplogroup. Our results not only pro-
vide a refinement of previous evolutionary hypotheses
based on microsatellites alone but also well-defined time
frames for different migratory events that led to the dis-
persal of these haplogroups and subhaplogroups in the
Old World.

Subjects and Methods
Subjects

The sample comprised 6,501 unrelated male subjects
belonging to 81 populations worldwide. Appropriate in-
formed consent was obtained from all participants. Geo-
graphic origin and sample size for each population are
reported in table 1 and Supplementary figure 1 (Supplemen-
tary Material online).

Molecular Analysis

Samples were obtained from peripheral blood, cul-
tured cells, hair roots, or buccal swabs, and DNA was ex-
tracted using appropriate procedures (either phenol–
chloroform extraction followed by ethanol precipitation
or purification by QlAamp kit from Qiagen, Milan, Italy).

In all, 6,501 Y chromosomes were analyzed for the
M78 marker (present study and Cruciani et al. 2002,
2004) by the method of Underhill et al. (2000). Among
them, 517 chromosomes carrying the M78-derived T allele
were further genotyped for 10 markers defining internal no-
des, following a hierarchical approach. Typing methods for
8 of these markers (M148, M224, V12, V13, V19, V22,
V27, and V32) were previously described (Underhill
et al. 2000, 2001; Cruciani et al. 2006). Two polymorphic
markers (V36 and V65) are here reported for the first time.
The V36 polymorphism is a T to C transition at position 383
of a 449-bp polymerase chain reaction (PCR) fragment am-

plified using the primers V36 forward (5#-tcctctttccact-
taccttcca) and V36 reverse (5#-caaatgcaaatcaccatttagg).
The V65 polymorphism is a G to T transversion at position
77 of a 349-bp PCR fragment amplified using the primers
V65 forward (5#-cctcaacctactaaatgtgaccatg) and V65 re-
verse (5#-atggccacacaattctccat). Both polymorphisms were
genotyped by denaturing high performance liquid chroma-
tography. The M12 polymorphism (Underhill et al. 1997),
defining haplogroup J2b (Sengupta et al. 2006), has been an-
alyzed as described in Cruciani et al. (2002).

In all, 483 of the 517 E-M78 subjects were further
typed for 4 polymorphic dinucleotide repeats (YCAII
and DYS413 duplicated loci) and 7 tetranucleotide repeats
(DYS19, DYS391, DYS393, DYS439, DYS460 [formerly
A7.1], DYS461 [formerly A7.2], and GATA A10) as pre-
viously reported (Cruciani et al. 2004). The same eleven
microsatellites were analyzed in a set of 43 European J-
M12 chromosomes. The DYS392 microsatellite was ana-
lyzed in 101 E-M78 chromosomes using primers reported
by Butler et al. (2002) and the method described by
Cruciani et al. (2002).

Data Analysis

For each haplogroup, phylogenetic relationships
among 11 microsatellite haplotypes were obtained by se-
quentially performing reduced-median and median-joining
procedures (Bandelt et al. 1995, 1999) through the use of
the network 4.1 program (Fluxus-engineering.com, http://
www.fluxus-engineering.com/sharenet.htm). In order to re-
duce reticulations in the network, microsatellites were
weighted proportionally to the inverse of the repeat vari-
ance observed in each haplogroup.

To estimate the time to the most recent common an-
cestor (TMRCA) of haplogroups, we used the 7 tetranu-
cleotide loci and applied the average square distance
(ASD) method (Goldstein et al. 1995), where the ancestral
haplotype was assumed to be the haplotype carrying the
most frequent allele at each microsatellite locus. We em-
ployed a microsatellite evolutionarily effective mutation
rate (Zhivotovsky et al. 2004). However, because the loci
used here and those used by Zhivotovsky et al. (2004) do
not overlap completely, we calculated the microsatellite
mutation rate as follows: we obtained the mean and stan-
dard deviation of the father-to-son mutation rates reported
by Gusmão et al. (2005) for the same loci here used, and
reduced them by a factor 3.6 (i.e., the discrepancy between
the rate estimate obtained from population data and that ob-
tained from father-to-son transmissions [Zhivotovsky et al.
2004]). This resulted in an evolutionarily effective rate x5
7.9 � 10�4 (SD 5 5.7 � 10�4), a figure that was also used
in recalculating the E-M215 coalescence age (data from
Cruciani et al. 2004). Recently, Zhivotovsky et al.
(2006) showed that reduced loss of diversity in an expand-
ing population brings the evolutionarily effective rate closer
to the germ line rate than in constant-size populations.
Thus, in the case of expanding populations, we used a cor-
rection of the 7.9 � 10�4 value, that was calculated as fol-
lows. With reference to figure 2 in Zhivotovsky et al.
(2006), the values of accumulated variance in 200–300 gen-
erations for the scenarios of 1) a single rate for exponential
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Table 1
Frequencies (%) of the Y-Chromosome E-M78 Subhaplogroups in the 81 Populations Analyzed

Population
Number Region and Population N

Frequency of Haplogroup (%)

E-M78 E-M78* E-V12* E-V13 E-V22 E-V32 E-V65

Europe
1 Northern Portuguesea 50 4.00 — — 4.00 — — —
2 Southern Portuguesea 49 4.08 — — 4.08 — — —
3 Pasiegos from Cantabriaa 56 — — — — — — —
4 Asturiansa 90 10.00 — — 5.56 4.44 — —
5 Southern Spaniardsa 62 3.23 — — — 3.23 — —
6 Spanish Basquesa 55 — — — — — — —
7 French Basquesa,b 16 6.25 — 6.25 — — — —
8 Frencha,b 225 4.44 — 0.44 4.00 — — —
9 Englisha,b 28 — — — — — — —

10 Danisha 35 2.86 — — 2.86 — — —
11 Germans 77 3.90 — — 3.90 — — —
12 Polisha 40 2.50 — — 2.50 — — —
13 Czechs 268 4.85 — — 4.85 — — —
14 Slovaks 24 8.33 — — 8.33 — — —
15 Slovenians 104 2.88 — — 2.88 — — —
16 Northern Italiansa,b 94 7.45 — — 5.32 2.13 — —
17 Central Italiansa,b 356 7.87 — 0.28 5.34 1.97 — 0.28
18 Southern Italiansa 141 10.64 — 0.71 8.51 1.42 — —
19 Siciliansc,d 153 13.07 — 0.65 7.19 4.58 — 0.65
20 Sardiniansa,b,e 374 3.48 0.27 0.27 1.07 0.80 — 1.07
21 Estoniansa 74 4.05 — — 4.05 — — —
22 Belarusians 40 — — — — — — —
23 Northern Russiansa,b 82 3.66 — — 3.66 — — —
24 Southern Russians 92 2.17 — — 2.17 — — —
25 Ukrainians 11 9.09 — — 9.09 — — —
26 Moldovians 77 7.79 — — 7.79 — — —
27 Hungarians 106 9.43 — — 9.43 — — —
28 Rumaniansa 265 7.55 — — 7.17 0.38 — —
29 Macedonians 99 18.18 — — 17.17 1.01 — —
30 Continental Greeks 147 19.05 — — 17.69 0.68 — 0.68
31 Greeks from Crete 215 6.51 — 0.93 5.58 — — —
32 Greeks from Aegean Islands 71 16.90 — — 15.49 1.41 — —
33 Bulgariansa 204 16.67 — 0.49 16.18 — — —
34 Albaniansa 96 32.29 — — 32.29 — — —

Northwestern Africa
35 Moroccan Arabsa 55 40.00 3.64 — — 7.27 — 29.09
36 Asni Berbers 54 3.70 — — — 3.70 — —
37 Bouhria Berbers 67 1.49 — — 1.49 — — —
38 Moyen Atlas Berbersa 69 10.14 — — — — — 10.14
39 Marrakech Berbersa 29 6.90 — 3.45 — 3.45 — —
40 Moroccan Jews 50 12.00 — 2.00 2.00 8.00 — —
41 Mozabite Berbersa,b 20 — — — — — — —

Northeastern Africa
42 Libyan Jews 25 8.00 — — 4.00 — — 4.00
43 Libyan Arabs 10 20.00 — — — — — 20.00
44 Northern Egyptians (Delta)a 72 23.61 — 5.56 1.39 13.89 2.78 —
45 Egyptian Berbers 93 6.45 — 2.15 — — — 4.30
46 Egyptians from Baharia 41 41.46 — 14.63 2.44 21.95 — 2.44
47 Egyptians from Gurna Oasis 34 17.65 5.88 8.82 — — 2.94 —
48 Southern Egyptiansa 79 50.63 — 44.30 1.27 3.80 — 1.27

Eastern Africa
49 Amharaa 34 8.82 — — — — 8.82 —
50 Ethiopian Jewsa 22 9.09 — — — — 9.09 —
51 Mixed Ethiopiansa 12 33.33 — — — 25.00 8.33 —
52 Borana/Oromo (Kenya/Ethiopia)a 32 40.63 — — — — 40.63 —
53 Wolaytaa 12 16.67 — — — 8.33 8.33 —
54 Somalia 23 52.17 — — — 4.35 47.83 —
55 Nilotic from Kenyaa 18 11.11 — — — 11.11 — —
56 Bantu from Kenyaa,b 28 3.57 — — — — 3.57 —
57 Western Africaa,b,f 123 0.81 — 0.81 — — — —
58 Central Africaa,b 150 0.67 — 0.67 — — — —
59 Southern Africaa,b 105 — — — — — — —

Western Asia
60 Istanbul Turkisha 35 8.57 — — 2.86 5.71 — —
61 Southwestern Turkisha 40 2.50 — — 2.50 — — —
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population growth and 2) growth with 4 distinct consecu-
tive rates were compared with the amount accumulated in
constant-size populations. This resulted in evolutionarily
effective mutation rates decreased of factors 2.4 and 2.8,
respectively (instead of 3.6), that is, 11.9 � 10�4 (SD 5
8.5 � 10�4) and 10.2 � 10�4 (SD 5 7.3 � 10�4), which
were applied to haplogroups E-V13 and J-M12 found in
Europe. Confidence intervals (CIs) for the ASD (and
TMRCA) were obtained as follows: Mutations on the mi-
crosatellite genealogy were simulated using a Poisson pro-
cess, in which the total number of mutational events was
calculated based on branch length and assuming that muta-
tions at each microsatellite were gamma-distributed with
mean and standard deviation calculated as above. Each mu-
tation increased or decreased allele length by one step (each
with probability 0.5). ASD was then evaluated for the sim-
ulated data and the whole process repeated 1,000 times to
quote the central 95% of values. This method represents
a refinement of that by Thomas et al. (1998) and Scozzari
et al. (2001), as it also takes into account heterogeneity of
mutation rates across loci. An independent dating method
(q statistics; Forster et al. 1996; Saillard et al. 2000) was
also used to assay how robust the time obtained is to choice
of method.

Both dating procedures rely on the appropriate choice
of a haplotype to be considered ancestral, which remains an
uncontrolled source of uncertainty. We observe that the q-
based ages are slightly younger than the ASD-based ones
(fig. 1). The difference is significant only for the root of the
entire haplogroup, this being attributable to the relevant
departure from a star-like structure because of repeated

founder effects (Saillard et al. 2000). Only values obtained
from ASD are quoted in the text.

Haplogroup diversity and its sampling variance were
estimated as in Arlequin 3.0 (Excoffier et al. 2005).

Frequency and variance maps were depicted on a grid
of 44 � 60 lines using the Kriging procedure (Cressie 1991)
through the use of the program Surfer 6.0 (Golden Soft-
ware, Inc., Golden, CO). The map of microsatellite varian-
ces was obtained after pooling data from locations with less
than 3 observations and assigning the resulting figures to
the centroid of the pooled locations. These points are plot-
ted in figure 5.

Results and Discussion
Molecular Dissection of E-M78 Haplogroup

By analyzing a worldwide sample of 6,501 male sub-
jects, we have identified 517 chromosomes belonging to hap-
logroup E-M78, more than twice the number found in
a previous study (Cruciani et al. 2004). These chromosomes
have been further analyzed for the biallelic markers M148
(Underhill et al. 2000), M224 (Underhill et al. 2001), V12,
V13, V19, V22, V27, V32 (Cruciani et al. 2006), V36,
and V65 (present study). Only 2 of the markers analyzed
(V13 and V36) were phylogenetically equivalent, leading
to the identification of a total of 10 distinct haplogroups/para-
groups (fig. 1), with only 5 chromosomes remaining in the
paragroup E-M78*. Four subhaplogroups were either rare
(1 and 2 subjects for E-V27 and E-V19, respectively) or ab-
sent (E-M148andE-M224) in theglobal sample, whereas the

Table 1
Continued

Population
Number Region and Population N

Frequency of Haplogroup (%)

E-M78 E-M78* E-V12* E-V13 E-V22 E-V32 E-V65

62 Northeastern Turkisha 41 — — — — — — —
63 Southeastern Turkisha 24 4.17 — — 4.17 — — —
64 Erzurum Turkisha 25 4.00 — 4.00 — — — —
65 Central Anatoliana 61 6.56 — 1.64 4.92 — — —
66 Turkish Cypriotsa 46 13.04 — — 10.87 2.17 — —
67 Sephardi Turkisha 19 — — — — — — —
68 Palestiniansa 29 10.34 — — 3.45 6.90 — —
69 Druze Arabsa 28 10.71 — — 10.71 — — —
70 Bedouina 28 3.57 — — — 3.57 — —
71 Syrians 100 2.00 — — — 2.00 — —
72 Kurds from Iraq 20 — — — — — — —
73 Arabs from United Arab Emiratesa 40 2.50 — — — 2.50 — —
74 Omanitea 106 0.94 — — — 0.94 — —
75 Adygeia,b 18 — — — — — — —
76 Azeria 97 2.06 — — 2.06 — — —
77 Southern Asiaa,b 300 1.00 — — — 1.00 — —
78 Chinaa,b 206 — — — — — — —
79 Eastern Asiaa,b 41 — — — — — — —
80 Oceaniaa,b 21 — — — — — — —

Central and Southern America
81 Native Americana,b 43 — — — — — — —

Total 6,501 7.95 0.08 1.00 4.45 1.29 0.54 0.60

a This sample, or a subset of it, was previously typed for the M78 marker (Cruciani et al. 2004).
b Sample (or a subset of it) from the Human Genome Diversity Project/CEPH DNA panel (Cann et al. 2002).
c 43 subjects from Sicily (Trapani) analyzed by Cruciani et al. (2004) are included on the sample.
d One E-V13 subject also carries the V27 mutation.
e Two E-V22 subjects also carry the V19 mutation.
f 106 subjects from Burkina Faso analyzed by Cruciani et al. (2002) are included on the sample.
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other haplogroups/paragroups were relatively common (ta-
ble 1 and fig. 2). The E-M78 subhaplogroup identified by
the new mutation V65 includes all but 2 of the chromosomes
previously included in the cluster b and 1 chromosome from

cluster c of the E-M78 microsatellite network (Cruciani et al.
2004), once again underlining the strong but not perfect
correspondence between microsatellite-defined clusters
and UEP-defined haplogroups (Cruciani et al. 2006).

Fig. 1.—Maximum parsimony phylogeny of haplogroup E-M78. Coalescent estimates for the haplogroup E-M78 and major subhaplogroups are
shown on the right. The ASD-based estimates are reported with their 95% CIs (in parentheses); the q-based estimates are reported with their SD (in
parentheses). For haplogroup E-V13, the value obtained on the subset of western Asian samples is reported as this is free from the effect of the
population expansion recorded in Europe (see text). Haplogroup nomenclature as cited in the text is reported at the bottom; n.a. —not available (rare
haplogroups).

Fig. 2.—Maps of the observed haplogroup/paragroup frequencies. (A) E-M78; (B) E-V12*; (C) E-V32; (D) E-V13; (E) E-V22; and (F) E-V65.
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The subdivision of E-M78 in the six common major
clades revealed a pronounced geographic structuring (table
1 and fig. 2): Haplogroup E-V65 and the paragroups E-
M78* and E-V12* were observed mainly in northern
Africa, haplogroup E-V13 was found at high frequencies
in Europe, and haplogroup E-V32 was observed at high
frequencies only in eastern Africa. The only haplogroup
showing a wide geographic distribution was E-V22, rela-
tively common not only in northeastern and eastern Africa
but also found in Europe and western Asia, up to southern
Asia (table 1, fig. 2).

Locating the Origin of Haplogroup E-M78

An eastern African origin for this haplogroup was
hypothesized on the basis of the exclusive presence in that
area of a putative ancestral 12-repeat allele at the
DYS392 microsatellite, found in association with E-M78
chromosomes (Semino et al. 2004). Northeastern African
populations were not represented in that study. In order
to test this hypothesis, we analyzed for DYS392, a geo-
graphically widespread subset of the E-M78 chromosomes
here identified. We observed that the DYS392 12-repeat al-
lele is associated with the majority of the chromosomes be-
longing to the northeastern African E-V12* (15 out of 18)
and to the eastern African E-V32 (21 out of 23), with about
half (9 out of 21) of the E-V22 chromosomes (both in east-
ern and northeastern Africa), with a few of the European E-
V13 (2 out of 23), and with some north-African E-V65 (3
out of 16) chromosomes. These findings show that the
DYS392 12-repeat allele is common in different regions
characterized by high frequencies of E-M78 and suggest
that it was most likely generated by multiple mutational
events occurring in different UEP-defined subhaplogroups.
Thus, the DYS392 allele distribution is not informative to
infer the place of origin of E-M78 chromosomes.

An eastern African origin for haplogroup E-M78 was
also hypothesized on the basis of the frequency distribution
and microsatellite diversity (Cruciani et al. 2004). We may
now test this hypothesis by exploiting the new information
provided by internal biallelic markers and the extensive re-
sampling in which northeastern Africa is covered by a ro-
bust group of 90 E-M78 chromosomes. The frequencies
of E-M78 in northeastern Africa and eastern Africa are not
significantly different (0.25 ± 0.03 and 0.22 ± 0.02,
respectively). As far as the microsatellite diversity is
concerned, the highest mean variances across 7 tetranucleo-
tide loci are those observed in eastern Africa and northeast-
ern Africa (0.50 and 0.46, respectively), but an examination
of the variances at individual loci reveals that in eastern
Africa there is a disproportionate contribution of DYS19
to the mean variance (1.87). This is likely due to a multire-
peat deletion associated with the common eastern African
E-V32 haplogroup (Cruciani et al. 2006 and supplementary
table 1). When this locus is removed from the analysis, we
obtain mean variances across 6 loci of 0.41 and 0.27 for
northeastern and eastern Africa, respectively. Variances
at the 6 individual loci are always higher in the former re-
gion, and this difference is statistically significant for the
microsatellite locus DYS461 (F test for equality of varian-

ces P, 0.05). Finally, a greater diversity of E-M78 binary
subhaplogroups can be observed in northeastern Africa
(0.61 ± 0.04), where all the E-M78 major branches are pres-
ent, than in eastern Africa (0.30 ± 0.08), where only sub-
haplogroups E-V22 and E-V32 are found. E-V22 is
observed at high frequencies in both northeastern and east-
ern Africa, with microsatellite variances of 0.46 and 0.35,
respectively. The other common eastern African subha-
plogroup, E-V32, that represents about 82% of the eastern
African E-M78 chromosomes, is a relatively recent termi-
nal branch of E-V12 (8.5 ky, fig. 1), the remaining E-V12
chromosomes being found almost exclusively in northeast-
ern Africa as paragroup E-V12*. The haplogroups E-V13
and E-V65 are also found in northeastern Africa. Although
an origin for E-V13 outside the region is likely (see below),
E-V65 probably originated in situ as inferred on the basis
of its nearly exclusive presence and diversity. It is also
worth noting that the rare paragroup E-M78* has not been
observed in eastern Africa; moreover, the 2 northwestern
African E-M78* chromosomes are well differentiated
from the 2 northeastern African E-M78* chromosomes
(supplementary table 1, Supplementary Material online)
adding a new argument for a higher haplogroup diversity
in northern Africa.

In conclusion, the peripheral geographic distribution
of the most derived subhaplogroups with respect to north-
eastern Africa, as well as the results of quantitative analysis
of UEP and microsatellite diversity are strongly suggestive
of a northeastern rather than an eastern African origin of
E-M78. Northeastern Africa thus seems to be the place from
where E-M78 chromosomes started to disperse to other
African regions and outside Africa.

A Corridor for Bidirectional Migrations between
Northeastern and Eastern Africa

The evolutionary processes that determined the wide
dispersal of the E-M78 lineages from northeastern Africa to
other regions can now be addressed.

E-M78 belongs to clade E3b (E-M215). On the basis
of robust phylogeographic considerations, an eastern
African origin has been proposed for E-M215 (Underhill
et al. 2001; Cruciani et al. 2004), with a coalescence time
of 22.4 ky (95% CI 20.9–23.9 ky; recalculated from
Cruciani et al. [2004], see Subjects and Methods). A north-
eastern African origin for haplogroup E-M78 implies that
E-M215 chromosomes were introduced in northeastern
Africa from eastern Africa in the Upper Paleolithic, be-
tween 23.9 ky ago (the upper bound for E-M215 TMRCA
in eastern Africa) and 17.3 ky ago (the lower bound for E-
M78 TMRCA here estimated, fig. 1). In turn, the presence
of E-M78 chromosomes in eastern Africa can be only ex-
plained through a back migration of chromosomes that had
acquired the M78 mutation in northeastern Africa. The
nested arrangement of haplogroups E-V12 and E-V32 de-
fines an upper and lower bound for this episode, that is, 18.0
ky and 5.9 ky, respectively. These were probably not mas-
sive migrations, because the present high frequencies of E-
V12 chromosomes in eastern Africa are entirely accounted
for by E-V32, which most likely underwent subsequent
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geographically restricted demographic expansions involv-
ing well differentiated molecular types (fig. 3A). Con-
versely, the absence of E-V12* chromosomes in eastern
Africa is compatible with loss by drift. Possible more recent
episodes of gene flow are associated with the less common
E-V22 subhaplogroup, also present in both northeastern
and eastern Africa, but without a clear pattern of microsa-
tellite molecular differentiation (fig. 3B). It is conceivable
that the Nile river valley has acted as a genetic corridor for
human migrations between northeastern and eastern Africa,
a scenario that is also supported by mtDNA analysis both at
HV1 (Krings et al. 1999) and entire molecule sequence
(Olivieri et al. 2006). There are also other Y-chromosome
haplogroups shared by northeastern and eastern African
populations, that is, E-M123, J-M267, and K-M70
(Underhill et al. 2000, Cruciani et al. 2004; Luis et al.
2004; Semino et al. 2004; Sanchez et al. 2005). However,
unlike E-V12 and E-V22, these haplogroups are also
common in western Asia, where they probably originated
(Cruciani et al. 2004; Luis et al. 2004; Semino et al. 2004).
Thus, it is unclear whether their present geographic distri-
bution in Africa is the consequence of the same evolution-
ary events that involved the E-M78 chromosomes or

whether they have been introduced independently from
western Asia in eastern and northeastern Africa. Only the
molecular dissection of haplogroups E-M123, J-M267,
and K-M70 along with an extensive sampling of populations
from these regions will help in answering this question.

Direct Northern African Contribution to the European
Gene Pool

Previous studies on the Y-chromosome phylogeogra-
phy have revealed that central and western Asia were the
main sources of Paleolithic and Neolithic migrations con-
tributing to the peopling of Europe (Underhill et al. 2000;
Wells et al. 2001). Only sporadic traces of northern African
Y chromosomes were found in the European gene pool,
mainly linked to the presence at low frequencies of the
E-M81 haplogroup in Mediterranean coastal populations
(Bosch et al. 2001; Scozzari et al. 2001; Cruciani et al.
2004; Goncxalves et al. 2005). The molecular dissection
of E-M78 contributes to the understanding of the genetic
relationships between northern Africa and Europe. Several
lines of evidence suggest that E-M78 subhaplogroups E-V12,
E-V22,andE-V65havebeeninvolvedin trans-Mediterranean

Fig. 3.—Microsatellite networks of haplogroups E-V12 (A); E-V22 (B); and E-V65 (C). In network (A), a dotted circle includes all of the E-V12
chromosomes carrying the V32 mutation. Branch lengths are proportional to the number of one-repeat mutations separating 2 haplotypes. Each circle
area is proportional to the frequency of the sampled haplotype.
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migrations directly from Africa. These haplogroups are com-
mon in northern Africa, where they likely originated, and are
observed almost exclusively in Mediterranean Europe, as op-
posed to central and eastern Europe (table 1 and fig. 2). Also,
amongtheMediterraneanpopulations, theyaremorecommon
in Iberia and south-central Europe than in the Balkans, the nat-
ural entry-point for chromosomes coming from the Levant.
Such findings are hardly compatible with a southeastern entry
ofE-V12,E-V22,and E-V65 haplogroups intoEurope.Upper
limits for the introduction of each of these haplogroups in Eu-
rope are given by their estimated ages (fig. 1), whereas lower
bounds should be close to the present times, given the lack of
internal geographic structuring (fig. 3A–C; Cruciani et al.
2004;Seminoetal. 2004).Consideringboth theseE-M78sub-
haplogroups (present study) and the E-M81 haplogroup
(Cruciani et al. 2004), the contribution of northern African lin-
eages to the entire male gene pool of Iberia (barring Pasiegos),
continental Italy, and Sicily can be estimated as 5.6%, 3.6%,
and 6.6%, respectively. Whether lineages E-M123, J-M267,
G-M201, and K-M70, commonly found in both northern
Africa and Europe (Bosch et al. 2001; Arredi et al. 2004;
Cruciani et al. 2004; Semino et al. 2004), were involved in
the samepopulationmovements remains tobeascertained due
to the poor phylogeographic resolution of these haplogroups.

The Haplogroup E-V13: Migrations and Demographic
Expansions in Western Eurasia

Haplogroup E-V13 is the only E-M78 lineage that rea-
ches the highest frequencies out of Africa. In fact, it repre-
sents about 85% of the European E-M78 chromosomes
with a clinal pattern of frequency distribution from the
southern Balkan peninsula (19.6%) to western Europe
(2.5%). The same haplogroup is also present at lower fre-
quencies in Anatolia (3.8%), the Near East (2.0%), and the
Caucasus (1.8%). In Africa, haplogroup E-V13 is rare, be-
ing observed only in northern Africa at a low frequency
(0.9%). The European E-V13 microsatellite haplotypes
are related to each other to form a nearly perfect star-like
network (fig. 4A), a likely consequence of a rapid demo-
graphic expansion (Jobling et al. 2004). The TMRCA of
the European E-V13 chromosomes turns out to be 4.0–
4.7 ky (under 2 different demographic expansion scenarios,
see Subjects and Methods; 95% CI 3.5–4.6 ky and 4.1–5.3
ky, respectively). On the other hand, when only E-V13
chromosomes from western Asia are considered, the result-
ing network (fig. 4B) does not show such a star-like shape,
and a much earlier TMRCA of 11.5 ky (95% CI 6.8–17.0;
fig. 1) is obtained. These results open the possibility of rec-
ognizing time windows for 1) population movements from
the E-M78 homeland in northeastern Africa to Eurasia and
2) population movements from western Asia into Europe
and later within Europe.

The low E-V13 frequency (0.9%) and microsatellite
variance (0.13) in northern Africa do not support an antiq-
uity greater than in western Asia. Thus, the most parsimo-
nious and plausible scenario is that E-V13 originated in
western Asia about 11 ky ago, and its presence in northern
Africa is the result of a more recent introgression. Under
this hypothesis, E-V13 chromosomes sampled in western
Asia and their coalescence estimate detect a likely Paleo-

lithic exit out of Africa of E-M78 chromosomes devoid
of the V13 mutation, which later occurred somewhere in
the Near East/Anatolia. The refinement of location for
the source area of such movements and associated chronol-
ogies here attained may be relevant to controversies on the
spread of cultures (and languages) between Africa and Asia
in the corresponding time frames (Bellwood 2004; Ehret
et al. 2004, and references therein).

As to a western Asia–Europe connection, our data sug-
gest that western Asians carrying E-V13 may have reached
the Balkans anytime after 17.0 ky ago, but expanded into
Europe not earlier than 5.3 ky ago. Accordingly, the allele
frequency peak is located in Europe, whereas the distribu-
tion of microsatellite allele variance shows a maximum in
western Asia (fig. 5). Based on previously published data
(Scozzari et al. 2001; Di Giacomo et al. 2004; Semino et al.
2004; Marjanovic et al. 2005), we observed that another
haplogroup, J-M12, shows a frequency distribution within
Europe similar to that observed for E-V13. In order to eval-
uate whether the present distribution of these 2 haplogroups
can be the consequence of the same expansion/dispersal mi-
croevolutionary event, we first compared the 2 frequency
distributions in Europe (J-M12 frequencies obtained from
both published and new data; supplementary table 2,
Supplementary Material online). We observed a high and
statistically significant correspondence between the
frequencies of the 2 haplogroups (r 5 0.84, 95% CI
0.70–0.92). A similar result (r 5 0.85, 95% CI 0.70–0.93)
was obtained when the series was enlarged with the J-M12
data from Bosnia, Croatia, and Serbia (Marjanovic et al.
2005) matched with the frequencies of E-M78 cluster a
(Peričić et al. 2005) as a proxy for haplogroup E-V13

Fig. 4.—Microsatellite networks of haplogroups E-V13 in Europe
(A), E-V13 in western Asia (B), and J-M12 in Europe (C).
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(Cruciani et al. 2006). We then constructed a microsatellite
network of 43 European J-M12 chromosomes (supplemen-
tary table3,SupplementaryMaterialonline)andfoundaclear
star-like structure (fig. 4C), a further feature shared with E-
V13. This similarity was mirrored by a unimodal distribution
of haplotype pairwise differences for both haplogroups (not
shown). Finally, we used tetranucleotide microsatellite data
in order to obtain a coalescence estimate for the J-M12 hap-
logroup in Europe. By taking into consideration 2 different
demographic expansion models (see Subjects and Methods),
we obtained TMRCA estimates very close to those of E-V13,
that is,4.1ky(95%CI2.8–5.4ky)and4.7ky(95%CI3.3–6.4
ky), respectively. Thus, the congruence between frequency
distributions, shape of the networks, pairwise haplotypic dif-
ferences, and coalescent estimates points to a single evolu-
tionary event at the basis of the distribution of
haplogroups E-V13 and J-M12 within Europe, a finding
never appreciated before. These 2 haplogroups account for
more than one-fourth of the chromosomes currently found
in the southern Balkans, underlining the strong demographic
impact of the expansion in the area.

Either environmental or cultural transitions are usually
considered to be at the basis of dramatic changes of the size
of human populations (Jobling et al. 2004). At least 4 major
demographic events have been envisioned for this geo-
graphic area, that is, the post-Last Glacial Maximum expan-
sion (about 20 kya) (Taberlet et al. 1998; Hewitt 2000), the
Younger Dryas–Holocene reexpansion (about 12 kya), the
population growth associated with the introduction of
agricultural practices (about 8 kya) (Ammerman and
Cavalli-Sforza, 1984), and the development of Bronze tech-
nology (about 5 kya) (Childe 1957; Piggott 1965; Renfrew
1979; Kristiansen 1998). Though large, the CI for the co-
alescence of both haplogroups E-V13 and J-M12 in Europe
exclude the expansions following the Last Glacial Maxi-
mum or the Younger Dryas. Our estimated coalescence
age of about 4.5 ky for haplogroups E-V13 and J-M12
in Europe (and their CIs) would also exclude a demographic
expansion associated with the introduction of agriculture
from Anatolia and would place this event at the beginning
of the Balkan Bronze Age, a period that saw strong
demographic changes as clearly testified from archeological
records (Childe 1957; Piggott 1965; Kristiansen 1998).
The arrangement of E-V13 (fig. 2D) and J-M12 (not shown)
frequency surfaces appears to fit the expectations for a range
expansion in an already populated territory (Klopfstein
et al. 2006). Moreover, similarly to the results reported
by Peričić et al. (2005) for E-M78 network a, the dispersion
of E-V13 and J-M12 haplogroups seems to have mainly
followed the river waterways connecting the southern
Balkans to north-central Europe, a route that had already
hastened by a factor 4-6 the spread of the Neolithic to
the rest of the continent (Tringham 2000; Davison et al.
2006). This axis also served as a major route for the follow-
ing millennia, enabling cultural and material (and possibly
genetic) exchanges to and from central Europe (Childe
1957; Piggott 1965; Kristiansen 1998). Thus, the present
work discloses a further level of complexity in the interpre-
tation of the genetic landscape of southeastern Europe,
this being to a large extent the consequence of a recent
population increase in situ rather than the result of a

mere flow of western Asian migrants in the early Neolithic.
Indeed, Y-chromosomal data from regions to the north
(Kasperaviči�ut _e et al. 2004), northwest (Luca et al.
2007), and west (Di Giacomo et al. 2004) to the Balkans
show signatures of demographic events that match archeo-
logically documented changes in the population size in the
1st millennia BC.

Concluding Remarks

The buildup of the present day male-specific Y-chro-
mosome (MSY) diversity can be viewed as an increase of
complexity due to the repeated addition of new variation to
the preexisting background by 2 main mechanisms: immi-
gration of differentiated MSY copies from outer regions
and accumulation of novel MSY variants generated by
new mutations in loco. The question is whether a DNA
polymorphism, which is able to mark a specific episode in-
deed exists and is known. Recently, Sengupta et al. (2006)
pointed out that combining high resolved phylogenetic hi-
erarchy, haplogroup internal diversification, geography,
and expansion time estimates can lead to the appropriate
diachronic partition of the MSY pool. The DNA content
of the MSY ensures that abundant diversity exists to pro-
ceed a long way in this process of phylogeographic refine-
ment eventually leading to a level of resolution for human
history comparable with, or even greater, than that achieved
by mitochondrial DNA (Torroni et al. 2006).

Supplementary Material

Supplementary figure 1 and tables 1–3 are available
at Molecular Biology and Evolution online (http://
www.mbe.oxfordjournals.org/).
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CHAPTER 5

AIM OF THE WORK

This project is focused on the study of interspecific and interindividual (in human) 

variation of the AKR7A2 gene (aldo-keto reductase family 7, member A2).

THE MAIN AIM IS TO EXPLORE THE DEGREE OF VARIATION IN THE GENE 

AND TO TEST THE HYPOTHESIS THAT THE CURRENT PATTERN OF VARIATION 

WAS SHAPED BY NATURAL SELECTION. 

The rationale for the choice of the AKR7A2 gene is the following:

1. AKR7A2 has been shown to be responsible for the synthesis of GHB in neural cells. 

Given the relevant biological effects of GHB at the cellular, tissutal and organismal livels,

AKR7A2 is a candidate as target of selection on a variety of phenotypes; 

2. other works in this laboratory explored the interspecific (Blasi et al. 2006) and 

intraspecific (Leone et al. 2006) variation of another gene encoding an enzyme of the same 

metabolic pathway, i.e. SSADH or NAD+-dependent succinic semialdehyde dehydrogenase. 

The two enzymes (SSADH and AKR7A2) in fact metabolize the same substrate, i.e. succinic 

semialdehyde produced in the catabolism of the neurotransmitter gamma-amino butyrate 

(GABA).

In other to reach the main aim, both original experimental data and data resulting from 

genome-scale projects and available on the web were used, in four phases of the research that 

addressed four intermediate aims.

First, a brief recognition of the evolution of the gene AKR7A2 in the human lineage in 

comparison to other mammals is performed, taking advantage of the recently released genomic 

sequences for a number of species and a number of publicly available computer programs for 

analysis. This because an increasing number of works in the literature show that evolutionary 



16

trends and selection pattern observed at the inter-specific level are often replicated at the intra-

specific level. The intermediate aim is to evaluate selection relaxation in the human lineage.

Second, a preliminary exploration of variation was performed by resequencing exon two 

in a limited sample of subjects. This intermediate aim is a cost-effective evaluation of a large 

genotyping effort. 

Third,  SNPs which turned-out to be informative were genotyped in many populations

representative of all continents.

Fourth, in order to confirm our results, we repeated the same analysis using the HapMap 

Phase II data for 8 SNPs spanning approximately 10 kb centered on the AKR7A2 coding region 

(International HapMap Consortium 2007).

Analyses at the intraspecific level are performed with the aim of exploring whether 

polymorphisms in genes contributing to the same metabolic pathway show overlapping features 

in their population distributions and evolutionary signatures.    

CHAPTER 6

IDENTIFYING THE TARGET GENE

The gene aldo-keto reductase 7A2 (AKR7A2) codes for an enzyme of the family of the  

aldo-keto reductases, isoenzymes that catalyse the NADPH-dependent oxidation and\or 

reduction of alcohol- and carbonyl-containing compounds (Kelly et al. 2002). AKR7A2 was 

first identified as a Aflatoxin B1 aldehyde reductase (AFB1) (Schaller et al. 1999).

Several aldo-keto reductases (AKRs), such as AKR7A2, are involved in the 

detoxification and metabolism of a variety of endogenous aldehydes and ketones. AKR7A2 

catalyzes the NADPH-dependent reduction of two important classes of aldehydes and thus 

serves at least two different functions: whereas the reduction of aflatoxin B1 aldehyde is 

thought to protect against the toxicity and mutagenic potential of the potent aflatoxin 
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hepatocarcinogen, the AKR7A2 mediated reduction of the GABA metabolite succinic 

semialdehyde leads to the neuromodulatory compound gamma-hydroxybutyrate (GHB) in the 

central nervous system. The latter pathway, with accumulation of GHB, appears to be the 

reason for the observed neuropathological features (psychomotor retardation, language delay, 

seizures, hypotonia, ataxia) in succinic semialdehyde dehydrogenase deficiency ( Pearl et 

al.2003).

Though we are interested here in the role of AKR7A2 in GHB production, its relevance

in aflatoxin metabolism is discussed in Box1 and Box2.

Box1 Aflatoxin B1 is a mycotoxin. The term mycotoxin includes numerous secondary metabolites produced 
under conditions of high heat and humidity by microscopic and filamentous fungi, better known as molds; 
only a reduced subset of these manufacturing microrganisms can activate the secondary metabolic pathway 
that conduct to the synthesis of mycotoxin.
The mycotoxins are very different among them from the chemical point of view, and they show a notable 
range of biological effects, due to their ability to interact with different target organs and systems (Hsieh et 
al. 1987). For such reason they are classified in immunotoxins, hepatotoxins, neurotoxins or on the base of 
their chronic effect in mutagen and carcinogenic (Krogh  et al. 1974). 
All these biological activities are due to interactions of the mycotoxin and to their by-products with DNA, 
RNA, functional proteins, enzymatic and constituent cofactors of membrane. 
The Aflatoxins are mycotoxin produced by fungi belonging to the class of the Ascomiceti, genus 
Aspergillus. In favourable environmental conditions of heat and damp, the spores of the Aspergillus 
germinate easily colonizing various substrates, among which cereals, peanuts, seeds oleaginous, corn and 
hay. Numerous types of Aflatoxin exist but that recognized more dangerous is the B1.  
In certain developing regions of Africa and Asia, where food storage conditions are inadequate, humans are 
exposed to high levels of AFB1in their diet.  Epidemiological evidences point out that in these populations 
this toxin contributes notably in the high incidence of the liver cancer. In European and north Americans 
countries such relationship has not been underlined as much the population is less exposed to this aflatoxin 
(Knight et al. 1999).   
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Box2 Liver metabolism of AFB1
The harmful effects of AFB1 are attributed to reactive metabolites of this mycotoxin that produces adduct

macromolecules.  

Such metabolism begins with a reaction of epoxidation catalyzed by the CYP450 (cytochrome p450), that 
converts AFB1 in the AFB1 exo-8,9oxide which is reactive towards the DNA. In the phase 2 the G-
glutathione-S-transferases can conjugate the reaction of epoxide with the reduction of the glutathione, 
preventing so the formation of DNA adducts (which can lead to mutations).  AKR7A2 is an of the Aflatoxin 
B1 aldehyde reductase (AFAR) isoenzymes. These enzymes can reduce the dialdehyde protein-binding form 
of aflatoxin B1 (AFB1) to the nonbinding AFB1 dialcohol.
Two non-allelic isoenzymes are known in the human, AKR7A2 and AKR7A3. Both represent a key step in 
the phase-two of  the detoxification of AFB1. (Knight et al. 1999).  

Metabolism and effects of GHB  

Gamma-Hydroxybutyrate (GHB) is an endogenous metabolite synthesized in the brain. 

There is strong evidence to suggest that GHB has an important role as a neurotransmitter or 

neuromodulator.

The human aldo-keto reductase AKR7A2 has been proposed previously to catalyze the 

NADPH-dependent reduction of succinic semialdehyde (SSA) to GHB in human brain (Lyon et 

al. 2007). AKR7A2 is mainly expressed in the central nervous system, particularly in the 

glial cells. Here, the protein AKR7A2 is able to catalyze the conversion of succinic 

semialdehyde SSA in the neuroactive compound gamma-hydroxybutyrate (GHB), acting 
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therefore as SSA reductase. In turn, SSA is the primary metabolite of GABA, the main 

inhibitory neurotransmitter in the central nervous system. The glial cells reabsorb the GABA 

after the neurotransmission and they degrade it according to the scheme reported in fig.1:  

Fig.1 Schematic rapresentation of the GABA  degradative pathway discussed in the text.

Two enzymes have been shown to catalyze the NADPH-dependent reduction of SSA in 

human brain. Both these enzymes have been identified as members of the aldo-keto reductase 

(AKR) family of enzymes: aldehyde reductase AKR1A1 and a dimeric SSA reductase 

AKR7A2, previously characterized as aflatoxin aldehyde reductase. AKR7A2 has a higher 

affinity for SSA than AKR1A1.

Not all of the SSA produced by transamination of GABA is reduced to GHB. SSA can 

also be oxidized by the mitochondrially located enzyme succinic semialdehyde dehydrogenase

(SSADH) producing succinate for entry into the Krebs cycle. Defects in SSADH are found in 

individuals suffering from 4-hydroxybutyric aciduria, which results in an abnormal

accumulation of GHB (Pearl et al. 2003). SSA that cannot be oxidized in these individuals is 

reduced to GHB by SSA reductase, and it is the high levels of GHB that are presumed to cause 

the clinical syndrome associated with SSADH deficiency, characterized by psychomotor

retardation, hypotonia, ataxia, and poorly developed to absent speech.
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It is also known, that the catabolite GHB  has effects on the behaviour and perhaps also 

at cognitive level (Vasiliou et al 2004). It is believed that large increases in brain GHB 

concentration, following external administration, hyperstimulate the GHB receptors, and this 

mechanism is likely to be the basis of the major pharmacological effects of GHB.

Endogenous GHB is unevenly distributed in the central nervous system (CNS) as well as 

in peripheral organs. The significance of endogenous GHB, which shows most of the features of 

a neurotransmitter/neuromodulator, is suggested by clinical studies showing that dramatic 

increases of its endogenous concentrations, ensuing to mutations of enzymes involved in 

GABA metabolism, are associated with relevant alterations of cognitive and motor functions as 

well as with enhanced neuronal excitability. 

GHB is also a drug, and when administered at pharmacological doses and depending on 

the dose, it produces sedation, euphoria, anxiolysis, hypnosis, and anesthesia. Thus, it has been 

proven efficacious in the induction of general anesthesia, in the pharmacotherapy of narcolepsy 

and in reducing the symptomatology of alcohol withdrawal and alcohol craving in alcoholics. 

GHB appears endowed with neuroprotective properties; as an example, in experimental models 

of transient global ischemia it reduces the brain tissue damage as well as the ensuing functional 

impairment. The use of GHB as a therapeutic tool has been thus far limited by the threat

represented by its increasing abuse, both as a recreational drug and for its purported anabolic 

effects. In addition, the molecular mechanisms underlying its effects on such a variety of 

functional aspects are still controversial. Preclinical evidence shows that its numerous actions 

may depend on the activation of specific GHB receptors (GHB-r) and /or GABAB receptors, 

for whose, however, GHB shows a rather low affinity.
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CHAPTER 7

MATERIALS AND METHODS

Genomic organization of AKR7A2 gene

Fig.2 Chromosome1. Position of the AKR7A2 gene is reported in red.

The gene AKR7A2 is located on the short arm of chromosome 1 (Praml et al. 2003), at 

chromosome positions 19375768 to 19383945 in NCBI B35 assembly. It consists of seven 

exons. The references for the coding and genomic sequences are NM_003689.2 and AL035413, 

respectively.

A preliminary exploration of SNPs reported in dbSNP (www.ncbi.nml.gov/projects/SNP

) was performed. This exploration revealed that exon 2 is enriched in nonsynonymous coding 

SNPs. This exon was then selected for subsequent experimental analyses.

Fig. 3 list of coding SNPs in AKR7A2. Synonymous SNPs are reported in green, nonsynonymous SNPs are reported in 

red. A summary view of SNP locations in the gene is given at top. SNPs features are detailed.

http://www.ncbi.nml.gov/projects/SNP
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Subjects. We typed the HDGP panel (Cann et al. 2002). This consists in a resource  of 1064 

cultured lymphoblastoid cell lines (LCLs) from 1051 individuals in 51 different world 

populations . These LCLs were collected from various laboratories by the HGDP and CEPH in 

order to provide unlimited supplies of DNA for studies of sequence diversity and history of 

modern human populations.

In addition, we also examined 147 subjects of Calabria from five different locations 

(Acri, Lamezia Terme, Lungro, Locri, Paola) and 6 Egyptian subjects collected in the frame of 

a screening program for hemoglobinopathies. DNA was extracted from venous blood in EDTA, 

blood drops adsorbed on paper or buccal smear. Informed consent was obtained verbally in all 

cases.

Experimental procedures. Two primers were designed,  that allow the amplification of a 803 bp 

DNA segment, encompassing AKR7A2 exons 2 and 3 (positions 61100 to 61902 in 

AL035413).

AKR7A2g-1 5’-ttgaaggtttggaggagcctcac-3’

AKR7A2g-3 5’-gtgcctctgctctcatgag-3’
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Fig. 4 Chromosome organization of the human AKR7A2 gene. Blu boxes represent exons. Green boxes represent 

repetitive sequences. A close-up of exons 2-3 is given in the second line. The sequence of the 803bp PCR product is 

reported at bottom.  The locations of three coding nonsynonymous SNPs discussed in the text are shown, plus one 

intronic SNP (rs7525784).  

The PCR product was used as template for the a) sequencing reaction, or b) for 

genotyping. 

Total DNA was amplified in 25 �l reaction mixtures containing 200 ng of genomic 

DNA, 0.5U of Taq DNA polymerase, 0.2 mM dNTPs, 2 mM MgCl2 and 1X reaction buffer. 

Amplifications were performed in an Eppendorf thermal cycler. Cycling conditions were : 

predenaturation at 94�C for 5’, denaturation at 94�C for 30’’, annealing at 60�C for 30’’, 

extension at 72�C for 1.30’’, for 35 cycles, and a final extension at 72�C for 10'.

a) Sequencing 

The amplified fragments were purified by QIAquick PCR purification Kit (Qiagen) and 

sequenced by using the BigDye Terminator Cycle Sequencing Ready Reaction Kit (Perkin 

Elmer) on an ABI 310 automated sequencer (Applied Biosystems).

ATG TAG

AKR7A2g1 AKR7A2g3

803bp

Exons 

Repetitive 
sequences

Primers( not to scale)

tgaaggtttggagcctcacatagtgtttttttgcctctttgactttgcatgggttcccat
gctctggagtgtacttcctgctcttccttgttggctgggactctgggagtgatcccctag
agaaagccttccctggagtctccaagttggcttcatgcatctcatctgggctccttggca
tcgtgtgcctttccctcctgtgcttaccatattgtaccatcatcctctagggctccagga
gggcagagatccattgtgttcagttcatctctgcatactcagtctctagtgcaaggcctg
gcacagccagcaggttggtgactaatgatagttattctaataggtgaacattgagaactc
acatatatgacattatttaatccccaggacctcccaatgaggacagtttgattattatca
ccccattttacagatcatacaattgaggccaagagaatattagtaatttagccagggtta
catggttagcaaatggctctaataggtcacttaaccattccattctctctccaagtgaaa
attgccaccaaggccaacccttgggatggaaaatcactaaagcctgacagtgtccggtcc
cagctggagacgtcattgaagaggctgcagtgtccccaagtggacctcttctacctacac
gcacctgaccacggcaccccggtggaagagacgctgcatgcctgccagcggctgcaccag
gaggtgagggggccctccgagctccaaaggtgggctcctgctcctttctttatcctgatc
ctactcatgagagcagaggcaccagggcagtcccagggtggggcagggaatagccccatt

Direction of 
trascription

G/A 
ala/thr

G/A
val/met

G/C
gln/his
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Electropherograms were aligned with the reference sequence and visually inspected.

Fig. 5 portion of an electropherogram showing heterozygosity at rs1043657.

Sequences were aligned  with the reference sequence AL035413. This part of the analysis was 

applied to 6 Calabrian and 6 Egyptian subjects.

b) Genotyping 

Individual genotypes at positions rs859208 and rs1043657 and rs6670759 were 

determined with two independent methods.

In the first method, applied only to the Calabrian subjects, DNA was initially amplified 

as described above. 5 ul of the amplified product were digested with the enzyme BsrFI. A BsrFI 

site is generated in the presence of C at position 708 (rs859208) of the amplified product. The 

following restriction pattern is obtained: 

Fig 6. Restriction pattern and rs859208 genotypes:

Homozygote G/G 803bp  

Heterozygote C/G 803bp, 708bp (lane 5)

(no homozygote C/C was found among the

Calabrian subjects analyzed)

Negative controls are shown in lanes 6 and 9.

Molecular weight marker is shown in lane 10 

1000pb
700bp

C\GG\G

1 2 3 4 5 6 7 8 9 10 11
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In the second method, the PCR product was spotted on nylon membranes and 

hybridized with 32P labeled allele-specific oligonucleotide (ASO) probes as described (Blasi et 

al. 2006). Table 1 reports hybridization conditions and allele status.

Table 1. ASO probes and conditions used in AKR7A2 genotyping (the variant position is 
underlined)

SNP Primer name Primer sequence
5’-3’

Allele 
state

Washing 
temp

rs859208 Rs859208-C CCTGCCACCGGCTG Ancestral 48�C
Rs859208-G CCTGCCAGCGGCTG Derived 48�C

rs1043657 Rs1043657-G ACCTACACGCACCTGAC Ancestral 51�C
Rs1043657-A ACCTACACACACCTGAC Derived 51�C

rs6070759 Rs6070759-G TCCCCAAGTGGACCT Ancestral 45�C
Rs6070759-A TCCCCAAATGGACCT Derived 45�C

Each amplified product was spotted in duplicate and each duplicate was hybridized with probes 

that differ for a single nucleotide, corresponding to the genomic variation. As the three SNPs 

reside in the same PCR product, each membrane could be sequentially hybridized with ASO 

probes corresponding to different variant positions. The results obtained after two cycles of 

hybridization, and the corresponding genotypes are shown in figure 7.

Fig. 7 Autoradiograph of nylon filters after hybridization with two ASO probes for the two SNPs indicated. 

Interpretation of genotypes is exemplified to the right. Position A1 and B1 are void as negative controls.



26

Data analysis. 

AKR7A2 in the human lineage in comparison to other mammals

Complete cDNA sequences for  the Macaque, Dog, Rat and Mouse orthologues of 

human AKR7A2 were downloaded from the homologene data base (www.ncbi.nlm.nih.gov) 

and aligned with the program ClustalX (Thompson et al. 1997). The Chimpanzee sequence was 

excluded, due to incomplete alignment at the time of analyses. Downloaded sequences were

used to determine the ancestral and derived allele at each SNP. A likelihood ratio test for 

constancy of the non-synonymous vs. synonymous rates of nucleotide changes was performed 

as described by Yang and Nielsen (2000, 2002) with the program PAML (Yang. 1997). This 

program calculates the relationship among rate of non synonymous substitutions (Ka) and rate 

of synonymous substitutions (Ks) along the branches of a phylogenetic tree. It is used for 

testing the hypothesis of a constant rate among the branches. A likelihood ratio test is 

performed by comparing  trees in which the ratio is allowed to vary across branches and that in 

which it is constant.

HapMap data were downloaded from www.hapmap.org as phased haplotypes in the 

European, Yoruban and Chinese+Japanese populations.

The Arlequin 2.000 package (Schneider et al. 2000) was used to calculate haplotype 

diversity, to test for departure from the Hardy-Weinberg equilibrium and to evaluate fixation 

indexes  under the AMOVA scheme. 

Gene-Haplotype diversity

This is equivalent to the expected heterozygosity for diploid date. It is defined as the 

probability to randomly choose two different haplotypes. Gene diversity and is estimated as

k
H= (n/n-1)*(1-Σ p i �)

i=1

http://www.ncbi.nlm.nih.gov/
http://www.hapmap.org/
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where n is the number of gene copies in the sample, K is the number of haplotypes, and pi is the 

sample frequency of the i-th  haplotype.

AMOVA

The Analysis of Molecular Variance approach used in Arlequin (AMOVA, Excoffier et 

al. 1992) is essentially similar to other approaches based on analyses of variance of gene 

frequencies, but it takes into account the number of mutations between molecular haplotypes 

(which first need to be evaluated).

By defining groups of populations, the user defines a particular genetic structure that will 

be tested. A hierarchical analysis of variance partitions the total variance into covariance 

components due to 

 intra-individual differences, 

 inter-individual differences, 

 inter-population differences

The aim is to distinguish the components of the variability (measured as variance in

the comparisons among all the possible couples of individuals) in three levels (fig.8):  

• among individuals inside every population (σc�)

• among different populations belonging to the same group of populations (cluster) (σb�)

• among groups of populations (σa�)

The total variance is the sum of the three components:  

σtot � = σ a� + σ b� + σ c�

while the indexes of fixation are defined as:  

Fst = (σa� + σb�) / (σtot) measure the difference among the populations in comparison to the total 

one  

Fct = (σa�) / σtot � measures the difference among the groups of populations in comparison to the 

total one  
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Fsc = ( σb�)/ (σ b� + σ c� ) measure the difference among populations inside the groups of 

affiliation.

Fig.8 Representation of the hierarchical grouping of individuals applied in the analysis of the molecular variance. The 

black arrows inside the white ovals point out the comparisons among individuals within populations; the white arrows 

point out the comparisons among populations inside the clusters; the great black arrows point out the comparisons 

among clusters of populations.

In our analysis the population clusters corresponded to continental affilation i.e. Europe, 

Asia including Middle East, Africa, America and Oceania represented by PNG and Melanesia.
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CHAPTER  9

RESULTS  AND DISCUSSION

AKR7A2 in the human lineage in comparison to other mammals

We have analyzed the AKR7A2 phylogenetic tree as reconstructed in five mammalian 

species (human, macaque, mouse, rat and dog). The multiple alignment revealed that the 

chimpanzee sequence probably contains numerous errors in the form of insertions and deletions 

that in many cases alter the reading frame. It has then been excluded from the analysis.

As expected, the two primates clustered together, as well as the two rodents (fig. 9). We 

tested the hypothesis of three Ka/Ks ratios, for primates, rodents and the mammalian 

background. We obtained values of  0.197, 0.078 and 0.081, respectively. These results show  

an acceleration of the Ka/Ks ratio in primate lineage. These variations explained the data 

significantly better (χ2=5.34, 1 g.d.l.) than a single Ka/Ks ratio.

When these values are compared with those obtained by Dorus et al. (2004) on genes 

expressed in the nervous system, the value for the rodents resulted within the normal range,

whereas the value for the primates largely exceeded the average obtained by these authors (0.12 

+/- 0.01). In conclusion the gene AKR7A2 shows an acceleration of the rate of aminoacid 

substitution even more pronounced than other genes for which selection for increased cerebral

capacity and cognitive ability has been postulated.  
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Fig. 9 phylogenetic tree of the AKR7A2 gene in five mammalian species. Branch length is proportional to 

the number of substitutions. For each branch the Ka/Ks ratio is reported in red.

The inter-specific analysis reveals the ancestral state  

The multiple alignement showed that for the SNP rs859208 the chimpanzee, the 

macaque, the dog and the mouse share a C, while the rat carries a A (fig.10). 

Fig.10 multiple alignement of AKR7A2 cDNA sequences in the region overlapping rs859208.

X²=5.34      P<0.02

Human 

Macaque

dog

Rat 
Mouse

10

0.081

0.0780.078

0.197
0.197

0.081

0.081
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This result unambiguously identified the C as ancestral and the G as the derived allele. For the 

two other SNP,  rs6670759 rs1043657 the ancestral alleles were identified as G and G, 

respectively, in agreement with dbSNP.

A preliminary exploration of human variation

In order to verify the polymorphism of AKR7A2 exon2, we sequenced the PCR product 

obtained in 12 subjects. One of the non-synonymous SNPs reported in the dbSNP (rs6670759, 

see fig. 4) did not show polymorphism in this small sample, while rs1043657, rs859208 and 

rs7525784 were polymorphic. Finally variation at a novel position was found in one subject. 

This was a G>C transversion in position 8 of exon 2.

The above results prompted us to test rs1043657 and rs859208 in the HGDP with a rapid 

assay (see materials and methods). We extended the typing to rs6670759 as this position resides 

within the same PCR product and requires only rehybridization of the same nylon membranes. 

The results are summarized in table 2.

rs6670759 turned out to be monomorphic in all populations. rs1043657 showed the 

highest frequency of the derived A allele especially in Europe and in north Africa (Algeria). 

The derived allele was not observed in south Africa, Far East, south-east Asia and Oceania.

rs859208 showed a completely different pattern: the ancestral C allele persists in Africa 

at high frequencies, reaching 0.75 in Pygmies. Within Africa the second highest frequencies is 

observed in Bantu-speaking populations (from Nigeria, Kenia and South-Africa). Lower 

frequencies are observed in Western and North-Africa. Outside Africa the derived G allele 

predominates. In Europe the ancestral allele C is rare. We typed 147 Calabrian subjects and 

found only one heterozygote. Another instance is observed among French. In western and 

central Asia the ancestral C is always below 0.05 , increasing to 0.09 in south east Asia and to 

>0.11 in Oceania. The derived G allele appears to be fixed in native Americans.
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Table 2: results of analysis of frequencies in 52 population samples typed for rs859208, rs1043657 and  rs6670759.
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All populations fitted the Hardy-.Weinberg equilibrium at both polymorphic loci.

The SNPs rs859208 and rs1043657 are among those analyzed in the international 

HAPMAP project, that has typed  three populations (African Yorubans, Europeans of mixed 

origin and  Asian Chinese and Japanese ) for more than 3,000,000 SNPs (International Hap-

Map Consortium 2007). The results obtained in these population are appended in table 3. The 

European and Yoruban Hap-Map sample overlap with those examined by us, whereas the 

oriental sample did not. Anyway the Hap-Map results are consistent with ours.

Apportionment of diversity

In order to quantify the amount of variation within and among continents we used the 

analysis of molecular variance on the compilation of two-loci genotypes. As observed with 

most loci, the largest quota of diversity is among individuals within populations (68.34%). We 

found a large among-continents quota of variation. This can be attributed to the differential 

distributions of frequencies at the two loci, both contributing to differentiation in this analysis. 

In fact, rs859208 distinguishes Africa while rs1043657 distinguishes Europe.

In order to further analyse variation within continents, we treated them separately (see 

table 3) Africa showed by far the highest internal heterogeneity (Fst=0.25) accounted for by 

allele frequencies variation at rs859208.
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Table 3 results of AMOVA in 52 population samples typed for rs859208 and rs1043657 

----------------------------------------------------------------------

Source of                  Sum of      Variance         Percentage
variation      d.f.        squares     components       of variation
----------------------------------------------------------------------
Among
continents 4         36.688        0.02925 Va            21.90

Among
populations
within
continents 47         24.915      0.01304 Vb             9.76

Within
populations   1748        159.546        0.09127 Vc            68.34
----------------------------------------------------------------------
Total         1799        221.149        0.13356
----------------------------------------------------------------------
Fixation Indices

FST :      0.31663
FSC :      0.12499
FCT :      0.21902

----------------------------------------------------------------------

Continental heterogeneity

d.f.among d.f. within Fst
populations populations

Africa 7 290 0.251

Europe 7 234 0.027

Asia 28 943 0.031

America 4 205 0.004

Oceania 1 76 <0.001

We used the 52 x 52 matrix of pairwise Fst to give a representation of affinities between 

populations (fig. 11). In the bidimensional plot groups of populations of different continent  

cluster together in a pattern coerent with geography. A cluster of sub-Saharan population is 

clearly separated on dimension 1; Asian and American populations are on the lower right;  

European population are in the top center-right; Oceanian population are in the bottom center. 

Heterogeneity within continents can also be appreciated. The northern and western African 

Algerians (arrow in fig.11) and Senegalese plot afar from Bantu speakers and Pygmies. In 



36

Europe the Basques stand out of the remaining populations, in agreement with the documented 

drift effect which affected this population (Wilson et al 2001; Alonso et al 2005). The rest of 

European populations are arranged in a north to south order from top to bottom. In Asia  the 

position of Han agrees with the documented genetic history of this population (Wen et al 2004).  

Populations from extreme east Asia map at bottom right while the south east Asian Cambodians 

map in bottom center, close to Oceanians. Finally, native Americans map close to eastern Asian 

and show little heterogeneity. 

Fig. 11 bidimensional plot of  pairwise Fst obtained by Multi dimensional scaling  

Overall, the diversity of these two loci can summarize the genetic differentiation of 

human populations (Li et al 2008) during their worldwide dispersal. This result can be  basically 

attributed to the confinement of  the haplotypes rs859208(C)-rs1043657(G) and rs859208(G)-

rs1043657(A) to Africa and Europe, respectively. Our results show that the close genomic 

proximity of these two positions prevented the formation of the recombinant haplotype 

rs859208(C)-rs1043657(A)(see also fig. 7, left panel ). 
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Correlates of AKR7A2: climate

The most obvious descriptors of  environmental condition which imposed adaptive needs 

onto human population out of Africa are climatic variables. This concept has been exploited  for 

a genome wide search for correlation, to identify SNPs candidates for genetic adaptation 

(Hancock et al 2008). We used the same set of variables and values for the 52 populations of 

the HGDP panel to search for correlation with rs859208(G) and rs1043657(G).

rs859208 showed highly significant negative correlation with a number of variables 

related to winter climate (average minimum and maximum temperature, average surface 

temperature, amount of precipitation and solar radiation; r always <-0.278). The scatterplot (fig 

.12) showed the predominant role of African populations in explaining such correlation.

Fig. 12 plot of rs859208(G) frequency versus winter solar radiation 

In fact, when African populations are removed from the analysis only correlation with winter 

precipitation remains significant (r=-0.397), due to the two outlier Oceanian populations 

(yellow dots), characterized by frequencies of  0.86-0.88 in a tropical environment.  
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rs104365 also showed a significant correlation with solar radiation, in this case positive 

(r=+0.452, p<0.001). Here the main effect is attributable to European populations. However  

some degree of relationship is present within continents. Within Europe, the northern Russians 

and Orkney have the lowest frequencies; in Africa the Algerians have the lowest frequency; 

within south west Asia the middle eastern populations have lower frequencies and solar 

radiation than the Pakistani populations.

Fig. 13 plot of rs104365(G) frequency versus winter solar radiation 

Correlates of AKR7A2: genetics

Another work in this laboratory explored the intraspecific (Leone et al. 2006) variation 

of another gene, encoding an enzyme of the same metabolic pathway as AKR7A2, i.e. SSADH 

or NAD+-dependent succinic semialdehyde dehydrogenase. In this paper, two closely linked 

SNPs were analyzed in the HGDP panel. They showed the persistence of ancestral alleles in 

Africa and the near-fixation of the derived allele in Asia. We sought to analyse the correlation 
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of allele frequencies of the two genetic systems across populations. Fig. 14 shows a scatterplot  

with continental populations labelled in different colours. The overall correlation between 

SSADH major haplotype and rs859208(G) is positive and highly significant (r=0.509; 

p<0.001). Indeed, the overall correlation is the result of the outlying position of the African 

populations, the non-African populations being essentially non informative. On the other hand 

correlation between SSADH major haplotype and rs1043657 was not significant (r=0.08).

Fig. 14 analysis of correlation between SSADH major Haplotype and rs859208(G). The regression line is reported.

CONCLUSIONS 

Single nucleotide polymorphisms in the AKR7A2 exon2 revealed a remarkable power in 

discriminating human populations. The geographical distribution of alleles at rs859208 

indicates that the derived allele most likely arose and spread within Africa prior the exit out of 

the continent of anatomically modern humans. Conversely, the geographical pattern of 

distribution of the derived allele at rs104365 is compatible with a much later appearance, 
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possibly in the Mediterranean area and a spread which is difficult to reconstruct at the moment. 

Two models then compete in explaining our findings. 

The first one is a purely neutral model in which populations exiting out of Africa were 

enriched, by chance alone, in the derived allele at rs859208. This was further purified during the 

subsequent migration to Asia, Europe, Oceania and Africa by a serial founder affect, as only 

subsets of the entire populations moved forward during this dispersal process. The 

phylogeographical expectations under such a model have been worked out by Currat and 

Excoffier (2006) and Klopftein et al. (2006). This model, which includes demographic 

expansions leading to increased population densities during the dispersal, generates an expected 

pattern of geographical variation that can be easily mistaken as the result of genetic adaptation 

to changing environments. In fact, the move towards eastern Asia or Europe also implies a 

change to more northernly and humid environments which, in principle, can also select for 

alleles with properties different from those required in Africa.

On the opposite extreme stands a purely selective model, in which derived alleles 

reached the frequencies observed today by virtue of the selective advantage they conferred by a 

yet unidentified mechanism. Two variants of this model can be seen. In the first variant, a new 

mutation generated a derived allele (in our case rs859208(G) and rs104365(A)) that is 

immediately favourable, as it responds to some adaptive need. In this case the derived allele 

starts increasing its frequency from the very beginning. Such process has been reconstructed 

with high likelihood for multiple alleles producing lactase persistence (and thus ability to digest 

dairy products) in African populations (Tishkoff et al. 2007).  

Alternatively, the findings at AKR7A2 may be explained by a model of directional 

selection acting on standing variants, i.e. variants that segregated in the population prior to the 

onset of selection; these variants may have been completely neutral or slightly deleterious 

before they became advantageous. Due to the rapid environmental changes occurred during
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human evolution, a number of investigators have postulated that selection on standing variation 

(rather than selection on a new beneficial allele) played a major role in human adaptations, thus 

affording a more rapid adaptive response to the environmental change. A variety of scenarios of 

directional selection on standing variation have been modelled to determine the expected 

signature of selection (for reviews see (Bamshad and Wooding 2003; Biswas and Akey 2006; 

Sabeti et al. 2006). These models may prove particularly useful to understand the pattern of 

variation at AKR7A2. 

The current state of our data can hardly allow to distinguish between the two main 

models and/or between the two variants of the second one for AKR7A2. In the case of the 

SSADH data generated in the same laboratory, the conclusions in favour of selection as a 

driving agent for the worldwide pattern of allele frequencies were robust because i) an outlying 

positive correlation was found with a gene for which positive selection had been well 

documented (microcephalin) (Evans et al. 2004; Evans et al. 2005) and ii) this correlation 

resisted after controlling for geography, i.e. was not due to coincidental Africa-to-Asia and 

Africa-to-Europe trends.

Our data, however, revealed an interesting parallel between AKR7A2 and SSADH in the 

persistence of ancestral alleles in Africa. Thus, while conclusions on the role of natural 

selection in shaping this arrangement are only speculative, the two sets of data lead to the 

interesting perspective that African vs. non-African populations have differentiated allele 

repertoires in multiple steps along the same metabolic pathway. The different catalytic 

properties of SSADH polymorphic alleles have been demonstrated (Blasi et al. 2002), while 

corresponding results for AK7A2 are missing. The hypothesis that polymorphisms in the two 

genes co-evolved in human populations, due to their concerted functions in the GABA shunt, 

can then be now attacked experimentally at the functional level.
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