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Abstract 

Fabry disease (FD) is an X-linked lysosomal storage disorder with a heterogeneous spectrum 

of clinical manifestations that are caused by mutations in the α-galactosidase A gene (GLA). 

More than 900 pathologic variants of GLA have already been described, most of them are 

family-specific. The most commonly reported causative mutation in Portuguese subjects 

diagnosed with FD is p.Phe113Leu which also appears to be prevalent in the Italian population. 

Notably, the Portuguese and Italian families share the same microsatellite haplotype, 

encompassing approximately 3Mb around GLA gene. In order to estimate the most likely date 

for the occurrence of p.Phe113Leu mutation in Europeans, five gene-flanking microsatellite 

markers of X chromosome were genotyped on 23 patients and their relatives, and 200 healthy 

individuals from the Portuguese and Italian populations. Results of the five short tandem 

repeats (STRs) genotyped (DXS8020, DXS8034, DXS8089, DXS8063 and DXS8096) showed 

that none of the 200 control individuals had similarities with the haplotype co-segregating with 

the mutation. In fact, the lack of variation in the 5 STR markers of the p.Phe113Leu haplotype 

did not allow age estimation of the most common recent ancestor. Thus, the haplotyping had 

to be expanded with inclusion of two additional STRs (DXS6803 and DXS6809), respectively 

located at 14.2Mb and 5.7Mb from the gene, in centromeric direction. Results of these 

exploratory analysis revealed heterogeneity among all patients, which will allow dating of 

p.Phe113Leu mutation in a future study. 

 

Keywords: Fabry Disease; GLA gene; p.Phe113Leu; haplotype; STR markers 
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Resumo 

A Doença de Fabry (DF) é uma doença de armazenamento lisossomal ligada ao cromossoma 

X, com um espetro de manifestações clínicas muito heterogéneo que é causado por mutações 

no gene que codifica a α-galactosidase A (GLA). Mais de 900 variantes patológicas do gene 

GLA encontram-se descritas, sendo a maioria delas específicas para determinada família. A 

mutação causal mais comumente relatada em indivíduos portugueses diagnosticados com DF 

é p.Phe113Leu, que também parece prevalecer na população italiana. Nomeadamente, as 

famílias portuguesas e italianas compartilham o mesmo haplótipo de microssatélites, 

abrangendo uma região de aproximadamente 3Mb em torno do gene GLA. Para estimar a 

data de ocorrência mais provável para a mutação p.Phe113Leu nos europeus, cinco 

marcadores microssatélites do cromossoma X foram genotipados em 23 pacientes e seus 

familiares, e em 200 indivíduos saudáveis que compõem as populações portuguesa e italiana. 

Os resultados dos cinco microssatélites genotipados (DXS8020, DXS8034, DXS8089, 

DXS8063 e DXS8096) mostraram que nenhum dos 200 indivíduos controlo apresentava 

semelhanças com o haplótipo co-segregado com a mutação. De facto, a falta de variação nos 

5 microssatélites do haplótipo p.Phe113Leu não permitiu estimar a idade do ancestral comum 

mais recente. Assim, a haplotipagem teve que ser expandida com a inclusão de dois 

microssatélites extra (DXS6803 e DXS6809), localizados respetivamente a 14,2Mb e 5,7Mb 

do gene GLA, na direção do centrómero. Os resultados desta análise exploratória revelaram 

heterogeneidade entre todos os pacientes, o que permitirá a datação da mutação 

p.Phe113Leu num estudo posterior. 

 

Palavras-chave: Doença de Fabry; gene GLA; p.Phe113Leu; haplótipo; marcadores STR  
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1. Introduction 

1.1. Inborn errors of metabolism 

Inborn errors of metabolism (IEM) comprise a heterogeneous group of rare genetic metabolic 

disorders mostly occurring in childhood. Most of these disorders result from deficiencies of 

specific enzymes, in which the synthesis, metabolism, transport and/or storage of metabolites 

or molecules is disturbed (Eggink et al., 2014). Metabolic dysfunction can cause progressive 

and permanent damage by (a) causing accumulation of a substance to toxic levels in the body; 

(b) depriving the body of essential substances, such as amino acids, needed to support specific 

functions; or (c) altering other (unknown) metabolic pathways (Rao et al., 2009). 

About 1500 IEM disorders have been characterized, including phenylketonuria (PKU) 

lysosomal storage disorders, Wilson disease, and many others. Most IEM disorders are 

individually rare, most having an incidence of less than 1 per 100,000 births. However, when 

considered collectively the incidence may approach 1 in 800 to 2500 births, causing substantial 

morbidity and mortality (Rao et al., 2009). Many IEM disorders are fatal in infancy or childhood; 

others may progress quite slowly, allowing patients to live to adulthood. The effects of IEM vary 

greatly depending on the underlying disorder, and may affect each major organ system in the 

body. 

Current therapies are limited for IEM disorders. Enzyme replacement therapies are available 

for some diseases, and bone marrow transplantation may be an option for some patients. 

Advances in gene therapies may provide an option for some patients in the future. 

The majority of genetic metabolic disorders are autosomal recessive or X-linked recessive in 

their inheritance. Very rarely indeed will a genetic metabolic disorder manifesting in a neonate 

have autosomal dominant or mitochondrial inheritance. Inborn errors of metabolism are a 

common cause of inherited disease (Burton, 1998), of which lysosomal storage diseases 

(LSDs) are a significant subgroup (Platt & Walkley, 2004; Fuller et al., 2006; Ballabio & 

Gieselmann, 2009). 

 

1.2. Lysosomal storage diseases 

LSDs represent a group of about 50 genetic disorders. The common cause of these diseases 

is the deficiency of soluble lysosomal proteins residing in the lumen of the lysosome. A minority 

is caused by defects in lysosomal membrane proteins (Ballabio & Gieselmann, 2009). The 

deficient proteins may be hydrolases or cofactors involved in the degradation of 

macromolecules or transporters, which deliver catabolic products to the cytosol. Most of 
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lysosomal enzymes are exohydrolases acting in sequence, such that substrates are degraded 

by a stepwise removal of terminal residues. Thus, the deficiency of a single enzyme causes 

the blockage of the entire pathway, since the failure to remove a terminal residue makes the 

substrate inaccessible for further hydrolysis by other lysosomal enzymes (Gieselmann, 1995). 

Lysosomal accumulation activates a variety of pathogenetic cascades that result in complex 

clinical pictures characterized by multi-systemic involvement. Storage compounds can function 

as ligands of receptors, modify receptor response, alter subcellular localization of receptors, 

and alter activities of enzymes involved in signal transduction cascades (Ballabio & 

Gieselmann, 2009). Phenotypic expression is extremely variable, as it depends on the specific 

macromolecule accumulated, the site of production and degradation of the specific 

metabolites, the residual enzymatic expression and the general genetic background of the 

patient (Filocamo & Morrone, 2011).  

The particular substrates stored and the site(s) of storage vary, although the substrate type is 

used to group LSDs into broad categories (Meikle et al., 1999). Thus, disorders in which the 

accumulation of glycosaminoglycan fragments prevails are classified as 

mucopolysaccharidoses (MPS). Disorders in which non-degraded sphingolipids accumulate 

are classified as sphingolipidoses. Among the oligosaccharidoses (also known as 

glycoproteinoses), a single lysosomal hydrolase deficiency causes storage of oligosaccharides 

(Filocamo & Morrone, 2011). However, in some lysosomal diseases, a deficiency in a single 

enzyme can result in the accumulation of different substrates. For example, GM1 

gangliosidosis and Morquio-B disease are both caused by defects in acid β-galactosidase 

activity, but they result in GM1 ganglioside and keratin sulphate accumulation, respectively, 

and each disease displays distinct clinical and biochemical features (Futerman & Van Meer, 

2004). 

Despite this categorization based on different substrate type storage, many clinical similarities 

are observed between groups as well as significant similarities between groups. Common 

clinical features of many LSDs include bone abnormalities, organomegaly, central nervous 

system dysfunction, and coarse hair and facies. 

Most LSDs are inherited in an autosomal recessive manner, with the exception of Hunter 

syndrome or mucopolysaccharidoses type II (MPS II), which shows X-linked recessive 

inheritance; Danon disease, which is X-linked dominant; and Fabry disease which with a high 

proportion of affected females should not be described as X-linked recessive (Fuller et al., 

2006). 
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1.3. Fabry disease 

The dermatologists Johannes Fabry and William Anderson first independently described 

angiokeratoma corporis diffusum in 1898. It was recognized early as a systemic vascular 

disease and later as a storage disorder of lipids. Fabry disease (FD, OMIM #301500) is an X-

linked lysosomal storage disorder which results from the absent or deficient activity of the 

lysosomal hydrolase alpha-galactosidase A (αGal; EC 3.2.1.22). The enzyme deficiency 

results in progressive accumulation of globotriaosylceramide (Gb3) and related 

glycosphingolipids with terminal α-galactosyl moieties, particularly in body fluids and in 

lysosomes of endothelial, perithelial, and smooth-muscle cells of blood vessels. Furthermore, 

deposition may occur in ganglion cells, and in many types in the heart, kidneys, eyes, and 

most other tissues (Desnick et al., 2001). Despite being an under-recognized multisystemic 

disorder (Desnick et al., 2003), FD presents a substantial heterogeneous clinical expression, 

which is associated with the absence or presence of significant residual enzyme activity (REA) 

(Germain, 2010). Therefore, there are two major disease phenotypes (Desnick et al., 2003): i) 

the classical phenotype, associated to absent or very low αGal activity; and ii) the atypical 

variants, including the renal, the cardiac, and the cerebrovascular variant, observed in patients 

who have some residual enzyme activity (Desnick et al. 2001; Baptista et al. 2010; Germain 

2010). Like other X-linked genetic disorders, males with FD are generally more severely 

affected than females being that the latter present phenotypes that might range from totally 

asymptomatic, with a normal lifespan, to clinical symptoms as severe as affected males, 

depending on the random X-chromosomal inactivation phenomena (Desnick et al., 2001).  

In affected males with the classic or variant phenotype, the disease is readily diagnosed by 

determining the αGal activity in plasma or peripheral leukocytes. In contrast, female carriers 

can have normal to very low αGal activity because of random X-chromosome inactivation; 

therefore, the finding of a mutated αGal gene (GLA) is critical for confirmation of the diagnosis 

of FD in females (Desnick et al., 2003). 

 

1.3.1. Clinical manifestations 

The FD classical phenotype usually becomes apparent in childhood or adolescence. The first 

manifestations include excruciating pain in the extremities (acroparesthesias), vascular lesions 

in skin and mucous membranes (angiokeratomas), decreased sweating (hypohidrosis), 

gastrointestinal problems, and corneal and lenticular opacities. With advancing age, occurs an 

increase in severity of renal, cardiac and cerebrovascular symptoms. The renal involvement 

inevitably results in end-stage renal disease, which requires dialysis or transplantation. Cardiac 

manifestations include left ventricular hypertrophy, valvular disease, ascending aortic 
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dilatation, coronary artery disease, and conduction abnormalities, leading to congestive heart 

failure, arrhythmias, and myocardial infarction. Cerebrovascular manifestations comprise early 

stroke, transient ischemic attacks, white matter lesions, hemiparesis, vertigo or dizziness, and 

complications of vascular disease (Desnick et al., 2003). In classically affected FD patients, 

the main morbid symptoms of the disease result from the progressive deposition of 

glycosphingolipids in the cardiovascular-renal system (Desnick et al., 2001).  

Atypical variants may be asymptomatic or have late-onset, and the resultant phenotypes are 

restricted to one organ system, usually to the heart. Because of residual αGal levels ranging 

between 2 and 20% of normal (Germain, 2010), these patients do not have the early major 

clinical manifestations of classic FD. Therefore, patients with atypical variants exhibit 

symptoms much later in life relatively to patients with classical phenotype and are often 

identified serendipitously (Desnick et al., 2003). 

The clinical manifestations in carrier females vary widely, ranging from an apparently 

asymptomatic disease course, occasionally observed, to the classic severe phenotype 

observed in males (Germain, 2010). Although many carriers will be relatively asymptomatic 

and have a normal lifespan, carriers may experience symptoms in childhood and adolescence 

(such as pain and proteinuria) and adulthood (such as cardiac or, more rarely, renal 

manifestations). In late adulthood, some carriers develop left ventricular hypertrophy and 

substantial cardiomyopathy (Desnick et al., 2003). 

 

1.3.2. The α-galactosidase A 

Human αGal is a lysosomal acid hydrolase with a mature subunit molecular weight of about 

50kDa (Bernstein et al., 1989). The three-dimensional structure of this lysosomal enzyme has 

been determined by x-ray crystallography, providing information about molecular and 

mechanistic basis for the defects leading to FD (Garman & Garboczi, 2004). The crystal 

structure showed that each monomer contains two domains: the N-terminal domain is a classic 

(β/α) β barrel, and the C-terminal domain contains eight antiparallel β strands packed into a β 

sandwich (Garman & Garboczi, 2004). The enzyme is fold up into a three-dimensional fold that 

assembles 15 residues into an active site configuration specific for α-galactosides, 

discriminating between α-galactosides and the many other saccharides in the lysosome, that 

lead a correct function of the enzyme. The effect of some mutations on the α-galactosidase A 

glycoprotein can be grouped into three categories: 1) mutations that compromise the active 

site of the enzyme leading to loss of enzyme activity; 2) mutations that affect the hydrophobic 

core of the protein leading to folding defects in the enzyme; and 3) mutations that lead to 
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broken disulfite bonds, loss of N-linked glycosylation sites, and mutations with other effects on 

the structure (Garman & Garboczi, 2004). 

 

1.3.3. The GLA gene 

The lysosomal αGal is coded by a unique gene, GLA, whose locus is situated on the long arm 

of chromosome X, in position Xq22.1 (Germain, 2010). The human GLA gene is a 

housekeeping gene and contains 7 exons ranging from 92 to 291 base pairs (bp) in length, 

and the size of the introns varies between 0.2 to 3.7 kilobase (kb). All intron-exon splice 

junctions follow the GT/AG rule. The coding region consists of 1290bp and encodes a 

precursor protein of 429 amino acids (Schiffmann, 2009). The gene contains 12 Alu repetitive 

elements distributed throughout the intervening sequences and in the 3’ flanking regions, which 

represent about 30% of the gene (Desnick et al., 2001). There are several possible regulatory 

elements in the 5′ flanking region, including sequences of TAATAA and CCAAT boxes, GC box 

consensus sequences, and several possible enhancer-binding sites. Furthermore, in the 

region upstream from the ATG initiation codon, GLA gene contains a methylation-free island. 

These DNA islands are sequences containing CpG dinucleotides in GC-rich regions, which is 

a characteristic of housekeeping genes (Desnick et al., 2001). 

Based on Human Gene Mutation Database (HGMD) there are more than 900 disease-causing 

GLA mutations described [http://www.hgmd.cf.ac.uk/ac/gene.php?gene=GLA; last accessed 

on January 1, 2017], the majority of which are private mutations - that is, most of the families 

carry different mutations. The greater part of recurrent point mutations observed in families 

with FD occur at CpG dinucleotides, known hotspots for mutations (Schaefer et al., 2005).  

Point mutations (mainly missense or nonsense mutations) have been described in all exons 

and compromise about 70% of all disease alleles reported. Mutations that lead to complete 

loss of function of the gene product are associated with classic FD phenotype; and mutations 

resulting in amino acids substitutions may occasionally be associated with a milder phenotype 

and are less likely to cause classic disease (Schaefer et al., 2005). The establishment of 

correlation between genotype and phenotype in FD is difficult for a number of reasons: 1) most 

of the changes of the GLA gene represent private mutations; 2) there is a high degree of clinical 

variability both among patients from the same family and the small number of unrelated 

patients carrying the same mutation; 3) many of the clinical features of Fabry disease are 

frequently observed in the general population, making it difficult to define clearly the phenotypic 

features associated with the GLA mutations; and 4) in an advanced stage of disease, part of 

the phenotype may be due to factors not directly related to GLA mutations (Ries & Gal, 2006). 

Thus establishing genotype–phenotype correlations is not straight forward and usually requires 
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the analysis of large cohorts of probands and the availability of comprehensive clinical and 

genetic data (Gal, 2010). 

 

1.3.4. Diagnosis 

Classic FD is a rare panethnic disorder with an estimated prevalence in newborn males ranging 

from 1 in 40,000 to 1 in 60,000 (Meikle, 2004). It is important to perform an early diagnosis of 

Fabry disease because it allows an initial management of symptoms, reducing the risk of 

further problems and it also allows an early identification of other family members who may 

have been affected. Diagnosis of FD initiates with completed clinical examination of the patient, 

his medical and family history (Rozenfeld et al., 2015). 

If the patient presents a clinical suspicion for FD the diagnosis has to be confirmed over 

laboratory testing. Laboratory diagnosis of FD in males is performed by determination of αGal 

activity. It can be measured in samples such as dried blood spots (DBS), plasma, leukocytes, 

or fibroblasts. Therefore, the diagnosis of FD may be done if the level of the enzyme is very 

low. In contrast, for females, enzymatic activity determination is not reliable, and only the 

identification of a pathogenic mutation in GLA gene allows definite diagnosis (Rozenfeld et al., 

2015). Mutation analysis can be accomplished to obtain a definitive diagnosis, discard possible 

pseudodeficiency cases, and it is useful for genetic counseling. 

 

1.3.5. Treatment 

Treatment for FD combines the use of conventional medical treatments with specific 

treatments for the disease. The conventional helps to relieve the problems caused by the 

disease bringing short-term benefits to the patient.  

Enzyme replacement therapy (ERT) is considered the first specific and disease modifying 

therapy for Fabry disease (Schiffmann, 2009). ERT provides recombinant GLA to cells and 

inverts several of the metabolic and pathological abnormalities. There are two forms of αGal 

commercially available for ERT: agalsidase alfa (Replagal, Shire Human Genetic Therapies, 

Cambridge, MA), and agalsidase beta (Fabrazyme, Genzyme Corporation, Cambridge, MA). 

Both recombinant GLA preparations consist of intravenous infusions of the deficient enzyme, 

and they are usually administered every two weeks (Schiffmann, 2009). These two available 

formulations differ mainly in the prescribed dose, 0.2 mg/kg for agalsidase alfa and 1.0 mg/kg 

for agalsidase beta. Moreover, they differ in their glycosylation, which is dependent on the cell 

lines used in production of the enzymes. Agalsidase alpha is produced in a human cell line by 

gene activation, whereas agalsidase beta is produced in Chinese hamster ovary cells by 
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recombinant techniques (Lidove et al., 2007). According to Lidove (2007) review article, these 

two enzyme preparations have proven clinical benefits. Agalsidase alpha controls the 

acroparesthesia, improve the sudation in cases of hypo- or anhidrosis, decreases the cardiac 

mass in women, and stabilizes the kidney function when ERT is given at an early stage of the 

disease. Agalsidase beta decreases the cardiac mass and stabilizes the kidney function when 

ERT is provided at an early stage of the disease. However, the quality of life (QoL) improved 

only with Agalsidase alpha.  

Despite being the standard treatment strategy, ERT is expensive and requires an intravenous 

administration. Alternative therapeutic approaches have been explored (Motabar et al., 2010). 

Substrate reduction therapy (SRT) consists in a small molecule drug that will inhibit the 

synthesis of globotriaosylceramide, which accumulate in the absence of lysosomal enzyme 

αGal. This type of treatment has advantages when compared with ERT, including oral 

availability, non-immunogenicity, and the possibility of being able to reduce storage in the brain 

(Coutinho et al., 2016). In turn, residual enzyme activation consists in small molecule activators 

that may increase the residual activity of mutant GLA in the lysosomes of patients with FD, 

thus the lysosomal storage of the substrate decreases and relieves the symptoms. However, 

enzyme activators may not be profitable if their efficacy is not high enough or if the residual 

activity of mutant GLA is insufficient (Motabar et al., 2010). Another emerging treatment 

strategy is the GLA promotor activation, which consists in a specific small molecule promoter 

activator that will bind to the GLA promotor in the nuclei of cells and promote GLA transcription, 

increasing the synthesis of mutant GLA protein in lysosomes (Motabar et al., 2010). Another 

similar strategy is protein homeostasis regulation, which involves small molecule proteostasis 

regulators that will be utilized to increase the amount of folded protein in the endoplasmatic 

reticulum through enhancing the signaling pathways and/or the transcription and translation of 

components in the proteostasis network, thereby increasing the capacity of this network in cells 

(Motabar et al., 2010). Chemical chaperone therapy (CCT) is another treatment strategy that 

involves small molecules which binds to mutant proteins and support in their correct folding, 

maturation, and trafficking to their functional site. Some enzyme receptors and receptor 

antagonists are considered chaperones because they tightly bind to the target protein (Motabar 

et al., 2010). 

The advances in drug discovery technologies has allowed the finding of new therapies for FD 

and give hope to people suffering from this complex and life-threatening disease. 
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1.3.6. GLA p.(Phe113Leu) variant 

The p.Phe113Leu GLA mutation is the most commonly reported causative mutation in 

Portuguese subjects diagnosed with FD. This mutation results in a T-to-C transition in exon 2 

(c.337T>C), predicting a phenylalanine-to-leucine replacement in position 113 of the αGal 

polypeptide (Eng et al., 1997). Molecular modelling studies have shown that this substitution 

influence only one atom in the main chain of the enzyme, without affecting the active site 

(Spada et al., 2006). In fact, p.Phe113Leu mutation is associated with the atypical form of FD 

since it has been described in patients with the late-onset forms of disease. This GLA variant 

was first described by Eng and coworkers (1997) as causative of FD in a patient with mild 

cardiac phenotype. It was posteriorly identified in two out of 34,104 consecutive Italian male 

neonates with residual GLA enzyme activity and later-onset phenotypes, using a DBS enzyme 

assay (Spada et al., 2006). A few years later, the same mutation was identified in a Korean 

patient diagnosed with the atypical form of FD (Park et al., 2009); and in two patients both of 

Portuguese ancestry (Hagège et al., 2011). A screening of FD in patients with hypertrophic 

cardiomyopathy was performed in the geographic region of Guimarães (Azevedo et al., 2013). 

In this study seven apparently unrelated patients exhibited the same mutation on GLA gene 

p.(Phe113Leu). This observation was interpreted as having a common familial ascendant and 

thus it exists a local founder effect of FD in the region of Guimarães. 

 

1.4. Molecular markers: an overview 

From the beginning of the ‘DNA era’, the attention of many scientists was addressed to the 

discovery of molecular tools to employ in several fields going from human health to farming 

improvement, from genome mapping to the conservation of biological diversity. Since then, 

different generations of molecular markers were discovered and used for a high number of 

aims (Scandura, 2004). 

A molecular marker is defined as a particular segment of DNA that is representative of the 

differences at the genome level (Agarwal et al., 2008). To be considered ideal a molecular 

marker technique should fit the following criteria: (a) be highly polymorphic and distributed 

throughout the genome; (b) provide adequate resolution of genetic differences; (c) generate 

multiple, independent and reliable markers; (d) be simples, quick and inexpensive; (e) need 

small amounts of tissue and DNA samples; (f) have linkage to distinct phenotypes and (g) 

require no prior information about the genome of an organism (Agarwal et al., 2008). 

Unfortunately, it is really difficult to get a molecular marker technique in compliance with the 

above properties. Each of the molecular marker techniques has its own advantages and 

limitations thus, the choice of molecular marker typically depends on the ultimate objective of 
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the experiment, amount of DNA available for the assay, technical expertise of the investigator, 

monetary considerations and equipment available in a laboratory (Grover & Sharma, 2016). 

The first molecules to be used as markers were secondary metabolites (e.g. anthocyanins and 

phenolics) to distinguish among different plant varieties. However, some limitations such as 

instability and limited availability restricted their vast use. Enzyme markers (i.e. allozymes and 

isozymes) gained importance for a short period of time before the availability of more powerful 

DNA markers (Grover & Sharma, 2016). However, the major limit of this kind of molecular 

marker is represented by the fact that mutations at coding DNA regions are under selective 

pressure, because they may influence directly the biological functions of the organism 

(Scandura, 2004). Nevertheless, the use of such markers is simple and cost-effective, small 

amounts of tissue are required, alleles exhibit simple Mendelian inheritance and are usually 

expressed as codominant. These positive attributes make essentially allozymes still currently 

used to detect diversity at the population and phylogeographic level (Al-Samarai & Al-Kazaz, 

2015).  

Afterwards, different molecular markers were developed to detect DNA polymorphisms and 

can be classified into two categories: (1) hybridization based markers and (2) polymerase 

chain reaction (PCR)-based markers (Sharma et al., 2008). Restriction fragment length 

polymorphism (RFLP) is a type of hybridization based technique and it has the ability to detect 

the occurrence of DNA fragments of different lengths after restriction digestion of genomic DNA 

from various sources (Grover & Sharma, 2016). The differential DNA fragment profile is 

generated due to nucleotide substitutions or DNA rearrangements like insertion or deletion or 

single nucleotide polymorphisms. The RFLP markers, in addition to being co-dominant, also 

are highly polymorphic and reproducible. However, the technique is not very widely used 

because it is time-consuming, involves expensive and radioactive/toxic reagents and requires 

large quantity of high quality genomic DNA (Agarwal et al., 2008). After the invention of PCR 

technology (Mullis & Faloona 1987), a large number of approaches for generation of molecular 

markers based on PCR were introduced. Random Amplified Polymorphic DNA (RAPD) 

markers are DNA fragments from PCR amplification of random segments of genomic DNA with 

single primer of arbitrary nucleotide sequence (Bardakci, 2001). This technique requires a 

small amount of DNA (10-25 ng) and it is independent of any prior DNA sequence information. 

Another advantage of RAPD is that large numbers of markers are generally obtained, often 

distributed all over the genome (Grover & Sharma, 2016). A disadvantage of RAPD markers 

are the dominant inheritance, i.e. profiles are not able to distinguish heterozygous from 

homozygous individuals, also show some problems with reproducibility of data (Agarwal et al., 

2008). Nevertheless, RAPDs have been widely employed for studies on taxon identification, 

hybridization, reproductive behavior and population genetic structure (Scandura, 2004). To 
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overcome some limitations associated with RAPD, Amplified fragment length polymorphism 

(AFLP) technology (Vos et al. 1995) was developed. This technique is based on PCR 

amplification of selective restriction fragments generated by specific restriction enzymes and 

ligated to oligonucleotide adapters of a few nucleotide bases (Grover & Sharma, 2016). AFLPs 

are more reproducible than RAPD, they offer a fast generation and high frequency of 

identifiable polymorphisms. Likewise RAPD, AFLP are distributed throughout the genome, and 

normally show dominant inheritance. In addition to this latter disadvantage, it presents others 

as low content of polymorphic information, labor intensive, expensive and requires technical 

expertise. However, AFLP has been a very popular technique for studying population genetics 

and genetic diversity in animal, plant and microbial species (Grover & Sharma, 2016). 

Variable number tandem repeats (VNTR) are highly polymorphic regions of the nuclear 

genomes consisting of multiple tandemly repeated copies of a DNA sequence (Scandura, 

2004). They include both minisatellites and microsatellites, differing only in the length of the 

repeat unit and in the number of repetitions (Pakzad et al., 2014).  Contrary to dominant 

markers, this class of markers presents advantages related to the detection of both alleles of 

a heterozygous individual because they possess a codominant inheritance. Moreover, they 

offer high polymorphic information contents, high reproducibility, speed and simplicity of the 

technique, a low operating cost and high resolving power (Oliveira et al. 2015a).  

Minisatellites are defined as the repetition in tandem of a short (6- to 100-bp) motif (Vergnaud 

& Denoeud, 2000). Due to variation of the number of repeats units in each locus, they are 

usually found in non-coding and hypervariable regions. The fact that they can be separated 

and visualized by electrophoresis using conventional agarose gels make them easier to obtain 

without using sophisticated equipment to view the fragments, which is a very attractive 

technique for many molecular studies (Oliveira et al. 2015b). Nevertheless, the main 

disadvantage for minisatellites analysis is to be a labor-intensive procedure, requiring large 

amounts of good quality genomic DNA (Scandura, 2004).  

Techniques based on the polymorphism of tandem repeats have been used in several 

organisms in a wide variety of studies, with microsatellites being more frequently employed 

than minisatellites (Oliveira et al., 2015a). 

 

1.4.1. Microsatellites: Evolution, function and applications 

Microsatellites (Litt and Luty 1989) also known as Short Tandem Repeats (STR), Simple 

Sequence Repeats (SSR) or even Simple Sequence Length Polymorphism (SSLP) are 

repeated DNA sequences comprising tandem array of short motifs (generally, 1–6 

nucleotides), which are widely spread in both eukaryotic and prokaryotic genomes (Liu et al., 
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2016). STRs can be classified based on size, the nature of the repeated unit or their position 

within the genome (Miah et al., 2013). In relation to the number of nucleotides per repeat unit, 

they can be classified as mono-, di-, tri-, tetra-, penta- or hexa-nucleotide repeats. According 

to the arrangement of nucleotides within the repeat motifs, Weber (1990) used the terms 

perfect, imperfect and compound to classify microsatellites. In a perfect microsatellite the 

repeat sequence is not interrupted by any base not belonging to the motif, whereas in an 

imperfect microsatellite there is a pair of bases between the repeated motifs that does not 

match the motif sequence. In the case of a compound microsatellite there is a small sequence 

within the repeated sequence that does not match the motif sequence while in a composite 

microsatellite the sequence contains two adjacent distinctive sequence-repeats (Oliveira et al., 

2006). With respect to the position within the genome, STRs can be found mostly in nuclear 

genome (nuSTR), but also in the chloroplastic (cpSTR) and mitochondrial (mtSTR) genomes 

(Kalia et al., 2011). 

STRs are usually considered just as evolutionary neutral DNA markers. However, they are 

broadly distributed throughout the genome, both in protein-coding and noncoding regions. In 

this manner, they perform important functions, such as the regulation of transcription and 

translation, organization of chromatin, genome size and the cell cycle (Li et al., 2002). 

The STR evolution i.e. any change in STR resulting in increase or decrease in repeat number 

is associated with its mutation rate (Kalia et al., 2011). The mutational dynamics of these 

genomic regions is still not well understood although it is known that the mutation rate of STRs 

is much higher than that of other parts of the genome, ranging from 10-6 to 10-2 nucleotides 

per locus per generation (Oliveira et al., 2006). Two main mechanisms were suggested to 

explain the high mutation rate of STRs including DNA polymerase slippage and unequal 

recombination (Tóth et al., 2000). In the first mechanism one DNA strand temporarily 

dissociates from the other and rapidly rebinds in a different position, leading to base-pairing 

errors and continued lengthening of the new strand. The number of repeats increases (i.e. 

additions) in the allele if the error occurs on the complementary strand or decreases (i.e. 

deletions) if the error occurs on the parent strand (Oliveira et al., 2006). Unequal crossing over 

during meiosis (recombination) is usually associated with the exchange of repeated units 

between homologous chromosomes, and therefore, plays a limited role in microsatellite 

mutation (Hoshino et al., 2012). This is because when STR repetitive regions are present, a 

hairpin can be formed during synapsis, which means that only parts of each chromosome will 

be exchanged and one chromosome will receive a larger fragment because of the larger 

number of STR repeats exchanged, the homologues chromosome receiving a smaller number 

of repeats (Oliveira et al., 2006). Moreover, there are additional factors that affect the rate of 
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mutation at microsatellite loci like repeated motifs, allele size, chromosome position, cell 

division, sex and the GC content in flanking DNA (Bhargava & Fuentes, 2010).  

There are several mutational models in order to explain the evolution of STRs. Most estimators 

of population parameters (e.g. number of migrants, population structure and effective 

population size) are dependent on the type of mutation model adopted (Hoshino et al., 2012). 

The first model to be described was Infinite Allele Model (IAM) and assumes that each mutation 

randomly creates a new allele. Applying this model to STR loci, mutations change the number 

of repeats (Oliveira et al., 2006). In contrast, the stepwise mutational model (SMM) assumes 

that each mutation creates a novel allele by either adding or deleting a single STR repeated 

unit whereas the two phase mutational model (TPM) allows a proportion of mutations to involve 

changes greater than single repeats (Chistiakov et al., 2006). In turn, K-Allele model (KAM) 

assumes that there are K possible allelic states and any allele has a constant probability of 

mutating towards any of the other K-1 allelic states. This model treats all alleles as equivalents 

with the potential to mutate from one allele to any other allele and allows homoplasy, which is 

more suitable for data where the mutation pattern is unknown (Hoshino et al., 2012).  

Due to all the previously discussed features, STRs still are a class of molecular markers used 

for diverse applications. STRs were first used for genetic mapping and as a diagnostic tool to 

detect human diseases (Karthu, 2003). Nevertheless, they are applied in other research fields 

like population and ecological studies. STRs are excellent markers for studying gene flow, 

effective population size, dispersal and migration related issues (Karthu, 2003). Moreover, 

these markers are the tool of choice in forensic identification and relatedness testing (Remya 

et al., 2010). The effects and level of inbreeding can also be studied recurring to STRs (Karthu, 

2003). 

 

1.4.2. Microsatellites to estimate the age of a mutation 

It is possible to predict the times in the past at which particular mutations arose using variation 

at closely linked genetic markers. In Rannala and Bertorelle (2001) review are mentioned two 

methods for estimating the age of a particular mutation using variation observed at closely 

linked genetic markers. The first approach consist of the reconstruction the gene tree of a 

sample of mutant chromosomes estimating the age of the mutation as the age of the most 

recent common ancestor (MRCA) in the gene tree, so-called phylogenetic method. Population 

genetic method is another approach mentioned in the review article. Usually it uses maximum 

likelihood, Bayesian inference, to derive estimators of the age of a mutation that do not rely on 

a particular reconstruction of the gene tree of mutant chromosomes. In turn, the latest method 

can be classified in two approaches: 1) numerical statistical methods for estimating allele age 
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using maximum likelihood or Bayesian techniques (Slatkin & Rannala, 1997); and 2) composite 

likelihood or moment-based methods that allow simple parametric estimators to be obtained 

analytically (Risch et al., 1995).  

Information about the age of a mutation arises from the decay of linkage disequilibrium (LD). 

That is, whenever a new mutation occurs the association of alleles becomes non-random 

generating a LD. The direct descendants of a mutant chromosome will be monomorphic for a 

set of markers associated to the locus of interest. Over time, as the LD is disrupted due either 

recombination or mutation, the pattern of variation between the chromosomes will 

progressively demonstrate the pattern of variation in the general population. By making a 

quantitative assessment of the extent to which the disequilibrium has been undone, and using 

known rates of mutation and recombination, we can estimate an age for the most recent 

common ancestor of mutant chromosomes (Reich & Goldstein, 1999).  

The method developed by Slatkin and Rannala (1997) for a model with no recombination 

between markers and only non-recurrent marker mutation is the most appropriate when most 

events result in new mutations. Furthermore, the method is the most suited for rapidly evolving 

markers, like microsatellites, located very near the mutation whose age is to be estimated.  

Several studies are based on the theory that assumes an exponential decay of linkage 

disequilibrium with time. In Diaz et al. (2000) the age of N370S and 84GG mutations associated 

with type 1 Gaucher disease (GD) was estimated to be 48 and 55.5 generations ago, 

respectively; Genin et al. (2004) estimated the age of the IVS14+1GNA mutation within the 

AAAS gene involved in Triple-A syndrome to be between 39-47 generations ago; and Paskulin 

et al. (2015) estimated the age of the c.1010G>A mutation in TP53 gene associated with Li-

Fraumeni Syndrome (LFS) to be about 72–84 generations. 
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2.  Objectives 

In a previous study, Susana Ferreira and coworkers found that the GLA Leu113 mutant allele 

segregated with a microsatellite haplotype shared by Portuguese and Italian mutation carrier 

families suggesting an inheritance derived from a common ancestor (unpublished data). With 

this study we aimed to estimate the age of the mutation GLA p.Phe113Leu, associated cardiac 

variant of Fabry disease, and confirm the occurrence of a founder effect. 
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3. Materials and Methods 

3.1. Samples 

Two hundred healthy male genomic DNA samples (one hundred Portuguese and one hundred 

Italian) were included in this study. The unrelated Portuguese cohort (aged 18-45 years) 

included 31 volunteer medical students and 69 bone marrow donors. The DNA samples were 

extracted from venous blood samples collected in tubes containing 5% edetate. The Italian 

cohort consisted of 100 unrelated newborn previously screened for αGal A deficiency. The DNA 

samples were obtained from DBS on filter paper collected at age 3 days, as described in Spada 

et al. (2006) and mailed to Portugal at room temperature. 

The Portuguese patient and relatives cohort was composed of 23 DNA samples from 

individuals belonging to 8 families originating from Portugal, with 8 hemizygous males, 3 

heterozygous females and 12 non carriers (8 males and 4 females). The two affected Italian 

families were each composed by 1 hemizygous male and the heterozygous mother.  

3.2. Haplotype analyses 

Haplotype analyses were performed employing seven microsatellite markers, which surround 

the GLA locus in close genetic linkage between positions 87176154 and 103527430 in the X 

chromosome (Xq22.1) spanning a physical distance of approximately 16Mb using the Genome 

Data Viewer (https://www.ncbi.nlm.nih.gov/genome/gdv/) (Figure 1). Markers DXS8020, 

DXS8034, DXS8089, DXS8063 and DXS8096 were selected in order to allow for the 

comparison of our results with those of obtained by Spada et al. (2006) in the Italian population. 

The DXS6803 and DXS6809 markers, included in the AneufastTM QF-PCR Kit used for 

diagnosis of aneuploidies, were subsequently used to expand the molecular haplotype 

segregating with the GLA 113Leu allele in our patient cohort.  
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3.3. Primers and multiplex PCR 

We first centered our analysis on five X-STR markers (DXS8020, DXS8034, DXS8089, 

DXS8063 and DXS8096) which were performed in all DNA samples of carriers and non carriers 

individuals. Primers were manually designed using data from National Center for 

Biotechnology Information (http://www.ncbi.nlm.nih.gov). The sequences of each primer, the 

concentrations used in the multiplex, marked fluorochromes (dye-labeling) and the size 

variation of each amplicon are presented in Table 1. All forward primers were dye-labeled with 

6-carboxyfluorescein fluorescent (6-FAMTM; Thermo Fisher Scientific; Waltham, MA, USA). 

Amplifications were performed in two multiplex PCRs using 1µl of template DNA (100ng/µl), 

5µl H2O BBraun, 10µl Platinum® Multiplex PCR Master Mix, 3µl GC Enhancer and 0.5µl of 

each pair of PCR primers, in a 20µl final reaction volume. Thermocycling conditions were as 

follows: initial incubation at 95oC for 2 minutes and amplification for 30 cycles, with 

denaturation at 95oC for 30 seconds, annealing for 1.5 minutes, respectively at 56,5oC for 

Figure 1. Relative genomic positions of p.Phe113Leu mutation and 

microsatellite markers used for haplotyping. 
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DXS8020/DXS8034/DXS8096 and 60,5oC for DXS8063/DXS8089, extension at 72oC for 1 

minute; and final extension at 60oC for 30 minutes. In the second step, we expanded the 

analysis to include two additional markers (DXS6803, DXS6809) which were performed in DNA 

samples from twelve affected individuals (8 Portuguese and 4 Italians). Amplifications were 

performed in a single multiplex Quantitative Fluorescence-Polymerase Chain Reaction (QF-

PCR) using the Aneufast™ QF-PCR Kit (Life Technologies Corporation). Samples were 

prepared immediately before capillary electrophoresis (CE), whereupon 13.7µl highly 

deionized (Hi-DiTM) formamide and 0.3µl GeneScanTM 600 LIZ® dye Size Standard v2.0 were 

added to 1µl of each PCR product. Hi-DiTM formamide is used to denaturate the samples before 

electrokinetic injection on CE systems and the 600 LIZ® dye enables automated data analysis 

and is essential for achieving high run-to-run precision in sizing DNA fragments by 

electrophoresis. Thereafter, samples were denatured during 3 minutes at 94oC in a GeneAmp 

PCR System 9700 followed by 2 minutes at -20oC. The fragments were separated by size and 

detected by CE performed in an ABI Prism 3500 Genetic Analyzer (Applied Biosystems). 

Lastly, alleles were identified and assigned using compatible software with the genetic analyzer 

present in the laboratory of the Genetics Department, GeneMapper® Analysis Software 

(Version 4.1; Applied Biosystems) to generate size calls of the analyzed microsatellites.  

Table 1. PCR primers, fluorescent dyes and other parameters for construction of the multiplex genotyping protocol. 

 

3.4. Establishment of haplotypes 

Data produced in the CE were displayed as peaks in electropherograms by sizing which 

correspond to the alleles of the STR markers. Because FD is an X-linked disorder, in males 

only one allele is present for a given STR marker. A database was manually elaborated in 

Excel file and the haplotypes of all individuals were inferred. This database shows the number 

of DNA samples of each Portuguese and Italian individual, information about gender and the 

peak size (bp) of each STR marker (Appendices 1 and 2). 

Microsatellite 

marker
Primer

STR 

type
Repeat Dye

Position on the X 

chromosome (bp)

Forward Tetra TCTA VIC

Reverse

Forward Tetra CTAT VIC

Reverse

Forward 6-FAM

Reverse

Forward 6-FAM

Reverse

Forward 6-FAM

Reverse

Forward 6-FAM

Reverse

Forward 6-FAM

Reverse

Concentration 

(ng/µl)

15

5

10DXS8089

CTGTATAGACTTTGTGTGAG

CCTGGCACAAAGTGTTTATC

TAAATGGGCCATGGTATCAT

DXS8020

DXS8034

ATGAATGGTGCTAGGATTTGG

TCTTGTATGGCTTCTGGGTC

Fragment 

size (bp)

185 - 209

230 - 286

Primer Sequence 5´>3´

ATCCTAATGGCCCTGGATG

GAAATGTGCTTTGACAGGAA

CAAAAAGGGACATATGCTAC

DXS8063 TCGGTGATTAGGAAAATACATG 229 - 277 10

CCTCCAGCAGCCAAAGTACT

Di CA

DXS8096 ATTGGGAAGGTCATCTCAG 235 - 263 10

TCATGTGAGCCAGTTCTTG

Di CA

91 - 111

TGAACCTTCCTAGCTCAGGA

TCTGGAGAATCCAATTTTGC

Di

Di

Di

CA

CA

CA

10

10

110 - 126

241 - 273

DXS6803

DXS6809

103527109- 101943654

103527106 - 103527427

87176154 - 87176292

95683121 - 95683445

100313705 - 100313947

100371685 - 100372171

101480090 - 101480225
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3.5. Statistical analysis 

In order to calculate the genetic diversity of Portuguese and Italian populations Arlequin version 

3.5.2.2 software (http://cmpg.unibe.ch/software/arlequin35/) was used. This software package 

integrates several basic and advanced methods for population genetics data analysis 

(Excoffier & Lischer, 2010). The statistical methods used to calculate the age of a mutation 

require the recombination rate of the linked markers. The recombination rates were plotted on 

a map inferred for the European population by HapMap using LocusZoom tool 

(http://locuszoom.org/) (Pruim et al., 2010). Phylogenetic networks were developed to 

investigate genetic relationships among haplotypes using Network 5 software 

(http://www.fluxus-engineering.com/sharenet.htm) by the median-joining algorithm applied to 

the reduced median calculation (Bandelt et al., 1999). A network represents all the alternative 

possibilities linking every haplotype considered through a minimum number of mutation steps 

and is not restricted to represent relationships as a single pathway (Aller et al., 2010). 
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4. Results 

4.1. Haplotype database 

The genotyping of five X-STRs (DXS8020, DXS8034, DXS8089, DXS8063 and DXS8096) 

revealed that all sixteen p.Phe113Leu mutation carriers had the same haplotype (187-131-

105-248-239) (Appendix 1) while for each Portuguese and Italian cohorts 91 different 

haplotypes were identified, and none of the 200 healthy male have the same haplotype shared 

by the FD individuals carrying the GLA mutation. These results disabled the purpose of 

mutation dating, and therefore analyses were expanded to include two other X-STR markers 

(DXS6803 and DXS6809), resulting in the identification of different haplotypes among the 

twelve analyzed cases carrying the Leu113 allele (Appendix 2).  

4.2. Recombination rate 

A preliminary analysis was performed calculating the rate of recombination processes between 

the five STRs (DXS8020, DXS8034, DXS8089, DXS8063 and DXS8096) across the long (q) 

arm of the X chromosome, a very long stretch extending for 3.2Mb. As shown in Figure 2, 

recombination events are unevenly distributed along the chromosome, with several spots 

exhibiting high recombination rates. 

 

Figure 2. Recombination map in the GLA region encompassing the five STRs surveyed in our study. The x axis indicates the 

physical position along the X chromosome and y axis indicates the recombination rate (cM/Mb). 

4.3. Expected heterozygosity  

The variability in closely linked polymorphic markers was evaluated using the calculation of 

expected heterozygosity. In each of the two populations, the five STRs loci showed high levels 
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of heterozygosity (an average of 78% and 77%, respectively) and, therefore, they can be 

classified as highly variable (Table 2). 

Table 2. Expected heterozygosity of five STR loci in the two Portuguese and Italian populations. 

Locus Portugal Italy 

DXS8020 0,74667 0,75798 

DXS8034 0,70747 0,69818 

DXS8089 0,82384 0,79960 

DXS8063 0,86707 0,83859 

DXS8096 0,76061 0,76747 

Average 0,78113 0,77236 

 

4.4. Haplotype networks 

The haplotype networks analyses revealed that most individuals in Portuguese and Italian 

population have unique haplotypes, and there is no clear clustering of haplotypes by 

geographic region. When considering the five loci (DXS8020, DXS8034, DXS8089, DXS8063 

and DXS8096), the haplotype segregating with the GLA 113Leu allele is not observed in control 

populations (Figure 3.). The two closest haplotypes are: one Portuguese (observed in one 

individual) one step away (one additional repeat) at locus DXS8063; one Italian (observed in 

one individual) two steps away (two fewer repeats) at the same locus. 
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Figure 3. Network of the haplotypes defined by the five STRs. Control Italians – blue; control Portuguese – green; F113L Italians 

– pink; F113L Portuguese – red. The circles are proportional to the number of individuals and the size of the branches reflect the 

differences in repeats in the haplotype. 

Taking a second approach of our network study discarding the DXS8096 locus and thus 

considering only four loci (Figure 4.), there are three Portuguese individuals and five Italian 

individuals sharing the haplotype associated with p.Phe113Leu mutation. 
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Figure 4. Network of the haplotypes defined by the four STRs. Control Italians – blue; control Portuguese – green; F113L Italians 

– pink; F113L Portuguese – red. The circles are proportional to the number of individuals and the size of the branches reflect the 

differences in repeats in the haplotype.  
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5. Discussion  

In this study, we analyzed five X-chromosome STRs present in the close vicinity of the GLA 

gene defining the corresponding haplotypes present in carriers of the GLA p.Phe113Leu 

mutation as well as in a cohort of two hundred healthy Portuguese and Italian males apparently 

unrelated. Our goal was estimate the most likely date of occurrence of the GLA p.Phe113Leu 

mutation. To achieve this goal, we use the variation observed at closely linked genetic markers 

to specific mutations. Methods that use such information require a set of data (1) information 

about the number of population demographic parameters, (2) the sample of haplotypes on 

mutation-bearing and normal chromosomes and (3) the marker mutation rates and/or 

recombination (Rannala & Bertorelle, 2001). 

The results from this analysis indicated that all mutation carriers share the same haplotype. 

Furthermore, the genotyping of 200 individuals did not identify any haplotype that was similar 

to the one shared by the carriers. In addition, our calculations of expected heterozygosity 

indicated that there is variability of the five STR markers (DXS8020, DXS8034, DXS8089, 

DXS8063 and DXS8096) suggesting that both populations of Portugal and Italy have high 

genetic diversity. Further, haplotype networks analysis also revealed this information. In our 

network defined by five STRs, no control individuals share the haplotype of patients (i.e., 187-

131-105-248-239). In contrast, when we remove the last marker downstream of the mutation 

(DXS8096), there are some control individuals who share the mutation haplotype. The fact that 

both Portuguese and Italian individuals carrying the mutation share the same haplotype points 

to a unique origin, however it is impossible to infer if the probable geographical origin was 

closer to Portugal or to Italy. Moreover, as there is no variation in the five loci in the haplotype 

associated with p.Phe113Leu mutation, we cannot estimate the age of its most common recent 

ancestor. The map of genetic recombination was inferred based on the haplotypes that exist 

in the European population to demonstrate that there are recombination events in the stretch 

encompassing the 5-STRs. However, these recombination events were not observed in the 

haplotype segregating with the GLA 113Leu allele, which makes even stranger the fact that 

the haplotype remains the same in mutation carriers in both populations. 

In fact, the results are very atypical. It would not be expected the absence of diversity among 

p.Phe113Leu carriers, since there are highly variable loci in both populations. In a previous 

study by Alencar et al. (2014) to investigate a founder effect and estimate the age of the GLA 

gene mutation 30delG, they initially genotyped four gene-flanking microsatellite markers of the 

X chromosome on the mutation carriers and their parents. As all nine mutation carriers had the 

same 4-marker haplotype, the analyses were expanded to include two additional X-STR 

markers. The results revealed haplotypic heterogeneity among all mutation carriers. Due to 
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the high frequency of a single haplotype in the mutation-positive families, it was considered 

the most likely ancestral haplotype associated with the GLA 30delG mutation. In this way, the 

homogeneity of haplotypes linked to the p.Phe113Leu mutation is the major limitation in the 

present work and the main reason for this obstacle is the low frequency of recombination 

events. 

Greenwood et al. (2010) recommend that the optimal set of markers to use when estimating 

the age of mutations should include markers far enough away that the recombination fraction 

can be adequately estimated, but not so far apart that the associated haplotype is no longer 

identifiable. In this way, our second-tier analysis comprised the genotyping of two additional X-

STRs (DXS6803 and DXS6809) only in the individuals carrying the mutation (8 Portuguese 

and 4 Italians) which revealed haplotypic diversity among all mutation carriers. This diversity 

may have resulted from recombination processes rather than by mutation, since these two 

STRs loci are the most distant from mutation locus. Although these markers confer 

heterogeneity on the haplotype linked to mutation, they have to be genotyped in both control 

populations so that we can estimate the age of the mutation. Moreover, in an attempt to 

increase the accuracy of GLA 113Leu mutation dating, the next step is to find one or two STRs 

loci which extrapolate the 3.2Mb haplotype block where no recombination events are 

observed. In addition, the next markers loci to be found cannot exceed the distance of 

approximately 6Mb, since between the mutation locus and the nearest STR locus - which 

conferred diversity (DXS6809) - there is a large distance of 5.7Mb.  

Even so, we can propose an estimated age for the 113Leu allele arising as well as a hypothesis 

to explain it. In the study of Rodrigues et al. (2012) to estimate the age of Q0Ourém allele 

associated with α-1 Antitrypsin deficiency (AATD) they analyzed seven microsatellites 

encompassing a region of 3.3Mb. The mutation was estimated to have arisen 650 years ago, 

in the 14th century. In our study, taking into account all the assumptions, we expect that age 

of p.Phe113Leu mutation will be less than 650 years. The hypothesis of the origin of mutation 

having occurred at the end of 15th century may be associated with the escape of some 

Portuguese/Spanish Jews (Sephardic Jews) from Iberian Peninsula to other countries in 

Europe, namely north of Italy, during the period of Inquisition. 
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Appendices 

Appendix 1 

Database consisting of 23 samples of genomic DNA of patients and relatives from 8 

Portuguese families and one hundred genomic DNA samples from healthy Portuguese males 

with respective allele size (bp) for each STR marker and the defined haplotype (not following 

any nomenclature).  

 

 

  

Case Gender Mutation

Index 81 M 187 131 105 248 239 x

Grandmother 253 F 187 195 129 133 100 101 256 258 251 253

Family 2 Index 121 M 187 131 105 248 239 x

Family 3 Index 312 M 187 131 105 248 239 x

Family 4 Index 343 M 187 131 105 248 239 x

Index 418 M 187 131 105 248 239 x

Daughter 428 F 187 191 131 138 105 105 248 248 230 239 x

Daughter 429 F 187 193 131 136 98 105 248 254 239 245 x

Son 430 M 191 138 105 248 230

Sister 439 F 187 191 129 131 101 105 248 262 239 251 x

Sister 444 F 186 187 131 131 97 101 258 262 251 253

Niece 445 F 187 187 131 131 97 97 ND ND 251 253

Nephew 446 M 191 129 101 262 251

Index 433 M 187 131 105 248 239 x

Brother 462 M 187 131 105 248 239 x

Sister 463 F 193 197 129 137 97 99 246 248 230 257

Sister 464 F 193 197 129 137 97 99 246 248 230 257

Sister 465 F 193 197 129 137 97 99 246 248 230 257

Brother 469 M 197 129 97 246 257

Brother 470 M 197 129 97 246 257

Sister 493 F 193 197 129 137 97 97 246 246 230 257

Family 7 Index 477 F 187 197 129 131 105 105 248 248 230 239

Family 8 Index 483 M 187 131 105 248 239 x

Case Gender Haplotype

1 C03 M 197 129 105 248 250 H1

2 C12 M 193 129 99 248 230 H2

3 C23 M 193 137 97 246 250 H3

4 C45 M 187 131 97 256 253 H4

5 C51 M 197 139 105 248 250 H5

6 C53 M 187 131 103 252 230 H6

7 C56 M 191 139 101 256 250 H7

8 C59 M 195 129 105 246 230 H8

9 C68 M 187 131 103 262 230 H9

10 C71 M 187 131 105 248 230 H10

11 C76 M 187 131 105 250 239 H11

12 C80 M 187 131 99 256 230 H12

13 C82 M 191 139 99 260 237 H13

14 C95 M 187 131 101 256 234 H14

15 C99 M 187 131 101 262 230 H15

16 C100 M 197 129 105 250 253 H16

17 C101 M 193 137 103 260 250 H17

18 C104 M 193 139 99 256 230 H18

19 C105 M 187 131 101 262 230 H15

20 C106 M 187 131 99 248 250 H19

21 C109 M 187 131 105 258 250 H20

22 C113 M 187 131 99 258 239 H21

23 C114 M 187 131 99 246 257 H22

24 C116 M 187 131 99 256 250 H23

25 C118 M 197 129 105 248 250 H1

26 C119 M 187 139 101 252 255 H24

27 C122 M 193 139 105 248 239 H25

28 C123 M 189 139 105 248 250 H26

29 C124 M 187 131 97 260 237 H27

30 C125 M 197 129 101 256 230 H28
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31 C133 M 177 139 101 262 230 H29

32 102414 M 187 129 95 252 250 H30

33 102447 M 191 127 101 254 234 H31

34 102368 M 185 131 105 248 250 H32

35 102445 M 197 129 105 248 234 H33

36 103380 M 187 131 101 256 230 H34

37 102823 M 197 129 105 248 250 H1

38 102452 M 187 131 97 246 230 H35

39 102451 M 187 129 99 256 250 H36

40 101882 M 189 139 101 252 250 H37

41 102358 M 187 131 99 256 230 H12

42 102819 M 187 131 97 246 250 H38

43 102829 M 201 139 99 258 250 H39

44 102831 M 197 129 101 260 239 H40

45 103548 M 187 129 103 260 250 H41

46 103882 M 193 137 101 256 253 H42

47 103887 M 187 131 105 248 250 H43

48 103906 M 187 127 103 248 245 H44

49 103909 M 191 141 105 260 250 H45

50 104123 M 195 129 99 256 255 H46

51 104199 M 195 129 101 260 234 H47

52 104200 M 187 131 103 260 237 H48

53 104240 M 195 129 99 248 241 H49

54 104250 M 199 139 95 248 230 H50

55 104722 M 193 137 105 248 245 H51

56 104723 M 187 131 101 248 250 H52

57 104738 M 187 131 105 258 239 H53

58 104740 M 185 131 101 262 250 H54

59 105166 M 197 129 103 258 250 H55

60 105167 M 197 129 99 256 250 H56

61 105169 M 187 131 101 262 230 H15

62 105172 M 187 129 101 258 230 H57

63 105192 M 199 139 95 260 230 H58

64 105194 M 197 129 95 254 257 H59

65 105201 M 197 129 103 256 234 H60

66 105202 M 187 131 101 256 230 H34

67 105208 M 197 129 99 256 250 H56

68 121009 M 187 131 97 260 237 H27

69 121375 M 187 129 105 264 230 H61

70 121383 M 187 131 95 250 230 H62

71 121391 M 191 139 101 262 230 H63

72 123871 M 195 129 97 246 239 H64

73 123881 M 187 139 97 260 230 H65

74 123955 M 191 139 105 250 227 H66

75 123956 M 195 129 101 252 250 H67

76 123973 M 187 129 101 258 250 H68

77 126867 M 187 131 97 256 234 H69

78 126879 M 187 129 99 248 250 H70

79 126882 M 187 129 107 252 241 H71

80 126995 M 193 139 93 260 230 H72

81 127137 M 187 131 97 254 230 H73

82 127319 M 187 131 99 254 230 H74

83 127362 M 187 131 103 258 230 H75

84 127393 M 185 131 101 248 230 H76

85 127405 M 187 131 105 248 253 H77

86 127548 M 191 139 99 260 239 H78

87 127571 M 199 139 107 254 250 H79

88 127583 M 187 131 97 248 230 H80

89 127658 M 187 131 99 256 250 H23

90 127792 M 199 139 97 246 230 H81

91 127807 M 191 129 105 248 230 H82

92 132542 M 193 137 101 258 250 H83

93 132528 M 197 129 95 250 230 H84

94 133257 M 197 139 99 248 230 H85

95 133024 M 181 131 109 248 250 H86

96 132995 M 195 129 101 264 250 H87

97 132565 M 187 131 105 264 250 H88

98 132551 M 191 139 105 248 230 H89

99 132564 M 199 139 105 254 237 H90

100 132478 M 195 129 97 254 239 H91
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Database consisting of four samples of genomic DNA of patients from 2 Italian families and 

one hundred genomic DNA samples from healthy Italian males with respective allele size (bp) 

for each STR marker and the defined haplotype (not following any nomenclature).  

 

  

Case Gender Mutation

Index AM M 187 131 105 248 239 x

Mother CN F 187 187 131 131 102 105 248 256 239 250 X

Index AC M 187 131 105 248 239 x

Mother GI F 187 195 128 131 105 105 248 258 239 250 x

Case Gender Haplotype

1 3821 M 189 131 105 256 230 H1

2 3784 M 187 129 101 248 239 H2

3 3807 M 191 131 105 262 253 H3

4 3562 M 197 139 95 248 250 H4

5 3555 M 191 139 105 258 250 H5

6 3524 M 197 131 97 258 230 H6

7 3777 M 195 129 97 260 239 H7

8 193 M 201 139 97 248 250 H8

9 223 M 187 131 99 256 239 H9

10 216 M 193 137 103 260 247 H10

11 4161 M 195 129 101 256 230 H11

12 2680 M 197 129 99 256 250 H12

13 6959 M 187 139 99 256 237 H13

14 5467 M 187 131 99 260 237 H14

15 7981 M 187 131 103 258 250 H15

16 2178 M 187 131 105 248 250 H16

17 7501 M 187 131 97 246 239 H17

18 3600 M 191 137 99 256 230 H18

19 9748 M 187 131 101 248 250 H19

20 9588 M 187 131 105 258 234 H20

21 9632 M 191 137 99 258 253 H21

22 2437 M 193 137 99 248 250 H22

23 2512 M 187 131 99 246 259 H23

24 1475 M 187 131 107 248 230 H24

25 762 M 187 131 103 256 250 H25

26 9916 M 187 131 97 256 250 H26

27 2109 M 191 139 99 256 239 H27

28 8173 M 195 129 99 258 230 H28

29 8180 M 187 131 105 248 250 H16

30 5208 M 189 131 103 256 230 H29

31 5314 M 187 139 95 248 230 H30

32 345 M 187 143 101 256 230 H31

33 5352 M 187 131 99 248 239 H32

34 9998 M 187 131 105 250 253 H33

35 78 M 187 131 101 254 256 H34

36 9479 M 199 139 101 252 255 H35

37 9981 M 189 131 105 250 250 H36

38 4135 M 197 129 101 260 230 H37

39 9431 M 195 129 105 248 250 H38

40 9967 M 187 131 105 248 250 H16
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41 27 M 187 129 105 264 233 H39

42 9311 M 197 129 105 266 250 H40

43 2104 M 185 131 97 254 255 H41

44 2098 M 187 131 105 252 250 H42

45 8668 M 197 129 101 256 250 H43

46 8258 M 187 131 105 248 253 H44

47 5871 M 195 129 105 248 230 H45

48 8514 M 193 137 105 248 250 H46

49 5950 M 201 129 99 248 230 H47

50 2468 M 187 131 105 248 250 H16

51 2406 M 195 129 95 258 250 H48

52 2338 M 187 129 101 252 250 H49

53 2376 M 197 129 101 256 230 H50

54 2482 M 187 131 97 246 253 H51

55 2505 M 187 137 101 260 234 H52

56 2581 M 187 131 99 256 230 H53

57 3079 M 193 137 97 252 230 H54

58 3417 M 197 129 101 244 253 H55

59 3673 M 187 131 97 254 230 H56

60 3680 M 197 129 99 256 239 H57

61 3518 M 197 129 105 248 239 H58

62 9441 M 187 131 105 260 230 H59

63 9427 M 191 139 105 260 253 H60

64 9342 M 197 129 99 260 230 H61

65 8609 M 197 139 99 258 237 H62

66 8272 M 191 139 105 248 250 H63

67 8128 M 197 129 105 248 250 H64

68 9592 M 197 129 95 252 253 H65

69 8842 M 189 139 105 250 241 H66

70 8960 M 187 129 99 256 230 H67

71 8885 M 193 129 105 248 230 H68

72 8866 M 187 131 97 267 230 H69

73 7660 M 197 129 99 256 239 H57

74 7714 M 187 131 105 244 239 H70

75 7615 M 187 131 103 260 250 H71

76 5642 M 197 129 101 256 250 H43

77 5628 M 187 131 103 258 257 H72

78 5710 M 191 139 97 248 230 H73

79 5482 M 187 131 99 256 250 H74

80 3871 M 187 131 101 256 250 H75

81 3598 M 201 139 101 250 253 H76

82 3857 M 189 131 99 262 253 H77

83 3883 M 197 129 105 258 250 H78

84 3833 M 191 139 97 258 250 H79

85 9304 M 195 129 105 260 250 H80

86 9069 M 197 129 101 256 230 H81

87 9290 M 197 139 95 248 250 H4

88 1 M 197 139 101 256 239 H82

89 2 M 197 129 101 256 230 H50

90 3 M 195 129 103 260 230 H83

91 4 M 197 129 103 256 234 H84

92 5 M 187 131 99 260 230 H85

93 6 M 187 129 105 246 230 H86

94 4775 M 191 139 101 254 250 H87

95 7653 M 191 131 99 248 250 H88

96 CN M 187 131 101 256 250 H75

97 GI M 195 129 105 258 250 H89

98 3345 M 191 139 105 248 250 H63

99 9328 M 187 139 101 248 230 H90

100 5611 M 197 129 97 260 250 H91
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Appendix 2 

Table displays all individuals carrying the p.Phe113Leu mutation that segregated the same 

alleles for the 5-STR markers firstly analysed (DXS8020, DXS8034, DXS8089, DXS8063 and 

DXS8096), however they segregated different alleles for the two additional markers (DXS6803 

and DXS6809).  

Case Gender

81 M 187 131 105 248 239 109 263

121 M 187 131 105 248 239 116 259

312 M 187 131 105 248 239 109 259

343 M 187 131 105 248 239 114 251

418 M 187 131 105 248 239 109 267

433 M 187 131 105 248 239 114 263

477 F 187 197 129 131 105 105 248 248 230 239 109 114 259 263

483 M 187 131 105 248 239 114 259

AM M 187 131 105 248 239 116 255

CN F 187 187 131 131 102 105 248 256 239 250 109 116 255 259

AC M 187 131 105 248 239 114 259

GI F 187 195 128 131 105 105 248 258 239 250 114 114 255 259
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