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Abstract 
In most vertebrates, hemoglobin (Hb) is a heterotetramer composed of two dissimilar 

globin chains that change during development according to the patterns of expression of 

the α- and β-globin gene families. These two gene clusters exhibit substantial differences 

in gene content across vertebrate taxa, which are especially pronounced in the β-globin 

gene cluster. In placental mammals (eutherians), the β-globin gene cluster includes three 

early-expressed genes, located at the 5’ end of the cluster in the order ε-(HBE)-γ(HBG)-

ψβ(HBBP1), and a pair of late expressed genes, δ(HBD) and β (HBB), at the 3’ end.  HBB 

codes for the major adult β-globin chain, while HBD is either marginally or not transcribed 

at all. It is generally considered that HBD is under a process of pseudogenization due the 

physiological irrelevance of the encoded polypeptide chain. Paradoxically, reduced 

diversity levels have been reported for this gene and, in humans and in some primate 

species, the region encompassing HBD reveals a degree of conservation not reconcilable 

with any process of evolutionary inactivation. A regulatory role for HBD in the fetal to adult 

Hb switch, which is only seen in Anthropoid primates, has been proposed decades ago, 

but the conjecture has received little attention. Therefore, in this thesis we sought to clarify 

the biological relevance of δ-globin gene conservation in a subgroup of primates, using 

population genetics and comparative genomics tools to gain insight into the evolution and 

functional divergence of HBD in placental mammals. The results presented here reveal 

that strong purifying selection has shaped the evolutionary history of HBD in humans and 

chimpanzees, and surprisingly, the same happened to the pseudogene HBBP1. Moreover, 

the study of HBD evolutionary trajectory across placental mammals showed that δ-globin 

gene conservation is also observed in Anthropoids, suggesting a long-term effect of 

purifying selection, with similar strong functional constrains acting over 65 Myr of primate 

evolution. We further documented that not only the level of sequence conservation but 

also the mode of evolution of the HBD in higher primates are strictly associated with the 

fetal/adult β-cluster developmental switch. Altogether the studies presented in this thesis 

disclose that in some primate lineages HBD and HBBP1 play an essential and 

nonredundant biological role, which in contrast with HBB, is not – at least directly – 

associated with oxygen transport. In the light of recent advances in understanding the 
mechanism coordinating β-globin gene expression, we present evidence that the strong 

functional constraints underlying the decreased contemporary diversity at these two 



 

 
 

genomic regions were not driven by protein function but instead are compatible with a 
regulatory role in the ontogenic switches of gene expression at the β-globin cluster. 
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Resumo 
Na maioria dos vertebrados, a hemoglobina (Hb) é um heterotetrâmero composto por 

dímeros de cadeias globínicas que variam durante o desenvolvimento conforme os 
padrões de expressão das famílias de genes da α- e a β-globina. Dentro dos vertebrados, 

estes dois conjuntos de genes exibem diferenças substanciais quanto ao seu conteúdo 
genético, sendo especialmente acentuadas no da β-globina. Nos mamíferos placentários 

(Eutheria), o agrupamento génico β-globina é constituído por 3 genes expressos nas fases 

embrionária e fetal, que se encontram na extremidade 5’ do agrupamento ε-(HBE)-

γ(HBG)-ψβ(HBBP1), e por um par de genes expressos na fase adulta, δ(HBD) and β 

(HBB), localizados na extremidade 3’. HBB codifica a cadeia β da Hb adulta mais 

abundante enquanto HBD é expresso em níveis comparativamente muito baixos. 

Considera-se geralmente que HBD está em via de pseudogenização dada a irrelevância 

fisiológica da cadeia polipeptídica que codifica. Paradoxalmente, foram descritos baixos 

níveis de diversidade para este gene e aparentemente, em humanos e em alguns outros 

primatas, a região que engloba HBD revela um grau de conservação incompatível com 

um processo evolutivo de pseugogenização. Há várias décadas postulou-se para HBD um 

papel na regulação do switch da Hb fetal para a adulta, que ocorre apenas em 

Antropóides, mas esta conjetura não despertou interesse e passou praticamente 

despercebida. Assim, nesta tese, procurámos clarificar a relevância funcional da 

conservação do gene da δ-globina num subgrupo de primatas, usando ferramentas de 

genética populacional e genómica comparativa de forma a obter uma melhor 

compreensão acerca da evolução e divergência funcional de HBD em mamíferos 

placentários. Os resultados apresentados nesta tese revelam que a história evolutiva de 

HBD em humanos e chimpanzés tem sido moldada por seleção purificadora, e 

surpreendentemente, o mesmo parece aplicar-se ao pseudogene HBBP1. 

Adicionalmente, o estudo da trajetória evolutiva do HBD em mamíferos placentários, 

mostra que a conservação do gene da δ-globina se estende aos Antropóides, o que 

sugere um efeito de seleção purificadora ao longo da evolução dos primatas, em que as 

mesmas constrições funcionais atuam há cerca de 65 Myr. Demonstrámos ainda que não 

só a conservação da sequência, mas também o modo de evolução do HBD em primatas 

superiores estão intimamente relacionados com o switch da Hb fetal para a adulta. Os 

estudos apresentados nesta tese mostram que, em algumas linhagens de primatas, HBD 



 

 
 

e HBBP1 têm um papel essencial e não redundante, que, ao contrário do que acontece 

com HBB não está, pelo menos diretamente, relacionado com o transporte de oxigénio. À 

luz dos recentes avanços na compreensão do mecanismo que coordena a expressão dos 
genes β-globínicos, nós apresentamos provas que apoiam a hipótese de que os fortes 

constrangimentos funcionais que levam á atual baixa diversidade encontrada nestas duas 

regiões genómicas, não são devidos a uma função proteica mas, provavelmente, a um 
papel regulador na expressão diferencial dos genes β-globínicos ao longo do 

desenvolvimento. 

 

 

Palavras chave: β-globin cluster, switch da hemoglobina, diversidade genética, evolução, 

interações de cromatina 
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CHAPTER 1. INTRODUCTION 
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1.1 Hemoglobin 
Hemoglobins (Hbs) were originally discovered as abundant proteins in red blood cells of 

mammals and other jawed vertebrates (gnathostomes), which carry oxygen from the 

lungs, gills or other respiratory organs to peripheral tissues. Almost all jawed vertebrates 

express different forms of hemoglobin at progressive developmental stages. All species 

that have been examined to date make embryonic-specific hemoglobins in primitive 

erythroid cells derived from the yolk sac, some species make a fetal-specific form in the 

liver, and all species produce an adult hemoglobin in erythroid cells produced in the bone 

marrow. Each of these hemoglobin molecules are heterotetramers composed of two α-like 

and two β-like globin chains, each with its associated heme group. These globin chains 

are encoded by members of the α- and β-globin gene families. Expression of the two gene 

families must be strictly coordinated for balanced expression of α- and β-globin genes. The 

hemoglobin system represents a paradigm for tissue-specific and developmental gene 

expression (for a review see (Hardison 2012b)).  

1.2 Evolution of Hemoglobin Gene Clusters 
The α- and β-globin genes arose via tandem duplication of an ancestral single-copy globin 

gene approximately 450–500 Mya, in the common ancestor of jawed vertebrates 

(Czelusniak, et al. 1982; Goodman, et al. 1987; Goodman, et al. 1975). The history of the 

two gene clusters during vertebrate evolution is dynamic and complex and the α- and β-

globin gene clusters have diverged considerably since their duplication. In amphibians and 

teleost fish the α- and β-globin genes retain the ancestral arrangement and are found 

closely linked in the same locus (Chan, et al. 1997; Fuchs, et al. 2006; Hosbach, et al. 

1983; Jeffreys, et al. 1980; Kay, et al. 1980; McMorrow, et al. 2003; Pisano, et al. 2003). In 

amniotes (birds and mammals), by contrast, they are located on different chromosomes 

(Hardison 2008; Patel, et al. 2008; Patel, et al. 2010) and have thus evolved independently 

to generate the contemporary gene clusters. Multiple rounds of duplication and divergence 

have produced diverse repertoires of α- and β-like globin genes that are ontogenetically 

regulated (Hoffmann, et al. 2010). The genomic location of α- and β-globin genes in 
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amniotes requires coordination of expression between different chromosomes for 

balanced production of α- and β-globin chains and efficient formation of functionally 

distinct Hb isoforms during different stages of prenatal development and postnatal life. The 

composition and expression patterns of the α-globin gene cluster are remarkably stable 

among jawed vertebrate taxa. By contrast, the β-globin cluster exhibits a number of 

significant differences in gene content. Distinct repertoires of mammalian β-like globin 

genes with different developmental regulation have evolved multiple times by independent 

lineage-specific duplications followed by functional divergence (Hoffmann, et al. 2008; 

Hoffmann and Storz 2007; Hoffmann, et al. 2010; Opazo, et al. 2008a, b; Storz, et al. 

2013, 2011).  

1.2.1 Mammalian β-globin Gene Clusters 

Within the three major subclasses of mammals, the β-like globin genes have been 

duplicated and lost independently in specific lineages (Figure 1). In both monotremes and 

marsupials, the β-globin gene cluster contains a single pair of genes, the early expressed 

ε-globin and the late expressed β-globin (Opazo, et al. 2008b). However, the ε-globin gene 

in monotremes is not orthologous to the ε-globin gene in marsupials, since they were 

independently derived from lineage-specific duplications of a proto β-globin gene (Opazo, 

et al. 2008b). The duplication event, which occurred before the divergence of marsupials 

and eutherians, approximately 160 Mya, originated the early- and late-expressed globin 

genes in therian mammals (the embryonically expressed ε-globin genes and the adult 

expressed β-globin genes). In the eutherian stem, further tandem duplications gave rise to 

a cluster of five paralogous β-like globin genes and one pseudogene, arranged 5’-ε-(HBE)-

γ(HBG)-ψβ(HBBP1)-δ(HBD)-β(HBB)-3’ consistent with the orientation in contemporary 

species (Hardies, et al. 1984; Hardison 1984; Opazo, et al. 2008b). The β- and δ-globin 

genes, located at the 3’ end of the gene clusters, descended from the ancestral HBB gene, 

and, if functional, are expressed in fetal and/ or adult erythroid cells. The ε-, γ-, and ψβ-

globin genes, located at the 5’ end of the gene clusters, descended from the ancestral 

HBE gene and are expressed in embryonic erythroid cells, except for the γ-globin genes in 

anthropoid primates, which after duplication in the anthropoid branch were recruited for 

fetal-specific expression. The full cluster of five β-globin genes is not found in any extant 
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mammalian species. Gene duplication, deletion and inactivation have occurred in different 

lineages generating distinct repertoires of mammalian β-like globin genes, as shown in 

figure 1 (Hoffmann, et al. 2008; Hoffmann and Storz 2007; Hoffmann, et al. 2010; Opazo, 

et al. 2008a, b; Storz, et al. 2013, 2011). The ε-globin gene has the most conserved 

features across eutherian species, being always located in the 5’ end of the gene cluster 

and embryonically expressed. In contrast, the γ-, ψβ- and δ-globin genes have been 

gained and lost frequently, sometimes in entire orders of mammals (Opazo, et al. 2008a; 

Song, et al. 2012). Furthermore, the developmental expression specificity of the different 

genes in the cluster varies drastically between clades. A remarkable example is the delay 

in the γ-globin (fetal) and β-globin (adult) gene expression in anthropoid primates 

(Johnson, et al. 2000; Johnson, et al. 2002b). 

(Legend in the next page) 

Figure 1 - Maps of orthologous β-like globin genes and expression timing in mammals. 
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Figure 1 - Maps of orthologous β-like globin genes and expression timing in mammals. 

When the timing of expression is predicted rather than experimentally determined (or highly likely, as in the case of 

embryonic expression of ε-globin gene orthologs), the background shading is outlined with a dashed line. The gene clusters 

are triplicated in goats and duplicated in cows, indicated by the parentheses and subscripts. The orthology and expression 

assignments for these are based largely on the first copy of the segmental duplication; the three β-globin orthologs are 

expressed in juvenile, adult, and fetal goats (Townes, et al. 1984). The assignments of orthologous relationships are based 

on grouping within phylogenetic comparisons of coding sequences (Koop and Goodman 1988; Opazo, et al. 2008a, b; 

Opazo, et al. 2009; Patel, et al. 2008) and automated determination of orthologs using a method that recognizes gene 

conversions (Song, et al. 2012). The timing of expression is based on multiple reports in the literature (Efstratiadis, et al. 

1980; Johnson, et al. 1996; Johnson, et al. 2000; Koop and Goodman 1988; Lecrone 1970; Patel, et al. 2008; Rohrbaugh 

and Hardison 1983; Satoh, et al. 1999; Schimenti and Duncan 1985; Shapiro, et al. 1983; Stockell, et al. 1961; Tagle, et al. 

1988; Townes, et al. 1984; Whitelaw, et al. 1990). From (Hardison 2012a). 

1.2.2 Regulation of β-like Globin Genes 

To ensure high-level, tissue- and stage-specific activation and repression of the individual 

genes during development, expression of β-like globin genes must be tightly regulated. 

The β-globin cluster has been regarded as a complex genetic system and a paradigm of 

gene expression regulation. Over the past three decades, a boost of studies on the β-

globin cluster have contributed to a better understanding of the several mechanisms 

known to be involved in the molecular control of β-globin gene switching (for a review see 

(Chakalova, et al. 2005; Harju, et al. 2002). This intricate regulation is exerted, at least 

partially, by the binding of specific transcription factors to DNA sequences that serve as 

cis-regulatory modules (CRMs). Some are found proximal to the genes, such as 

promoters, and others are located distal to the genes such as the major regulatory element 

of the β-globin cluster, known as the locus control region (LCR) (for a review see 

(Noordermeer and de Laat 2008)). Long-range interactions between the distal LCR and 

the promoter of the targeted genes, apparently by chromatin looping, also has a central 

role in the control of β-like globin gene expression (Bulger and Groudine 1999; Tolhuis, et 

al. 2002). Though the mammalian β-globin gene cluster has long served as a paradigm for 

tissue-specific and developmentally regulated expression, its complex structure and 

developmental gene activation pattern are not fully understood. 
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1.2.2.1 Promoters and Transcription Factors 

Genetic information governing the stage specificity for all β-like globin genes is located in 

gene proximal regions known as promoters. These motifs represent transcription factor 

binding sites that recruit proteins or protein complexes in a stage-specific manner. 

Evidence exist for the presence of both positive and negative acting factors that activate or 

repress genes at a specific developmental stage (Stamatoyannopoulos 2005). Studies 

focused on the identification of conserved sequences in orthologous genes in different 

eutherian mammals have revealed protein binding sites essential for the regulation of 

differentially expressed β-like globin genes (Gumucio, et al. 1996; King, et al. 2005). 

Among the conserved mammalian binding sites, only two, the TATA box and CCAAT box 

are found in all highly expressed β-like globin genes (Efstratiadis, et al. 1980). There is a 

set of binding sites which are distinctive for each gene. An example is the CACCC box 

which is bound by members of the family of kruppel-like zinc finger (KLF) proteins 

(Pearson, et al. 2008). The most extensively studied erythroid KLF is the EKLF (erythroid 

kruppel like factor), which has been specifically implicated in the regulation of the β-globin 

gene (Miller and Bieker 1993; Wijgerde, et al. 1996). Other KLFs bind similar but 

distinctive CACCC motifs in the ε- and γ-globin gene promoters (Asano, et al. 1999). An 

additional sequence motif commonly found in upstream regulatory regions is the binding 

site for the transcription factor GATA-1 (globin transcription factor 1), which plays a critical 

role in erythroid-specific gene activation and repression (Johnson, et al. 2002a; Welch, et 

al. 2004). However, across mammals, the GATA-1 binding site is not conserved in all β-

like globin genes. Whereas in most mammals the GATA-1 binding site is found at about 

the same position in both ε- and γ-globin genes, the homologous region in the β-globin 

genes does not have a conserved GATA-1 binding motif (Hardison 2001). Despite the high 

homology between β-like globin gene promoters, they show unique features that may 

account for the developmental stage specificity of gene expression. 

1.2.2.2 LCR and Chromatin Structure/Looping 

The major regulatory element of the mammalian β-globin gene cluster, the LCR, is located 

at the 5’ end of the cluster, far distal to the genes and consists of multiple DNase I 

Hypersensitive sites (HSs). It was shown that it is required for high-level expression of the 
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β-like globin genes (Bender, et al. 2000; Hardison, et al. 1997) but the mechanism by 

which the LCR controls gene expression over a large distance has been the subject of 

intense study for a long time. Mostly due to the appearance of 3C (chromosome 

conformation capture)-based technologies (Dekker, et al. 2002), which were extremely 

useful for investigations on the topology of the β-globin gene cluster, over the past twelve 

years we have witnessed major advances in the understanding of the mechanism 

underlying β-globin gene activation (Dostie, et al. 2006; Tolhuis, et al. 2002). Although still 

not entirely understood it is now clear that it involves physical contacts between the distal 

LCR HSs and the promoters of the activated genes through a chromatin looping 

mechanism, to form what is called an active chromatin hub (ACH) (Figure 2) (Carter, et al. 

2002; Dostie, et al. 2006; Patrinos, et al. 2004; Tolhuis, et al. 2002; Vakoc, et al. 2005). It 

was shown that the 3D configuration of the β-globin cluster changes in a developmentally 

dynamic manner and during erythroid differentiation. In cells that do not express the β-

globin genes, long-range interactions between the LCR and the genes are not observed. 

During development, the LCR switches its interactions progressively from early- to late-

expressed β-globin genes to ensure their activation at the proper developmental stage 

(Palstra, et al. 2003). Many transcription factors were shown to be involved in chromatin 

looping formation and stabilization, such as EKLF, GATA-1, and Ldb1 that bind to both the 

LCR and gene promoter regions and in turn recruit other chromatin remodeling complexes 

resulting in conformational changes in the β-globin cluster (Drissen, et al. 2004; Song, et 

al. 2007; Vakoc, et al. 2005). Although knowledge of CRMs in the β-globin cluster is still 

incomplete, over the last decades comparative genomic approaches have revealed a huge 

number of other transcription factors involved in β-globin gene regulation. Some of these 

are preserved throughout mammalian evolution but others are species specific and 

possibly have driven interspecies differences in critical aspects of the expression patterns 

or mechanisms of regulation in globin gene clusters. The best example is the newly 

discovered BCL11A (B-cell lymphoma/leukemia 11A), which plays a central role in the 

most noticeable gene expression change that has occurred in eutherian evolution, the 

emergence of the fetal-to-adult switch in humans and other primates (Sankaran, et al. 

2009) (see below). Besides the multi-protein complexes involved in chromatin remodeling, 

also intergenic transcription was shown to set up transcriptionally active chromatin 

subdomains in the human β-globin cluster that are developmentally regulated (Gribnau, et 

al. 2000).  
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FIGURE 2 - Looping interactions in the β-globin cluster. 

(a)Schematic representation of the murine β-globin cluster. Vertical arrows indicate DNaseI hypersensitive sites (HS) present 

in the locus control region (LCR) and at the 5’ and 3’ ends of the ~130-kb β-globin gene cluster (purple). Horizontal arrows 

indicate the four globin genes. (b) RNA TRAP (tagging and recovery of associated proteins) analysis showed interactions 

between the LCR and active globin genes (dark and light green arrows) whereas inactive genes (black and gray arrows) are 

looping out. (c) Chromosome conformation capture (3C) analysis demonstrated interactions between 5’ HS, LCR, active 

globin genes and 3’ HS, leading Tolhuis et al. (Tolhuis, et al. 2002) to propose that all those sites cluster to form an active 

chromatin hub. From (Dekker 2003). 

1.2.2.3 The Fetal-to-Adult Switch 

In mice and in most other mammals that have been well studied, the switch from 

embryonic hemoglobin to adult hemoglobin, which is known as the primitive to definitive 

hemoglobin switch, appears to be the major event at the β-globin gene cluster. In the 

course of evolution, Simian primates acquired a unique stage of hemoglobin expression, 

characterized by a subunit expressed predominantly in the early fetal definitive 

erythrocytes that remains for much of gestation (Sankaran, et al. 2010a). This molecule is 

encoded by two duplicated γ-globin genes copies, which differ by only a single amino acid, 

originated by a tandem duplication event in the common ancestor of Simian primates 

(Fitch, et al. 1991). Thus, unlike what happens in most mammals, in Simian primates, two 

developmental switches take place at the β-globin cluster. In catarrhines, this switch 

occurs shortly after the time of birth, which is reflected by a transcriptional switch from γ- to 
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β-globin genes (Johnson, et al. 2000). However, platyrrhines exhibit a tendency to 

inactivate one of the γ-globin gene copies, resulting in the expression of only one γ-globin 

chain and its replacement by the β-globin chain of the adult Hb occurs well before birth 

(Johnson, et al. 1996; Johnson, et al. 2002b). The regulation of the switch from fetal to 

adult hemoglobin that occurs after birth in humans and Old World Monkeys (OWM), has 

been of long-standing interest, given that an improved understanding of this process would 

open new perspectives leading toward novel therapeutic strategies for fetal hemoglobin 

induction in β-hemoglobinopathies  (Bauer and Orkin 2011; Sankaran and Nathan 2010; 

Wilber, et al. 2011) (see below). Despite years of study, the molecular mechanisms 

mediating this switch remained obscure until recently. New insights into the regulation of 

this switch have come from studies of the genetic basis for inherited conditions associated 

with increased levels of HbF (fetal hemoglobin) in adulthood (Galarneau, et al. 2010; 

Lettre, et al. 2008; Menzel, et al. 2007; Thein, et al. 2009; Uda, et al. 2008). The newly 

discovered BCL11A represents one of the major factors regulating the fetal-to-adult switch, 

that plays a key role in the silencing of γ-globin genes (figure  3) (Sankaran, et al. 2010b). 

It has been shown that BCL11A is a component of a protein complex that contains the 

transcription factor GATA-1 and the NuRD (Nucleosome-remodeling and histone 

deacetylation) chromatin remodeling complex (Sankaran, et al. 2008). Additionally, it has 

been demonstrated that BCL11A may cooperate with the transcription factor Sox6 to 

silence fetal globin gene expression, through a reconfiguration of the β-globin cluster, 

which in turn mediates long-range physical interactions between distal regulatory elements 

located in the LCR (Xu, et al. 2010). BCL11A occupies the β-globin gene cluster in several 

discrete sites, including the upstream locus control region and the HBG1-HBD intergenic 

region (Figure 3). For decades, the intergenic region between the γ- and δ-globin genes 

has been a focus of attention because of its possible role in the hemoglobin switch, given 

the different effects of deletions involving different portions of this region on HbF 

expression (Bank, et al. 2005; Calzolari, et al. 1999). Deletions within the β-globin gene 

cluster result either in δβ-thalassemia or in hereditary persistence of fetal hemoglobin 

(HPFH), resulting in a modest increase in HbF and a mild thalassemia phenotype (see 

below) or higher HbF levels with no associated phenotype, respectively (Forget 1998). 

Recently, through the characterization and comparison of the breakpoints of these rare 

deletions, a 3.5-kb intergenic region near the 5’ end of HBD was identified as being crucial 

for γ-globin silencing (Figure 3) (Sankaran, et al. 2011a). This region overlaps with the 
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Figure 3 - A model for regulation of γ-globin silencing in the human β-globin gene cluster 

binding region of BCL11A and contains other structural elements which may also be 

essential for the temporal coordination of gene expression. This region of DNA may act as 

a boundary between fetal and adult domains of the β-globin gene cluster (Forget 2011). 

The diagram illustrates the physical interactions between BCL11A and the Mi-2/NuRD complexes, erythroid transcription 

factors GATA1 and FOG1, and the SOX6 protein. Rather than binding to the promoters of the γ-globin or β-globin genes as 

these latter factors do, BCL11A occupies the upstream LCR and γδ-intergenic regions of the β-globin cluster in adult human 

erythroid progenitors. This illustration depicts the ∼3-kb region upstream of the δ-globin gene critical for the switching 

mechanism, which was found by comparing the regions deleted in HPFH with those removed in δβ-thalassemia deletions 

(Sankaran, et al. 2011b). Typical deletions are illustrated in the model below the cluster. In addition, the Corfu thalassemia 

deletion is also known to remove this region, as shown by the model below. BCL11A has been shown to bind to chromatin 

within this 3-kb region, along with its partners (Sankaran, et al. 2011b). Adapted from (Xu, et al. 2010) and (Sankaran and 

Orkin 2013). 
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1.3. Human Hemoglobins 
The normal human Hbs are composed of two dimers of α- and β-like globin chains, 

consisting of 141 and 146 amino acids respectively. These heterotetramers of globin 

chains change their composition during ontogeny, corresponding to the patterns of 

expression of the α- and β-globin clusters on chromosomes 16 and 11, respectively (figure 

4) (Patrinos and Antonarakis 2010). From shortly after early embryonic development up to

adulthood, human hemoglobins maintain identical α-globin chains, while β-like chains are 

replaced, as result of two critical switches in gene expression at  embryonic-to-fetal and at 

fetal-to-adult transitions (Johnson, et al. 2002b; Sankaran, et al. 2010a; Schechter 2008).  

The structure of the α- and β-like globin gene clusters are shown together with the sites of hematopoiesis at different stages 

of development and the levels of expression of the embryonic, fetal, and adult globin chains at various gestational ages. The 

important control elements, HS-40 and the LCR, are also shown at their approximate locations and the vertical arrows 

indicate the location of DNaseI hypersensitive sites. Adapted from (Higgs, et al.) and (Weatherall 2001). 

Figure 4 - Normal developmental switches in human globin gene expression 



 FCUP    29 
 Study of Hemoglobin A2: the paradox of δ-globin gene conservation and its supposed physiological irrelevance 

In the embryo, ζ-chains combine with γ (Hb Portland, ζ2γ2) or ε-chains (Hb Gower 1, ζ2ε2), 

and α- and ε-chains form Hb Gower 2 (α2ε2). Embryonic hemoglobins are replaced in early 

embryonic life by HbF (α2γ2), the predominant hemoglobin expressed in the fetus. After 

birth, HbF is replaced by the major and minor adult forms, HbA (α2β2) and HbA2 (α2δ2) 

respectively, although in normal adults small amounts of HbF, reaching approximately  1% 

of the total hemoglobin, continue to be produced (figure 5) (Patrinos and Antonarakis 

2010). 

1.3.1 Inherited Disorders of Hemoglobin 

It has been estimated that approximately 7% of the world’s population are carriers of 

different inherited disorders of hemoglobin, which are considered the most common 

human monogenic disorders (Weatherall and Clegg 2001; Williams and Weatherall 2012). 

These disorders may be classified into two main groups:  structural variants that change 

the amino acid sequence and produce an abnormal hemoglobin, and thalassemias that 

result from defective synthesis of the globin chains. There is a third group of conditions in 

which there is a defect in the normal switch from fetal to adult hemoglobin that is called 

HPFH, characterized by a persistence of HbF production through adult life and the 

Figure 5 - Types of hemoglobin produced at each developmental stage. 
The α-like and β-like chains are shown in pink and blue, respectively. Adapted from (Schechter 2008). 
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absence of any hematological disorder (Steinberg 2009). According to the HbVar 

(database of human hemoglobin variants and thalassemias) (Giardine, et al. 2014) over 

1000 structural variants have been identified, but only four, sickle hemoglobin (HbS), HbC, 

HbE and HbD Punjab occur at a high frequency in different populations (Modell and 

Darlison 2008; Williams and Weatherall 2012). Their rise in frequency is a reflection of the 

protection of heterozygotes against severe malaria, the reason why they are most frequent 

in malaria-exposed populations (Williams and Weatherall 2012). Concerning the 

thalassemias, the most common types are the α- and β-thalassemia and there is strong 

evidence from population genetics data that malaria selection also explains their current 

distribution  (Weatherall and Clegg 2008). Each of these forms of hemoglobin disorders 

present extremely diverse clinical phenotypes, particularly in the case of β-thalassemia in 

which there is remarkable variability in clinical severity (Weatherall 2001). The 

mechanisms underlying such phenotypic diversity are numerous, but an important factor in 

modifying the clinical course of β-thalassemia and sickle cell disease (SCD) is the variation 

in fetal hemoglobin production. A variety of clinical observations have shown that 

increased levels of HbF can be highly beneficial in attenuating the severity of these 

disorders (Akinsheye, et al. 2011; Thein 2004). These observations led to an attempt to 

develop therapeutic strategies to reactivate HbF production in a targeted manner (Bauer, 

et al. 2012). Despite the efforts, to date, a strategy that has proven to be effective in 

achieving the required levels of fetal hemoglobin for therapeutic benefit is still missing 

(Musallam, et al. 2013; Sankaran 2011). There is a great hope that a better understanding 

of the molecular mechanism involved in the regulation of the fetal hemoglobin genes and 

how the fetal to adult globin switch occurs in the course of human ontogeny may  have 

important therapeutic implications (Sankaran and Nathan 2010). Recently, the therapeutic 

potential of the δ-globin gene in β-hemoglobinopathies was demonstrated and therefore 

increasing δ-globin gene expression could represent an alternative approach to the 

treatment of β-thalassemia and SCD (Manchinu, et al. 2014). 

1.3.2. Functional Relevance of Hemoglobin A2

Of the two adult forms of hemoglobin present in the erythrocytes of normal adults, the 

predominant is HbA whereas HbA2 represents only a small fraction of the total adult Hb 
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(<3%) (Patrinos and Antonarakis 2010). Since HbA and HbA2 share the same α-globin 

chain, the imbalance is due to the differential expression of the δ- and β-globin genes 

(Steinberg and Adams 1991; Steinberg 2009). Differences in the promoter sequence 

account for the diminished expression of HBD compared to HBB (Ristaldi, et al. 1999; 

Steinberg 2009). Given its low levels of expression, HbA2 is assumed to be physiologically 

unimportant without any recognized function (Ranney, et al. 1993; Steinberg and Adams 

1991). The δ-globin chain differs in only ten amino acids positions from the β-globin chain 

and HbA2 has functional properties that are nearly identical to those of HbA (de Bruin and 

Janssen 1973). However, even in cases where HbA2 becomes the predominant oxygen 

carrier, as occurs in the absence of β-chain production in patients suffering from β-

thalassemia major, it never reaches the amount that would be necessary to effectively 

replace HbA function (Giambona, et al. 2009; Mosca, et al. 2009; Steinberg and Adams 

1991). Still, HbA2 levels are relevant for the diagnosis of β-globin disorders, since its 

elevated concentration (≥3,5%) is the most significant diagnostic parameter in the 

thalassemia syndromes, and its quantification plays a key role in β-thalassemia screening 

programs (Giambona, et al. 2009; Mosca, et al. 2009). Although HBD mutations are not 

pathological, the coinheritance of δ- and β-thalassemia may lead to misdiagnosis of 

carriers, because HbA2 levels remain normal or low due to decreased δ-chain production 

(Bouva, et al. 2006; Morgado, et al. 2007).  

1.3.3. Evolution of δ-globin Gene 

The evolutionary history of eutherian HBD is quite complex due to unusually frequent 

sequence exchanges through extensive gene conversion and unequal recombination with 

its neighbor, HBB. The HBD gene has been independently converted by the HBB gene in 

multiple lineages resulting  in  extensive  sequence  homogenization  and  hampering  the 

assignment  of  orthologous  relationships  among HBD and HBB genes. Initially HBD was 

thought to  be  the result of a  recent  HBB duplication  in  primate  evolution, 

approximately 40 Mya (Efstratiadis, et al. 1980). Few years later, another study suggested 

that the HBD gene was present in the common ancestor of all mammals (Hardison 1984). 

Recently, an analysis based on a large number of vertebrate taxa established that the 

duplication event that generated the HBD gene occurred after the marsupial/eutherian 
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split, and is thus unique to Eutheria (Opazo, et al. 2008b). The δ-globin gene, although 

present in almost all eutherian species examined to date, is frequently pseudogenized 

(Gaudry, et al. 2014; Goodman, et al. 1984; Hardies, et al. 1984; Hardison 1984; Opazo, 

et al. 2009). In a  few  species, namely primates, a  transcriptionally  active  but  weakly 

expressed  copy  of  the δ-globin gene  was maintained, encoding the δ-globin chain of the 

minor fraction of the adult Hb (α2δ2), known as HbA2, which  is  thus  assumed  to  be 

physiologically  irrelevant. Among primates, expression of the δ-globin chain is absent in 

Old World Monkeys (OWM) ((Martin, et al. 1983; Martin, et al. 1980) and ranges from 1% 

concentration in hominoids (Boyer, et al. 1971) to 40% in galago (Tagle, et al. 1991), 

reaching 6% in New World Monkeys (NWM) (Spritz and Giebel 1988) and 18% in tarsiers 

(Koop, et al. 1989). These low levels of expression are attributable to the weak HBD 

promoter (Steinberg 2009). Sequence exchanges between HBB and HBD have most often 

occurred in the coding regions (Hardies, et al. 1984; Hardison 1984; Hardison and Margot 

1984; Opazo, et al. 2008a; Prychitko, et al. 2005), however, higher levels of HBD 

expression are achieved in species in which replacement with β-globin gene sequences 

extends into the promoter region, as in galago (Tagle, et al. 1991). Also, in all extant 

paenungulate mammals a chimeric β/δ fusion gene, created by unequal crossing-over 

between HBD and HBB paralogs, encodes the only β-globin chain produced during 

adulthood (Gaudry, et al. 2014; Opazo, et al. 2009). These studies reveal that during 

eutherian evolution HBD has not evolved independently but in concert with HBB. There is 

only one reported case of an unequal crossing-over between misaligned HBD and HBBP1 

sequences in the ancestry of lemurs, which resulted in a hybrid ψβ/δ pseudogene 

(Jeffreys, et al. 1982).  

1.3.3.1. δ-globin Gene Diversity in Humans 

Mutations in the β-chain of human HbA are associated with the most common inherited β-

globin gene disorders world-wide (Weatherall and Clegg 2001; Williams and Weatherall 

2012), as mentioned above, whereas mutations in HBD are per se clinically silent (Bouva, 

et al. 2006; Morgado, et al. 2007). Whereas we should expect HBD to be subject to a 

lower functional constraint than HBB, according to HbVar 583 HBB variants have been 

identified, while in HBD only 67 variants have been described (Giardine, et al. 2014). 



 FCUP    33 
 Study of Hemoglobin A2: the paradox of δ-globin gene conservation and its supposed physiological irrelevance 

Additionally, nucleotide diversity of the HBD gene in human populations was found to be 

lower than in HBB (Webster, et al. 2003). A major caveat regarding HBD genetic diversity 

is that its screening has been mainly motivated by diagnostic purposes, implying that 

estimates of HBD diversity are predominantly based on populations where β-globin 

disorders are prevalent. To clarify the unusual diversity patterns reported so far, a global 

sampling of populations would be necessary. Although it is consensual that HbA2 has no 

important physiological function, HBD shows a pattern of sequence conservation typical of 

genes under strong selective pressures. A regulatory role of HBD in the fetal/adult Hb 

switch has been proposed decades ago (Bank, et al. 1980; Ottolenghi, et al. 1979) but has 

not been further addressed. 

1.3.3.1.1. Tools for Genetic Diversity Analysis 

Recent advances in the field of molecular and computational genomics have led to an 

enormous increase of publicly available genomic data. A major contributor to a deep 

characterization of human genome sequence variation has been the 1000 Genomes 

Project, by sequencing a large number of individual genomes from a number of different 

ethnic groups, which are of great value for population genetics and comparative genomic 

studies (Altshuler, et al. 2012). However, the currently available tools for genetic diversity 

analysis cannot handle the data format adopted by massive re-sequencing projects. The 

VCF format, developed by the 1000 Genomes Project and later adopted by other projects, 

such as UK10K, dbSNP and the NHLBI Exome Project, is a generic format for storing DNA 

polymorphism data such as SNPs, insertions, deletions and structural variants (Danecek, 

et al. 2011). Most of the existing programs for computing a variety of summary statistics of 

population genetic data, such as the most widely-used software packages DnaSP (Rozas, 

et al. 2003) and Arlequin (Excoffier, et al. 2005), deal with DNA sequences and not with 

haplotype sequences of single nucleotide polymorphisms (SNPs) stored in the VCF files. 

Fast improvements in computational and statistical tools that allow the extraction and 

analysis of information of large scale data stored in the VCF files became imperative. A 

program package for working with VCF files (VCFtools) (Danecek, et al. 2011), has been 

under development providing a set options for processing VCF files such as validating, 

merging, comparing and calculate some basic population genetic statistics. However, the 
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options available are still insufficient when the goal concerns the inspection of variation 

patterns along genomic fragments in which it is required to sequentially compute a variety 

of summary statistics of population genetic data over a "sliding window”. In the course of 

the work developed in this thesis a new tool was developed to meet our analysis 

requirements. 
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CHAPTER 2. OBJECTIVES 
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In this study we sought a better understanding of the evolutionary forces acting on the 

HBD gene to gain insights into the physiological relevance of δ-globin gene conservation in 

some placental mammals. Our aims were: 

1) To perform an unbiased reassessment of the diversity patterns at the HBD gene
in human populations.

In order to accurately estimate diversity at the HBD gene, an unbiased characterization of 

the genetic diversity was performed using publicly available sequence data from the β-

globin cluster, from five major population groups: African, European, American, and East 

and South Asian. The patterns of sequence variation were assessed by means of allele 

frequency spectrum, linkage disequilibrium (LD) and haplotype analyses. 

1.1) Develop a new tool that allows the analysis of information stored in VCF 

files for computing a variety of summary statistics of population genetic data 

over a "sliding window", which is the best approach to investigate how 

patterns of variation change across genomic segments. 

2) To gain insight into the evolutionary history of the HBD gene in eutherian
mammals.

To elucidate the origin and evolution of the HBD gene, a comprehensive phylogenetic and 

comparative analysis of the two adult β-like globin genes was performed in a set of diverse 

mammalian taxa, focusing on the evolution and functional divergence of HBD in primates. 
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CHAPTER 3. RESULTS 
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3.1. Research Article: 

“Evolutionary constraints in the β-globin cluster: the signature of 

purifying selection at the δ-globin (HBD) locus and its role in 

developmental gene regulation” 
Genome, Biology & Evolution, 2013 

(doi: 10.1093/gbe/evt029) 
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Table S1 – Populations sampled by the 1000 Genomes Project 

Population 

Sample 

size 

European 

CEU - Utah residents (CEPH) with Northern and Western 

European ancestry (CEU) 

85 

FIN-Finnish from Finland 93 

GBR - British from England and Scotland 89 

IBS - berian populations in Spain 14 

TSI - Toscani in Italia 98 

African 

ASW - African Ancestry in Southwest US 61 

LWK - Luhya in Webuye, Kenya 97 

YRI - Yoruba in Ibadan, Nigeria 88 

Asian 

CHB - Han Chinese in Beijing, China 97 

CHS - Han Chinese South 100 

JPT - Japanese in Toyko, Japan 89 

American 

(admixed) 

CLM - Colombian in Medellin, Colombia 60 

MXL - Mexican Ancestry in Los Angeles, CA 66 

PUR - Puerto Rican in Puerto Rico 55 
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Table S2 – Summary Statistics of Population Variation sequence variation data from 10 Western 

chimpanzees (Pan troglodytes verus), generated by the PanMap Project 

N
a
 L

b
 S

c
 NH

d
 Hd

e

HBB 

20 

1843 6 8 0.84 

HBD 1877 9 3 0.57 

HBBP1 1925 5 5 0.69 

a
 Number of chromosomes 

b
 Total number of sites surveyed 

c
 Polymorphic sites 

d
 Number of haplotypes 

e
 Haplotype diversity 
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Figure S1 – LD plot of the β-globin cluster for the data from 1000 Genomes phase 1 release 

v3 for A) CEU and B) YRI. The image was constructed using Haploview 4.1 software. The 

triangles represent LD blocks. Two distinct regions with strong LD are identified: one containing 

HBB (LD region 1) and the other extending from HBD to the LCR (LD region 2). In this analysis 

only variants with a frequency ≥ 0.5% were considered. 

60    FCUP    
 Study of Hemoglobin A2: the paradox of δ-globin gene conservation and its supposed physiological irrelevance 



Figure S2 – Haplotype genealogies for HBB, HBD and HBBP1. Networks were built using 

haplotypes from 1000 Genomes Project (14 populations combined). Haplotypes are shown as 

circles with an area proportional to their frequency; lines connect different haplotypes and the 

number of mutations is proportional to their length. Full description of population’s acronyms is 

available in table S1. 
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Figure S3 – Haplotype genealogies for A) HBB, B) HBD and C) HBBP1. Networks were 

built using haplotypes from 1000 Genomes Project, representing 1092 individuals from 14 

populations: three African (ASW, LWK and YRI), five European (CEU, FIN, GBR, IBS and 

TSI), three Asian (CHB, CHS and JPT) and 3 American-admixed populations (CLM, MXL and 

PUR). Haplotypes are shown as circles with an area proportional to their frequency; lines 

connect different haplotypes and the number of mutations is proportional to their length. Full 

description of population’s acronyms is available in table S1. 
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Figure S4 – Chromatin features in the β-globin gene cluster as displayed in the UCSC 

Genome Browser. Human RefSeq β-globin genes are labeled and the genomic coordinates of 

the region displayed are shown (hg19). A) Chromatin interactions determined by 5C 

(Chromatin Conformation Capture Carbon Copy). Each color represents a different cell line 

(dark blue – K562; red – GM12878; light blue – HeLa-S3; green- H1-hESC). The letters to the 

right represent the primers used to detect each of the interactions. The regions involved in 

significant interactions in cis (i.e., from the same ENCODE pilot regions) are represented by 

blocks and connected by a horizontal line. Interactions displayed were filtered using a z-score 

interval from 500-1000. B) Open chromatin regions and/or transcription factor binding sites 

identified in K562 cells by one or more complementary methodologies: DNaseI 

hypersensitivity (HS) (Duke DNaseI HS), Formaldehyde-Assisted Isolation of Regulatory 

Elements (FAIRE) (UNC FAIRE), and chromatin immunoprecipitation (ChIP) for select 

regulatory factors (UTA TFBS). Each color represents the assay(s) by which it was detected 

and its level of validation. Regions that overlap between methodologies identify regulatory 

elements that are cross-validated indicating high confidence regions (black).  In addition, 

multiple lines of evidence suggest that regions detected by a single assay (e.g., DNase-only or 

FAIRE-only) are also biologically relevant: high significance regions that indicate open 

chromatin (blue); low significance regions (red). 
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Abstract
In most vertebrates, hemoglobin (Hb) is a heterotetramer composed of two dissimilar globin

chains, which change during development according to the patterns of expression of α- and

β-globin family members. In placental mammals, the β-globin cluster includes three early-

expressed genes, ε(HBE)-γ(HBG)-ψβ(HBBP1), and the late expressed genes, δ (HBD) and
β (HBB). While HBB encodes the major adult β-globin chain, HBD is weakly expressed or

totally silent. Paradoxically, in human populations HBD shows high levels of conservation

typical of genes under strong evolutionary constraints, possibly due to a regulatory role in

the fetal-to-adult switch unique of Anthropoid primates. In this study, we have performed a

comprehensive phylogenetic and comparative analysis of the two adult β-like globin genes

in a set of diverse mammalian taxa, focusing on the evolution and functional divergence of

HBD in primates. Our analysis revealed that anthropoids are an exception to a general pat-

tern of concerted evolution in placental mammals, showing a high level of sequence conser-

vation at HBD, less frequent and shorter gene conversion events. Moreover, this lineage is

unique in the retention of a functional GATA-1 motif, known to be involved in the control of

the developmental expression of the β-like globin genes. We further show that not only the

mode but also the rate of evolution of the δ-globin gene in higher primates are strictly asso-

ciated with the fetal/adult β-cluster developmental switch. To gain further insight into the

possible functional constraints that have been shaping the evolutionary history of HBD in

primates, we calculated dN/dS (ω) ratios under alternative models of gene evolution. Al-

though our results indicate that HBDmight have experienced different selective pressures

throughout primate evolution, as shown by differentω values between apes and Old World

Monkeys + NewWorld Monkeys (0.06 versus 0.43, respectively), these estimates corrobo-

rated a constrained evolution for HBD in Anthropoid lineages, which is unlikely to be related

to protein function. Collectively, these findings suggest that sequence change at the δ-
globin gene has been under strong selective constraints over 65 Myr of primate evolution,

likely due to a regulatory role in ontogenic switches of gene expression.
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Introduction
Hemoglobin (Hb), found in the circulating red blood cells of all vertebrates, is the major oxy-
gen-transporting molecule, playing a key role in the cellular aerobic metabolism [27]. In mam-
mals, Hb is a heterotetramer composed of two α-like and two β-like globin chains that are
differentially expressed during development, such that functionally distinct Hb isoforms are
synthesized in embryonic and adult erythroid cells [27–29].

These globin chains are encoded by members of the α- and β-globin gene families, which
arose via tandem duplication of an ancestral, single-copy globin gene approximately 450–500
Mya, in the common ancestor of jawed vertebrates [14,23,25,35,78]. The two paralogous gene
families exhibit a number of significant differences in gene content among jawed vertebrate
taxa. These differences are especially pronounced in the case of the β-globin cluster, in which
distinct repertoires of mammalian β-like globin genes originated by independent lineage-specif-
ic duplications followed by functional divergence [33–35,52–54,57,78,79]. In both monotremes
and marsupials, the β-globin gene cluster contains a single pair of genes, the early expressed ε-
globin and the late expressed β-globin [53]. In contrast, within the eutherian stem, further tan-
dem duplications gave rise to a cluster of five β-like globin genes, containing early-expressed
genes, located at the 5’ end of the cluster ε-(HBE)-γ(HBG)-ψβ(HBBP1), and late expressed
genes, δ (HBD) and β (HBB), at the 3’ end, consistent with the orientation in contemporary
species [26,31,53]. The fine tuning of the level and timing of expression of each of these genes
relies on interactions with the locus control region (LCR), located from approximately 6 to
18 kb upstream of HBE [4,11,84].

Over the course of eutherian evolution the structure of the β-globin gene cluster has been dy-
namic and the late-expressed HBD and HBB paralogs have experienced different evolutionary
fates. In the majority of mammals, the adult form of Hb (α2β2) contains similar β-chain sub-
units which are encoded by one or more copies of theHBB gene [52]. Contrastingly, the δ-
globin gene, although present in almost all eutherian species examined to date, is frequently
pseudogenized [19,24,26,30,54]. In a few species, a transcriptionally active but weakly express-
ed copy of the δ-globin gene was maintained, encoding the δ-globin chain of the minor fraction
of the adult Hb (α2δ2), known as HbA2, which is thus assumed to be physiologically irrelevant
[45,46,76]. In fact, the δ-globin chain is absent in Old World Monkeys (OWM) [45,46] and
ranges from 1% concentration in hominoids [10] to 40% in the galago [80], reaching 6% in
NewWorld Monkeys (NWM) [74] and 18% in tarsiers [40]. Surprisingly, in some eutherians
HBD shows a level of sequence conservation typical of genes under strong evolutionary con-
straints [91]. In humans for example, HBD was found to have lower nucleotide diversity than
HBB, suggesting that purifying selection has shaped the evolutionary history of HBD [49,87]
through an unrecognized role not associated with oxygen transport [46,74,86].

The involvement of HBD in the fetal/adult Hb switch was proposed decades ago [5,55] and
since then some studies have provided evidence supporting this hypothesis [6,49,67]. In fact,
the fetal to adult Hb switch of anthropoid primates is unique. Furthermore, while both Anthro-
poids and Prosimians possess a γ-globin gene, its switch after birth only takes place in the
major anthropoid branch, the catarrhines, occurring earlier in NWM, whereas in Prosimians it
is only expressed at the embryonic stage [38]. Therefore, phylogenetic and comparative geno-
mic analysis across placental mammals with distinct repertoires of β-like genes and corre-
sponding expression programs should provide clues to the evolution and putative functional
divergence of the δ-globin gene.

However, the evolutionary history of the eutherian HBD is quite complex due to unusually
frequent sequence exchanges through extensive gene conversion and unequal recombination
with its neighbor, β-globin [19,31,40,54,80], resulting in extensive sequence homogenization
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and hampering the assignment of orthologous relationships among HBD and HBB genes. In-
deed, HBD was initially thought to be the result of a recent duplication in primate evolution,
approximately 40 MY [18], but recently an older origin has been proposed [30,53]. Under such
scenario of controversy, a revisit of the evolutionary history of the adult δ-globin gene can help
elucidate the origin of this gene family, which in spite of many efforts is not yet fully under-
stood [31,37,40,45,46,53,60,74,80].

Here, we perform a comprehensive phylogenetic and comparative analysis of the two adult
β-like globin genes in a wide range of mammalian taxa, with a special focus on primates. Our
results further document reticulation in the topology of the evolutionary history of δ-globin
gene, demonstrating that it has behaved as an evolutionary palimpsest, with repeated and par-
tially overlapping β / δ sequence transfers obscuring orthology. Additionally, we show that the
δ-globin gene is highly conserved in Anthropoids, with a particularly strong signal of purifying
selection in Great Apes. Sequence conservation at this locus is unlikely related to protein func-
tion and may reflect mutational constraints on regulatory regions involved in the fetal-to-adult
developmental expression switch of the β-globin cluster.

Materials and Methods

DNA Sequence data and gene identification
To obtain DNA sequences spanning the entire HBD andHBB genes, we used Blat queries to in-
terrogate the genome assemblies of several mammalian species available in the UCSC Genome
Browser website (http://genome-euro.ucsc.edu/index.html). Whenever the HBB sequence was
available, we used it to identify its paralogous sequences (the first hit); alternatively we used the
human HBB and HBD sequences to identify their corresponding orthologs. Due to a history of
concerted evolution, in some cases high sequence identity between HBD andHBB produced
ambiguous results. In these cases the genome coordinates were used to distinguish between the
two genes, since the order of the β-like globin genes has been maintained throughout mammali-
an evolution. Additional genomic data was obtained either from the High Throughput Geno-
mic Sequences database (HTSG), Trace Archives or by direct sequencing to complete sequence
gaps and to include further mammalian species. Detailed information on sampling is listed in
S1 Table. Following all these steps of manual curation, our sample included 29 sequences from
the three major subclasses of mammals: 1 Prototheria (Ornithorhynchus anatinus), 1 Metha-
teria (Monodelphis domestica) and 27 Eutheria, including representatives of the following
superordinal groups (1 Xenarthra, 7 Laurasiatheria and 19 Euarchontoglires). We also included
one avian species (Gallus gallus) as outgroup.

Evolutionary analysis
The reconstruction of the evolutionary history of theHBD andHBB genes was carried out
across the mammalian phylogenetic tree with the chicken sequence as outgroup. The identified
coding sequences were translated into the corresponding protein and aligned using the Expres-
so mode of T-Coffee in order to take into account any structural information of the protein
available in the databases [2]. Each of the non-coding sequences, including the 5’ and 3’ un-
translated regions (UTRs) plus 2 introns, were aligned separately as nucleotide sequences using
the accurate mode of T-Coffee [51]. Phylogenetic reconstruction was performed using Maxi-
mum Likelihood (ML) and Bayesian Inference (BI) as the optimality criteria. Trees were esti-
mated using the complete gene sequence and including only the coding sequence (CDS). The
partition strategies and models of evolution implemented in these analyses were identified
using PartitionFinder v 1.1.1 [41]. PartitionFinder was run specifying the raxml and mrbayes
models of evolution for computational capacity reasons.
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ML analyses were performed with RAxML [75] run in the CIPRES Science Gateway
[48]. Phylogenetic analysis of the complete gene was run with the following partitions: 1) 5’
UTR + Exon 1, 2 and 3 + Intron 1; and 2) Intron 2 + 3’ UTR. The GTR+G+I model was im-
plemented for each of these. ML analysis of the CDS was performed with three partitions cor-
responding to the three codon positions. The GTR+G model was implemented for each
partition. The resulting trees were evaluated with 1000 bootstrap replicates.

BI analyses were run in MrBayes 3.2 [64] in the CIPRES Science Gateway. The complete
gene analysis was performed with three partitions: 1) 5’ UTR + Exon 1, 2 and 3 + Intron 1; 2)
Intron 2; and 3) 3’ UTR. The implemented models of evolution were the K80+G, GTR+G+I
and HKY+G+I for the first, second and third partitions, respectively. BI with the CDS sequence
was performed with the data matrix partitioned according to codon position; the models of evo-
lution implemented were the K80+G for the first codon position and the GTR+G for the second
and third positions. Two independent runs of 10 million (complete gene analysis) and 5 million
(CDS analysis) generations with 8 chains each (7 heated and one cold) were set up. Trees were
sampled every 200 (complete gene) or 100 (CDS) generation and the first 12500 trees (25% of
the sample) were discarded as burn-in. Convergence and burn-in were assessed using Tracer
1.6 [61], MCMC Trace Analysis Package http://tree.bio.ed.ac.uk/software/tracer/).

Additionally, a third phylogenetic analysis was performed using models of codon substitu-
tion with the coding sequence only as input. This method allows us to take into consideration
any potential divergence in codon usage across the mammalian lineage and differences in
selective pressure among gene copies, which included pseudogenised copies. Analyses were
run using CodonPhyML [21] with the GY CF3x4 [22] model of codon substitution and
specifying the M3 model of selective pressure [90]. An initial tree was obtained using
BioNJ + GYECMK07 and the topology was searched using the subtree pruning and regrafting
(SPR) heuristic search. Branch support was obtained using the approximate Likelihood Ra-
tion Test (aLRT) as implemented in the software. To identify potential recombination events
in our primate data set we used the recombination detection package (RDP3) [43], applying a
set of seven statistical methods, which includes RDP [42], GENECONV [56], Bootscan [44],
Maxchi [72], Chimaera [59], SiSscan [20] and 3Seq [8]. Briefly, two of these are phylogenetic
methods, which infer recombination when different parts of the genome result in discordant
topologies (RDP and Bootscan), while the other five are nucleotide substitution methods,
which examine the sequences either for a significant clustering of substitutions or for a fit to
an expected statistical distribution: MaxChi, Chimaera, Geneconv, 3Seq and SiScan. The lat-
ter primarily uses genetic similarity estimates but also takes some phylogenetic information
into account. To uncover both species specific and ancient events of gene conversion, we con-
ducted the analysis with the two paralogous genes for all species simultaneously. Settings for
all methods executed in RDP3 were as follows: Sequences were considered to be linear, the p-
value cutoff was set to 0.05, and the standard Bonferroni correction was used. In addition,
phylogenetic relationships were recovered for each fragment showing signs of gene conver-
sion, in Anthropoids and Catarrhines, following the same procedure described above. ML
analyses were performed using the GTR+G model without sequence partitioning. The result-
ing trees were evaluated with 1000 bootstrap replicates.

Search for open reading frames and promoter analysis
The genomic sequence of theHBB andHBD genes was used to predict the locations and exon-
intron structures using the program Genscan [12], followed by sequence alignment of known
exon sequences and manual inspection of homology. Protein sequence was obtained using the
translation tool implemented in the ExPASy web server (http://www.expasy.org) [3]. Sequence
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alignment for eutherian HBB proteins andHBD open reading frame were performed using
ClustalW [83] implemented in Geneious version 5.5 created by Biomatters (available from
http://www.geneious.com/). To identify conserved motifs previously shown to be essential for
HBB and HBD expression, promoter sequences located 5’ to the two β-like globin genes
(~200bp) were aligned using the same approach as above. To confirm transcription factor
binding site matches identified within the alignments, we used MatInspector implemented in
the Genomatix Software Suite (http://www.genomatix.de/index.html).

Evolutionary rate estimates and selection tests
Pairwise sequence divergence was deduced from Jukes and Cantor distance calculated with
DnaSP v.5.10 [65]. In our estimates we scored each insertion or deletion, regardless of length,
as one difference as in [13]. Divergence times between species were obtained with TimeTree
[32]. Maximum-likelihood estimates of dN/dS (ω; dS—synonymous substitution rate and dN
—non-synonymous substitution rate) were carried out using the codeml program from the
software package Phylogenetic Analysis by Maximum Likelihood—PAML version 4.8 [89]. To
investigate the selective pressures that have shaped the evolution of HBB andHBD genes we
first calculated dN/dS ratios (M0 model) for each gene separately in the entire mammalian
phylogeny. Next, to test the hypothesis of variable selective pressures amongHBD in primates,
we performed nested branch models using either the one-ratio model calculated for the whole
anthropoid phylogeny, the two-ratio estimated for Great Apes and other primates and three-
ratio inferred for Great Apes, OWM and NWM [7,88]. Although ω values below 1 (ω< 1) are
generally considered as an evidence of purifying selection, to reject the hypothesis of neutral
evolution all models were compared with a null model where ω was fixed to 1 (ω = 1). The sig-
nificance was obtained with likelihood ratio tests (LRT) which were calculated as twice the vari-
ation of the likelihoods (-2Δl) with a χ2 distribution. For the calculation ofHBD ω values,
pseudogene sequences were only included after the removal of positions affected by premature
stop codons and frameshift mutations. In the specific case of lemur species, the HBD sequences
were excluded from the analysis given their hybrid ψβ/δ nature [37].

Results

Evolutionary history of the two adult β-like genes in mammals
We conducted a phylogenetic analysis of the adult β-like globin genes, HBD and HBB, in a di-
verse dataset, including monotremes, marsupials and placental mammals, and one avian spe-
cies, which was used as outgroup. The phylogenies obtained with ML, BI and the codon model
approach were similar when either the complete gene sequence or the CDS were used (Fig 1A–
1D and S4 Fig).

However, trees obtained using the complete gene were different from those estimated with
the CDS only (Fig 1 and S4 Fig). In the phylogenies based on the CDS the two β-like paralo-
gous genes from the same species cluster together, consistent with a process of interparalogue
gene conversion, referred to as “concerted evolution” and previously described in several taxa
[19,31,40,52,80]. The exceptions to this general pattern occur in Anthropoid primates (mon-
keys and apes) where HBD and HBB are grouped into two reciprocally monophyletic groups,
and in the lemur species. This could lead to the erroneous interpretation thatHBD arose re-
cently through a duplication in primate evolution, as initially thought [18], but more likely
reflects a gene conversion event in the common ancestor of those primate lineages. In the
lemur species, the exception is easily explained by the fact that in the ancestry of lemurs a hy-
brid ψβ/δ pseudogene was created by unequal crossing-over between misaligned HBD and
HBBP1 sequences [37]. Finally, an HBD ortholog is absent from rat, and in mouse we found
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no evidence for interparalog gene conversion between HBD and HBB orthologs (HBD-T1
and HBB-T1), in agreement with previous results [33]. Phylogenetic analyses based on the
entire gene sequence lead to better-supported trees, which more reliably replicate the species
tree, recovering the true evolutionary history of gene duplication. This phylogeny is consis-
tent with previous results supporting a duplication event of HBB and HBD genes after the
marsupial/eutherian split [53]. Both ML and BI trees contain two major sister clades, one
comprising the HBD gene copies of most species and a second clade mainly with the HBB
genes. Within theHBB clade, the HBD genes from galago, cow, pig and dolphins are clustered

Fig 1. Phylograms depicting relationships among adult β-like genes in mammals. The phylogeny reconstructions were performed using two methods:
A), C) Maximum Likelihood and B), D) Bayesian Inference; trees were estimated using the A), B) coding sequence and C), D) complete gene sequence.
Branch support values are given on the internodes. Red branches represent the Great Apes, green the OWM and blue the NWM; the pink and orange
branches represent the common branch of Catarrhines and Anthropoids, respectively.

doi:10.1371/journal.pone.0123365.g001
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with each of their HBB paralogs. In galago, it is well documented that the ancestral HBD gene
was almost completely converted by the HBB gene, explaining the monophyletic pattern ob-
served [80]. According to a recent analysis the phylogenetic incongruence seen in the latter
three species is likely due to independent gene conversion events that followed an extensive
unequal cross-over spanning HBD intron 2 in the stem lineage of cetartiodactyls [19]. Our re-
sults also confirm that the interparalog conversion is largely restricted to the coding regions
of globin genes [19,26,30,31,40,45,53], because the incorporation of the phylogenetic infor-
mation of non-coding sequence, including intronic and 5’ and 3’ flanking sequence, proved
to be especially useful in assigning orthologous relationships.

Analysis of gene structure
In all species examined theHBB gene retains an intact ORF with conserved donor/acceptor
splice sites encoding a polypeptide of 144–146 amino acids (S1 Fig). By contrast, theHBD gene
has accumulated several inactivating mutations throughout the mammalian phylogeny. These
include the introduction of premature stop codons, small insertions and deletions and muta-
tions in the consensus donor (GT) or acceptor (AG) splice sites (S2 Fig). Moreover, HBB and
HBD also display different across species conservation patterns (S3 Fig). TheHBB promoter is
highly conserved and contains conserved consensus TATA, CAAT and EKLF (Erythroid
Krüppel-like factor) binding motifs in most species examined. Only cat and cow show substitu-
tions in the EKLF consensus sequence (S3A Fig) but present an upstream EKLF binding ele-
ment, identified by MatInspector, which is likely to replace the possible disrupted EKLF motif.
A lower conservation inHBD promoter region is readily apparent from the difficulty in obtain-
ing a good multiple alignment for all species. We detected three species, galago, cat and micro-
bat, in which HBD has a β-like promoter, acquired through independent gene conversion
events (S3A Fig), as previously shown [19,80]. In anthropoids, high sequence homology was
observed at the HBD promoter region (S3B Fig), with a conserved consensus TATA binding
motif, a functional GATA-1 motif [47] close to the mutated CAAC box, and lack of the EKLF
binding element in all these species. These features of theHBD promoter region have been
shown to be responsible for the low expression of the adult δ-globin gene [63,81,82]. The re-
maining species (S3C Fig) all share the major defect in the proximal δ-promoter, the absence of
a consensus EKLF-binding motif, but do not have the GATA-1 motif common to all other δ-
like promoters. The lack of various conserved motifs in theHBD promoters that are crucial for
β-like globin expression suggests that they are transcriptionally inefficient in tarsier, mouse,
rabbit, dolphin, cow, pig, horse, megabat and armadillo.

Recombination events in primates
In the phylogenetic analyses we did not detect evidence of recombination events between HBD
andHBB in anthropoid primates. This result is in agreement with other studies that proposed
a δ-β gene conversion in the anthropoid stem [40]. However, it has been suggested that further
gene conversions occurred independently in catarrhine and platyrrhine lineages [37,45,60]. Al-
though we did not find phylogenetic evidence for gene conversions within these primate line-
ages, we cannot exclude the possibility of short-tract gene conversion events not detectable by
phylogenetic analysis. Therefore, we sought to re-examine the possibility of lineage-specific
gene conversion taking advantage of a more comprehensive sample of primate species and the
use of multiple methods implemented in the software package RDP3 [43] for detecting recom-
bination signals and putative recombinant sequences. We found robust signals for four inde-
pendent interparalog gene conversion events, in which portions ofHBB were copied ontoHBD
(summarized in Table 1).
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Two of these gene conversion events, 1 and 2, were detected by all seven methods, and cor-
roborate independent gene conversions previously identified in tarsier and galago [40,80]. A
third event was detected, corresponding to the conversion of the first HBD exon and intron by
HBB sequences, in catarrhines (OWM and Great Apes). Since this event was detected in ortho-
logousHBD copies of all catarrhines represented, it most likely took place before the divergence
of OWM and Great Apes, along the pink branch in Fig 1A. The event number 4 corresponds to
a more extensive conversion tract present in all anthropoids (platyrrhines and catarrhines),
suggesting that those sequences have all descended from an anthropoid ancestor sequence in
which the recombination event occurred (orange branch in Fig 1A). This δ-β conversion

Table 1. Summary of gene conversion analysis for primateHBD andHBB paralogues.

Gene
conversion
event ID

Breakpoint a

Positions
Conversion Tract
Length

Detection Methods
a

P-value a

Recombinant
sequences

Major
Parental
Sequence b

Minor Parental
Sequence b

Begin End

1 HBD_Tarsier unknown HBB_Tarsier 96 574 72 bp 5’ flanking
-183 bp into exon 2

RDP, GENECONV,
BootScan, MaxChi,
Chimaera, SiScan,
3Seq

3,475 x 10-25

2 HBD_Galago unknown HBB_Galago 12 2036 149 bp 5’ flanking—
55 bp into exon 3

RDP, GENECONV,
BootScan, MaxChi,
Chimaera, SiScan,
3Seq

3,665 x 10-18

3 HBD_Human
HBD_Chimpanzee
HBD_Gorilla
HBD_Gibbon
HBD_Guereza
HBD_Grivet
HBD_Rhesus
HBD_Babbon

unknown HBB_Babbon 97 385 71 bp 5’ flanking -123
into intron 1

RDP, MaxChi,
Chimaera

3,198 x 10-4

4 HBD_Human
HBD_chimpanzee
HBD_Gorilla
HBD_Gibbon
HBD_Guereza
HBD_Grivet
HBD_Rhesus
HBD_Babbon
HBD_N.monkey
HBD_Marmoset
HBD_S.monkey

unknown HBB_N.monkey 197/367 c 632 106 bp 5’ flanking
-215 bp into exon 2

RDP 1,115 x 10-5

a In cases where multiple methods detected the same or a similar conversion event, we reported the breakpoint positions and the method yielding the

lowest average Bonferroni corrected p-value, which is shown in bold; breakpoint positions refer to the nucleotide positions in the full alignment of the

Primate HBB and HBD sequences.
b The major parental and minor parental sequences correspond to the parent contributing to the larger fraction and to the minor fraction of the recombinant

sequence, respectively. In all 4 events the major parental sequence is unknown given that the presence of a parent and a recombinant in the alignment is

sufficient for a recombination event to be detected by these methods.
c The breakpoint for the recombination event number 4 varies depending on the species in which it was detected: 197 in Platyrrhines (N.monkey,

Marmoset and S.monkey) and 367 in Catarrhines (Human, Chimpanzee, Gorilla, Gibbon, Guereza, Grivet, Rhesus, Babbon), leading to different gene

conversion tract length predictions for these groups.

doi:10.1371/journal.pone.0123365.t001
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appears to extend from the 5’ promoter region till the end of the second exon, however in catar-
rhines the signal for this older gene conversion is restricted to the second exon, because a sub-
sequent event (identified as number 3) overprinted part of the older one.

In order to assess whether the conversion events 3 and 4 have been correctly identified, we
constructed and compared two phylogenetic trees, one with the region containing evidence for
an older gene conversion in both platyrrhines and catarrhines (nucleotide 367–632), and a sec-
ond one with the portion of the alignment between the inferred breakpoints in event 3 (nucleo-
tide 97–385) where a second, more recent conversion event occurred in the catarrhine stem (S5
Fig). The topology of the first tree (S5A Fig) is consistent with a gene conversion in the com-
mon ancestor of Anthropoids, in agreement with results obtained with other methods
[31,40,45,73]. In contrast, in the second tree (S5B Fig) the HBD and HBB genes group together
within the catarrhine and platyrrhine lineages, as expected under the hypothesis of a conver-
sion event restricted to catarrhines. This tree topology could also indicate that parallel gene
conversion events have occurred in the stem of catarrhines and platyrrhines; however, no gene
conversion event in platyrrhines has been detected with any of the methods used in our analy-
sis. Nevertheless, this alternative hypothesis remains disputable given that an older conversion
event occurring between still very closely related sequences would be very difficult to detect.
Therefore, although our results do not fully support previous evidence thatHBD has been in-
volved in a conversion in platyrrhines [60], it cannot be ruled out. It is noteworthy that albeit
two independent gene conversion events occurred in different Anthropoid lineages, the
GATA-1 motif in theHBD promoter region remained intact.

Evolutionary rates and functional constraints in primates
From our previous analysis, it is apparent that while HBD has diverged at markedly different
rates in different primate lineages, as shown by the variable branch lengths in the phylogenetic
trees (Fig 1), anthropoid HBDs share a high sequence identity not only in their coding region
but also at the promoter. As a first measure of the rate ofHBD evolution, we compared the ge-
netic distance between humans and 13 other primate species, for both adult β-like globin genes.
HBBP1 was also included in the analysis due to the unusually slow substitution rates previously
reported for this pseudogene estimated by comparison of human, gorilla and chimpanzee se-
quences [13]. Genetic distances were then plotted against the corresponding divergence times
for each pairwise comparison, and the linear regression trend line was estimated for each
group, as shown in Fig 2.

From the slope of the trend lines and the r2 values we are able to compare the rate of intron
and exon evolution and its constancy over time, respectively. The results presented in Fig 2 and
S2 Table show that, overall, exons evolved at a lower rate than introns, except forHBBP1, in
which nucleotide differences are more homogeneously distributed between exons and introns, as
expected for a pseudogene. In Prosimians, there is a trend towards increasing evolutionary rates,
more pronounced in non-coding regions (introns andHBPP1 exons). Remarkably, the rate of
evolution ofHBD exons has remained relatively constant across primate evolution (r2 = 0.95)
and is comparable to that ofHBB exons, even though in higher primatesHBD is either silent or
contributes to only a very small fraction of adult Hb. To gain further insight into the possible
functional constraints that have shaped the evolutionary history ofHBD in primates, we calculat-
ed dN/dS (ω) ratios under alternative models of gene evolution (table 2).

First, we estimated single ω values for the entire mammalian phylogeny (M0 model), for ei-
ther HBB or HBD genes. The observed ω values were significantly lower than 1 (ωHBB = 0.26
and ωHBD = 0.40) pointing to an overall conservation ofHBB andHBD. The ω obtained for
HBB is the expected for a functional gene and is in agreement with previous estimates [1]. In
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the case ofHBD orthologs, the detected signal of purifying selection may be an outcome of
gene conversion by theHBB gene in multiple lineages, mostly in the coding region. As illegiti-
mate recombination between HBD andHBB has been noticeably reduced since the last com-
mon ancestor of Anthropoids 65.5 Mya, we examined the extent of the selective pressures
exerted in this specific clade. Overall, the significance of the low value obtained under the one-
ratio model (ωHBD_Anthropoids = 0.31) rejects the hypothesis of a neutral evolution ofHBD in an-
thropoids. Then, to examine whether HBD has been subject to variable selective constraints

Fig 2. Genetic distance vs divergence times between human and different primate species (Anthropoids and Prosimians) for β-like genes. Circles
and dotted lines correspond to introns while diamonds and solid lines correspond to exons. Divergence times between humans and other species were
obtained with TimeTree [32] and are as follows: Ptr: 6,3 Myr; Ggo 8,8 Myr; Ppy: 15.7 Myr; Nle 20,4 Myr; OWM (Mcc, Panu, Cgue and Caa): 29 Myr; NWM
(Sbol, Cjac and Anan): 42,6 Myr; Tsyr: 65,5 Myr; Ogar: 74 Myr. Linear regression trend lines were set to intercept the origin.

doi:10.1371/journal.pone.0123365.g002

Table 2. Parameter Estimates and Likelihood Scores under Different Branch Models.

Model Parameters for branches Likelihood (l)

One ratio ωHBB = 0.26** -4397.16

ωHBD = 0.40** -3509.38

ωHBD_Anthropoids = 0.31** -1019.71

Two ratio ωHBD_Apes = 0.06** -1015.62

ωHBD_OWM+NWM = 0.43*

Three ratio ωHBD_Apes = 0.06** -1015.45

ωHBD_OWM = 0.53

ωHBD_NWM = 0.38*

Models Compared -2Δl

One vs. Two ratios 8.18 (df = 1) *

Two vs. Three ratios 0.34 (df = 1)

NOTE— ωHBB and ωHBD, ω for all HBB and HBD lineages, respectively; ωHBD_Anthropoids, ω for all

Anthropoid HBD lineages; ωHBD_Apes, ω for Great ape HBD lineages; ωHBD_OWM+NWM, ω for all OWM and

NWM HBD lineages; ωHBD_OWM and ωHBD_NWM, ω for OWM and NWM HBD lineages, respectively; df—

degrees of freedom.

*Significant P < 0.01

**Significant P < 0.001

doi:10.1371/journal.pone.0123365.t002
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among different anthropoid clades (Fig 1A), we applied the two-ratio model separating the
phylogenetic group of Great Apes from all remaining primates (OWM and NWM). In addi-
tion, we also applied the three-ratio model, in which ω was allowed to vary across Great Apes,
OWM and NWM clades. The comparison of the one-ratio and the two-ratio models showed
that the two-ratio presents an improved fit to anthropoid HBD evolution and that it did not
differ significantly from the three-ratio model. Nevertheless, in both two-ratio and three-ratio
models the Great Apes clade showed an extremely low ω value (ωHBD_Apes = 0.06), while the
OWM+NWM branches present a higher ω (ωHBD_OWM+NWM = 0.43), but still suggesting a
constrained evolution. Although our results indicate thatHBDmight have experienced differ-
ent selective pressures throughout primate evolution, these estimates corroborated a high con-
servation of HBD in Anthropoid lineages that is unlikely related to protein function, since in
most primate species this gene is either weakly expressed or not transcribed at all.

Discussion
In humans and in chimpanzees, unusually high levels of HBD sequence conservation, when
compared to functional paralogs, have been described [49]. Such pattern of conservation has
been difficult to reconcile with the negligible expression of HbA2. Moreover, the evolutionary
history ofHBD is complex and orthologous relationships among HBD and its paralog gene
(HBB) have been obscured by a history of recurrent gene conversion and unequal crossing
overs, throughout eutherian evolution [19,52–54]. Here we gained insight into the evolutionary
history ofHBD and its likely regulatory role in the fetal-to-adult switch unique of Anthropoids,
by performing a comprehensive phylogenetic and comparative analysis of the two adult β-like
globin genes in a wide range of mammalian taxa. The results from our phylogenetic reconstruc-
tion are in agreement with previous findings which demonstrated thatHBD duplication oc-
curred before the radiation of Eutheria [53]. The obtained tree topology is also consistent with
a history of concerted evolution between HBD andHBB that has created chimeric β/δ fusion
genes in multiple, independent lineages [19,31,40,54,80]. However, our results show that pri-
mates represent an exception to this common trend, given that phylogenetic relationships are
maintained throughout this lineage, suggesting that illegitimate recombination between HBD
andHBB has been noticeably reduced since the last common ancestor of Anthropoids 65,5
Mya. Indeed, the recombination analyses here presented demonstrate that even though a cer-
tain level of gene conversion has occurred in some Anthropoid lineages, these events have
taken place in the stem of the major branches (platyrrhines and catarrhines), as previously in-
ferred from smaller datasets [31,40,45,60]. Moreover, gene conversion in Anthropoids was re-
stricted to shorter regions (exon and intron 1) than those most frequently identified in other
species (exons 1, 2, and 3 and intron 1) [19,30,31,40,80]. The distinct phylogenetic patterns be-
tween Anthropoid primates and nearly all other species, obtained when using the coding se-
quence, reflect the relative extent of these events. Although most mammals retain both adult β-
like gene copies, only theHBB gene is functional and essential. HBD has apparently become
dispensable and in several lineages has pseudogenized. In fact, we confirmed that HBD inacti-
vation occurred in a wide range of eutherian species by the accumulation of loss-of-function
mutations that disrupted either the ORF or the promoter region. It is noteworthy that when
considering extant mammalian species it is only possible to establish bona-fide homology rela-
tionships betweenHBD orthologs among Anthropoid primates. Moreover, evolutionary tests
suggest that HBD is evolving under selective constraints across different Anthropoid species, as
hypothesized several decades ago [13,24,37,74]. Such high level of conservation is at odds with
the variable expressivity of the δ-globin chain, which is absent in OWM [45,46] and ranges
from 1% concentration in hominoids [10] to 6% in NWM [74]. Selective constraints on protein
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evolution do not seem a plausible explanation for the signal of purifying selection detected,
since to date, HBA2 has no recognized physiological function [62,76,77].

Interestingly, a role for HBD and HBBP1 in the regulatory mechanisms coordinating the
fetal-to adult switch has been proposed in early independent studies [5,13,24,26,55]. Taking
into account that the mechanism of Hb switch is common to all simian primates [38], we
might expect to find similar patterns of conservation and diversity in ortholog HBD sequences
for a 65.5 Myr time frame. Accordingly, the patterns of conservation we have now uncovered
perfectly overlap withHBG duplication and the acquisition of a fetally expressed hemoglobin
in anthropoid primates. Noteworthy, we detected in all anthropoid primates a conserved func-
tional GATA-1 motif in the promoter of HBD, which has remained intact despite recurrent
gene conversion events overlapping the promoter region among these lineages. Considering
thatHBD has very low expression levels in anthropoids, the conservation of a functional
GATA-1 binding motif suggests other functional constraints rather than positive regulation of
δ-globin gene expression. Indeed Gaudry, et al. [19] demonstrated that only late expressed β-
like globin genes retaining an HBB-like promoter are efficiently transcribed. Developmental
regulation of gene expression at the β-globin cluster involves the formation of chromatin loops
mediated by several transcription factors and cofactors [66,68]. It has been shown that GATA-
1, along with other cofactors, is required for efficient long-range chromatin interactions be-
tween LCR and β-like globin genes, namely at the time of γ- to β- globin switch [9,39,85]. Im-
portantly, is has also been demonstrated that theHBD upstream region harbors a binding site
for BCL11A, which is a biochemically validated and fundamental switching factor necessary
for fetal hemoglobin silencing [67,69]. Remarkably, strong interactions between the LCR and
the region encompassing bothHBD andHBBP1 were uncovered by chromosome conforma-
tion (3C and 5C) analyses at the β-globin locus [6,17,70]. Collectively, these findings suggest
thatHBD and HBBP1might be involved in chromatin looping in the human-globin cluster, a
crucial mechanism for temporal coordination of gene expression [16,36]. Interestingly, the ob-
served differences in the rate of evolution between the branches leading to Great Apes and the
common branch of OWM and NWM suggest different selective pressures, which may reflect
alternative mechanisms of controlling expression in the β-globin cluster among Anthropoids.
Selective constraints on the protein function cannot be completely ruled out, although evidence
of functional relevance of HbA2 is lacking. HbA2 has features that are nearly identical to those
of HbA [15] but, even though in the absence of β-chain production in β-thalassemia major it
becomes the predominant oxygen carrier, it never effectively replaces HbA function. Concor-
dantly, in humans mutations in HBD are per se clinically silent [71,76]. The evolutionary histo-
ry ofHBD in mammals has been shaped by concerted evolution, however our results show that
in the extant species of Anthropoids gene conversion events have not been frequent, and when
they do occur the exchanged sequence tract is short. The low frequency of gene conversion as
well as the conservation of a motif involved in chromatin remodeling could be an outcome of
stronger selective constraints acting onHBD in anthropoids, as previously reported for other
functionally important regions [50,58,92]. These results are also consistent with previous evi-
dence of purifying selection reducing HBD genetic diversity in human populations and in
chimpanzees [49]. We have now characterized the evolution ofHBD in mammals and found
that the unusual high levels of conservation in this genomic regions are shared across several
primate species. In the light of recent advances in the understanding of the β-globin cluster reg-
ulation, we propose that the similar evolutionary trajectory of HBD in Anthropoids is due to
functional constraints related with the intricate process of chromatin and protein interactions
coordinating the developmental expression of β-like globin genes.
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Supporting Information 

Tables  

S1 Table. DivStat algorithm: (a) GUI algorithm; (b) cmd algorithm 

(a) GUI algorithm 
INPUTS 
file: .txt or .vcf file storing the sequence data (N haplotype sequences (HapSeq), each with M sites) 
s: start position 
e: stop position 
n: window size (defined by number of base pairs or number of segregating sites ) 
v: window increment 
MD:  missing data symbol (in case of data with missing data) 
Stat: set storing the required statistics: 

S: number of polymorphic sites 
Hn:haplotype number 
Hd: haplotype diversity 

π: Pi
D: Tajima’s D 
hf: haplotype frequencies 

Pop: population requirements: 
Pop ← YES: if the computation should be performed per populations ( T populations) 

file_pop: .txt file storing the population information in case of .vcf file (in case of .txt file, each haplotype sequence should be 
characterized by a string of three characters). 

Pop ← NO: if the computation should not be performed per populations 

1: if file is .vcf: 
2:    file ← converted into .txt format 
3: X ← matrix(M,N) 
4: for i in range(1,N): 
5:    for j in range(1,M): 
6:     if HapSeq[i,j] = A: 
7:         X[i,j] ← 1 
8:     if HapSeq[i,j] = C: 
9:         X[i,j] ← 2 
10:      if HapSeq[i,j] = G: 
11:          X[i,j] ← 3 
12:       if HapSeq[i,j] = T: 
13:          X[i,j] ← 4 
14:  if HapSeq[i,j] = MD: 
15:          X[i,j] ← 5 
16: if Pop = YES: 
17:    T’ ← T+1 (compute the statistics for each population separately and also for the  global set of haplotype sequences) 
18: if Pop = NO: 
19:    T’ ← 1 (compute the statistics just for the  global set of haplotype sequences) 
20: for p in range (1:T’): 
21:    X’ ← matrix(M,N’) (a sub-matrix of X that just considers the haplotype sequences in population p; N’ represents the number 

of haplotype sequences in population p) 
22:    if hf in Stat: (Computes the haplotype frequencies (hf) according to equation (6) in the Supplementary Information.) 
23:       H ← # different columns of X’ 
24:      for i in range(1:H): 
25:          h[i] ← # columns of X’ equal to ith different column 

26:     'Nihihf 

27:    if ((S or Hn or Hd or π or D) in Stat):
28:   p ← s 
29:      while (p+n–1 ≤ e): 
30:          Y ← X’[p…p+n-1,N’] 

31: if ((S or π or D) in Stat): (Computes S according to (1) in the Supplementary Information.)
32:   S ← # non-conserved rows of Y 
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33:          if ((Hn or Hd) in Stat): (Computes Hn according to (2) in the Supplementary Information.) 
34:    Hn ← # different columns of Y  
35:          if (Hd in Stat): (Computes Hd according to equations (3) in the Supplementary Information.) 
36:   for j in range(1:Hn): 
37:     H[j] ← # columns of Y equal to jth haplotype. 
38:         'NjHjHf   

39: 
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40: if (π or D) in Stat): (Computes π according to equations (4) in the Supplementary Information.)
41:   for i in range(1:S): 
42:     k ← # different entries in the non-conserved row i of Y. 
43:     for q in range(1:k): 
44:         xiq ← # columns of Y with an entry equal to the qth different entry at row i 

45:  
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46:   
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47: n

48:          if D: (Computes D according to equations (5) in the Supplementary Information.) 

49:   





1

1
1 1

N
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ja

50:   





1

1

2
2 1

N

j

ja

51:       1'31'1  NNb  

52:        1''93''2 2
2  NNNNb

53:    111 1 abc 

54:        2
12122 '2' aaNaNbc 

55:   
111 ace 

56:    2
2
122 aace 

57: 
1aSw 

58:      121  SSeSeVar w  

59:      ww VarD  

60:          p ← p+v 
61:      if (p+n–1>e and p<e): 
62:      Y ← X’[p…e,N’] 
63:  Repeat lines 31 – 59 

OUTPUT 
.txt file (s) storing the required statistics 
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(b) cmd algorithm 
INPUTS 
folder: folder with  K≥1 .txt or .vcf files, which stores the sequence data (each file f  (  Kf ,,2,1  ) contains N haplotype

sequences (HapSeq), each with M sites) 
s1…sK: start position in each file f 
e1…eK: stop position in each file f 
n: window size (defined by number of base pairs or number of segregating sites ) 
v: window increment 
MD:  missing data symbol (in case of data with missing data) 
Stat: set storing the required statistics: 

S: number of polymorphic sites 
Hn: Haplotype number 
Hd: Haplotype diversity 
π: Pi 
D: Tajima’s D 
hf: haplotype frequencies 

Pop: population requirements: 
Pop ← YES: if the computation should be performed per populations 

file_pop1… file_popK: .txt files storing the population information of each file f, in case of .vcf file (in case of .txt file,  each 
haplotype sequence should be characterized by a string of three characters). (T  populations in the file f) 

Pop ← NO: if the computation should not be performed per populations 

1:for f in folder: 
2:    file ← f 
3:    s ← sf 
4:    e ← ef

5:    file_pop ← file_popf 
6:    follow the lines 1 – 63 of GUI algorithm (a) 

OUTPUT 
.txt files storing the required statistics for the K inputted files. 
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S2 Table. Summary comparison between (a) DivStat and VCFtools and (b) DivStat and SLIDER 

performances. 

Softwares 

(a) (b) 

Features DivStat VCFtools DivStat SLIDER 

Data Size 208Kb 2.405Mb 342Kb 999Kb 

Running Time 27sec 1sec/step* 2min52sec 9min28sec 

Maximum Data Size - - - 1Mb 

Allowed Statistics: 

S 

Pi 

Tajima’s D 

Haplotype Number 

Haplotye Diversity 

x x x x 

x x x x 

x x x x 

x x x 

x x x 

Compatible Operative Systems: 

Windows 

Linux 

Max OS 

x x x+

x x x x+ 

x x x+ 

* The software computes only one statistic each time, and each step runs in 1sec. 
+ The software runs in an online server. 
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S1 File: Supplementary Information: 

1 METHODS 

1.1 Program features 

The statistics that DivStat calculates can be performed for a single population sample or for multiple population samples. 
Furthermore, this tool allows for the computation of several statistics within a window with a definable length. The full list of 
statistics is given below. First, the users should define a set of parameters, namely, the start and end positions of the segment, the 

window size and the window increment. When using polymorphism data, the numbering of site positions within the file must be 
consistent with the numbering used to define the segments. Thus, for instance, defining a window size of n base pairs and 
considering p as its start position, the program calculates the statistics within the window [p..p+n-1]. If the window increment is v, it 

means that the next computations are done after sliding the window of v base pairs, ie, in the window [p+v..p+v +n-1]. 
The algorithm starts by assigning the digits 1, 2, 3 and 4 to bases A, C, G and T, respectively (similarly to the methodology adopted 
in [1]), and 5 to missing data symbol (in the case it happens), and then each sequence is converted into a vector according this 

numerical correspondence. Considering a dataset encompassing N haplotype sequences, each with M sites, a matrix X with M rows 
and N columns is constructed after the numerical correspondence. Based on X, the program allows for the quick computation of six 
statistics. Considering, for instance, the sub-matrix Y of X in the window [p..p+n-1]: 
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with  4,3,2,1ija , the different statistics are determined as explained below: 
(1) S: S is the number of polymorphic sites that are contained within the window. The computation of S is resumed to the 

computation of non-conserved rows of Y (which corresponds to the rows of X falling down within the window [p..p+n-1] and 

having more than one entry). 
(2) Haplotype number: Haplotype number is the number of different haplotypes within the window. The algorithm developed 

computes this statistic by determining the number of different columns of Y. 

(3) Haplotype diversity: Haplotype diversity is the diversity of each haplotype within the window. Considering the different 
haplotypes computed in the previous item, the haplotype frequency is given by the following: 

    NjHjHf 

where H[j] and N are the number of occurrences of the jth haplotype in the window (ie, the number of columns of Y equals to 
haplotype j) and the total number of sequences in the data set, respectively. After this, the haplotype diversity is computed as 
in [2]: 
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(4) π: π is the nucleotide diversity within the window. This statistic is computed based on the nucleotide diversity of each single 
polymorphic site i in the window, with k different alleles, usually represented as πi and given by the following: 
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where, xiq is the number of haplotypes within the window with the allele aq at position i, ie, the number of columns of Y with 
aqj. The nucleotide diversity for a window containing S polymorphic positions is computed according with [3]: 





S

i
i

1

  

And, being n the size of the window, the nucleotide diversity per base pairs is calculated as the following: 

n

(5) Tajima’s D: Tajima’s D is a statistic that allows for assessing the evidence or not of selection in the data set. The 
computation of this statistic is based on the Watterson’s w  and   wVar   , according to [3], which are given by:

1aSw   and    121  SSeSeVar w

where,  xVar  means the variation of x, 
111 ace  ,  111 1 abc  ,     1311  NNb , 
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 2

2

122 aace  ,      2

12122 2 aaNaNbc   and      1932 2

2  NNNNb . 

The Tajima’s D statistic is then computed by the following: 

   ww VarD  
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(6) Haplotype Frequencies: We developed an algorithm that starts by determining all different haplotypes in the dataset and 
then computes the haplotype frequencies according to: 

  Nihihf 





for the ith haplotype, being h[i] and N the number of occurrences of haplotype i and the total number of haplotype sequences in 
the dataset, respectively. This calculation is independent of the window size and the increment defined. 

REFERENCES 
1. Soares I, Amorim A, Goios A (2011) A new algorithm for mtDNA sequence clustering. Forensic Science International: Genetics Supplement 

Series 3 (1), e315-e316. 

2. Nei M and Tajima F (1981) DNA polymorphism detectable by restriction endonucleases. Genetics 97:145-163.

3. Tajima F (1989) Statistical method for testing the neutral mutation hypothesis by DNA polymorphism. Genetics 123 (3): 585–95.
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S2 File: Read Me 

DivStat Read Me 
Version 2.0 
December 2014 

======================== 
CONTENTS: 
======================== 

1.FEATURES
2.INSTALATION
3.MINIMUM REQUIREMENTS
4.CONTACT INFORMATION

------------------------ 
1.FEATURES
------------------------ 

DivStat is a software designed for analysis of large sets of population genetic data stored in VCF (variant 
call format) files. It was developed in a graphical user interface version (GUI), in order to make easy the 
use by research community, and in a command line version (cmd). In GUI, the user can upload a VCF file 
or a text file with the genetic data, while the cmd version allows the upload of a folder with more than one 
VCF or text file. 
The user should start by defining a set of parameters, namely the type of file (VCF or text - in the first 
case the number of polymorphic positions and the ploidy of the genome also should be indicated), the 
start and stop positions of inputted haplotype sequences in the complete genome, the window size 
(defined by number of base pairs or number of segregating sites) and the window increment. 
The program needs to know if the data has or not missing data and, in affirmative case, the symbol used. 
Furthermore, the user should indicate whether the calculations must be done per population or globally. In 
the first case, and just if using VCF files, the corresponding populations should be inputted in separated 
files. 
The program allows for the computation of 5 different statistics:  * number of polymorphic sites – S;

* Haplotype Number;
* Haplotype diversity;
* π;
* Tajima’s D;
* haplotype frequencies (independent of the window size and the increment defined).

The output obtained corresponds to a text file containing all window statistic computations (the 5 first 
statistics indicated above) and/or a text file with the haplotype frequencies. 

------------------------ 
2.INSTALATION
------------------------ 

*
To install DivStat GUI version on windows system, run the executable file namedsetupDivStat_GUI_win.exe on windows 32 or 64 bits, and follow the instructions on the screen. 

*
To install DivStat cmd version on Windows system, run the executable file named

setupDivStat_cmd_win.exe on windows 32 or 64 bits, and follow the instructions on the screen. After 
installation, to use this version, the user should first fill the parameters on file "call.py" and then do a 
double click over the application DivStat_cmd  or indicate the directory where it is on the command line 
and then write DivStat_cmd. The  program should start running automatically. 
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* For linux or mac OS GUI version, just do a double click over the application DivStat_GUI or indicate
the directory where it is on the command line and then write "./DivStat_GUI". The software should open 
automatically. 

* For linux cmd version, first, the user should fill the parameters on file "call.py" and then do a double
click over the application DivStat_cmd or indicate the directory where it is on the command line and then 
write "./DivStat_cmd". The program should start running automatically. 

* For mac OS cmd version, first, the user should fill the parameters on file "call.py”. Then, open the
command line window and go to the directory where the application DivStat_cmd is. Then, write 
"./DivStat_cmd.app/Contents/MacOS/DivStat_cmd" on the command line. The program should start 
running automatically. 

------------------------ 
3.MINIMUM REQUIREMENTS
------------------------ 

* Windows 7
* Linux - Ubuntu 12
* Mac OS X

------------------------ 
4.CONTACT INFORMATION
------------------------ 

* Inês Soares
email address: isoares@ipatimup.pt

* Ana Moleirinho
email address: amoleirinho@ipatimup.pt

* Gonçalo N. P. Oliveira
email address: goliveira@fc.up.pt

* António Amorim
email address: aamorim@ipatimup.pt
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DivStat: a user-friendly tool for single nucleotide 

polymorphism analysis of genomic diversity 

Tutorial 

DivStat is a new software developed in order to help users to analyze great sets of population 

genetic data stored in VCF (variant call format) files. It allows the computation of six statistics, 

namely, the number of polymorphic sites – S, Haplotype Number, Haplotype diversity, π, 

Tajima’s D, and haplotype frequencies. They can be computed for the complete DNA fragment 

or over a "sliding window". First, the users should define a set of parameters, namely, the start 

and end positions of the segment, the window size (in base pairs or segregating sites) and the 

window increment in base pairs. When using polymorphism data, the numbering of site 

positions within the inputted file must be consistent with the numbering used to define the 

segments. 

A user-friendly interface was developed in order to facilitate the use by the research community. 

The graphical interface allows the upload of a VCF file or a text file with the genetic data in the 

fasta format. Moreover, a command line version was developed, allowing the upload of a folder 

with more than a VCF or text file. 

1. Graphical User Interface version – GUI:

When the user opens the DivStat software GUI version, the following window appears on

the screen:

Figure 1. GUI of DivStat software. 
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First (1st point), the user should upload a file containing the polymorphism data, which 

could be a VCF or a text file containing the SNPs and the corresponding position number 

in the complete genome. 

1.1. Uploading a text file 

If the user uploads a text file containing the SNPs and the corresponding position number 

in the complete genome, it should be similar to the following examples: 

Figure 2. Example of an accepted input text file in the fasta format. 

Figure 3. Example of an accepted input text file, in the fasta format, with missing 

data (represented by symbol “-”). 

Note that, the position numbers should be written at the first line of the document, the 

following ones corresponding to the SNP sequences. 

On the 2nd and 3rd points, the user should define a set of parameters, namely, the start and 

end positions of the haplotype sequences, the window size, defined by number of base pairs 

or segregating sites, and the window increment. Defining, for example, a window size of n 

base pairs and considering p as its start position, the program computes the chosen statistics 

within the window [p..p+n-1], working just with the SNP positions that fall within this 

interval. If the window increment is v, it means that the next computations are computed 

after sliding the window of v base pairs, i.e., in the window [p+v..p+v +n-1]. 
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On the 4th point, the user should indicate whether the data has or not missing data. In the 

affirmative case, the user should indicate the symbol used. 

Finally (5
th
 point), the user should select or deselect the statistics to be performed. Note that, 

the haplotype frequency computation does not take into consideration the window 

parameters defined. 

The calculations can be done per populations or globally (6th point). The global estimation 

is computed in both cases, but population specific outputs are only obtained if indicated in 

this point. To obtain results by population, the first three characters of each line started by 

“>” should identify the population. For example, on the text file of Figure 2. there are two 

different populations, “Pop” and “Gru”; on the text file of Figure 3., all eight sequences 

belongs to the same population, “CEU”. 

On the following images, it is possible to see two different examples of fields filling: 

Figure 4. Example of possible preferences using the file of Figure 2. 
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Figure 5. Example of possible preferences using the file of Figure 3. 

On the first case (Figures 2. and 4.), the file has not missing data and the required statistics 

are calculated per population. On the second one (Figures 3. and 5.), the file has missing 

data, which is identified by symbol “-”, and the required statistics are not computed per 

population. In both cases, the window is defined by number of base pairs. 

The haplotype frequencies will be saved on independent files, while all window statistics 

will be saved on the same file. Furthermore, the output comprises a file per population and 

a global file (comprising the statistics computed for all sequences considered as a global 

group). Examples of the output can be seen on the following images: 
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Figure 6. Example of an output (window statistic computation – S, Haplotype 

Number, Haplotype diversity; π and Tajima’s D – computed globally) using the 

file of Figure 2. and fields filed according Figure 4. 

Figure 7. Example of an output for haplotype frequencies using the file of Figure 

2. and fields filed according Figure 4.

The shown example files correspond to statistics computed globally. The statistics 

calculated for specific populations produce similar output files. 
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1.2. Uploading a VCF file 

If the user uploads a VCF file, the following window appears on the screen: 

Figure 8. “VCF Files Conversion” tab from the GUI of DivStat software. 

This tab is triggered when the user choose to upload a VCF file in the tab “Statistcs” to 

compute the statistics mentioned in the previous section. Nevertheless, it can be used 

whenever the user needs to convert a VCF file into a text file. 

On the 2nd point of this tab, the user should identify the ploidy of the data, in order to 

enable a good reading and conversion of the VCF file into the text file. 

On the 3rd point, the user should indicate whether the information about the population 

should be considered or not. In the affirmative case, the user should upload a text file with 

the information on the populations. More precisely, the file should contain the 

identification of the individual samples followed by the corresponding population indicated 

by a string of  three characters, according to the following example: 
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Figure 9. Example of an iutput text file with the information about the population 

(a string with three characters) of each genome (identified by its accession 

number). 

Otherwise, all sequences are considered as belonging to the same population. 

On the last point, the user should indicate the total number of polymorphic positions that 

are stored in the inputted file. 

The output of this operation will be a text file with the data in the fasta format , which is 

similar to those shown in the figures 2. and 3. of the previous section (without and with 

missing data, respectively). 

After file conversion, the user can proceed to the computation of the statistics. 

2. Command Line version – cmd:

If the user needs to analyze more than one file, the cmd version is a most suitable option. In

this case, the user should create a folder containing all text or VCF files to be analyzed, for

instance “folder”, and then open the file “call.py” to indicate the parameters to perform the

analysis of all files. The parameters to be defined are:

 type_file: the type/extension of the inputted files;

 positions_VCFs: the number of polymorphic positions in each inputted VCF file.

This parameter is just required in case of define type_file as “.vcf”;

 ploidy: The ploidy of the data. The possibilities are “Haploid” and “Diploid”;

 starts: start position in the complete genome of the inputted haplotype sequences in

each file;

 stops: end position in the complete genome of the inputted haplotype sequences in

each file;

 window: window size ;

 increment: window increment;
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 window_def: to state whether the window is defined by “number of base pairs” or

“number of segregating sites”;

 statistics: dictionary with required statistics, which are marked as “YES” (those

marked as “” are not computed);

 input_way: path to the folder with the text or VCF files to be analyzed by the

software;

 general_name: general name of the text or VCF files on the inputted folder. All

files on the folder should have the same prefix, which should be followed by

consecutive numbers, for example, “example_1.txt”, “example_2.txt”,

“example_3.txt”, etc. In this case, the general name is “example_”;

 output_way: path to the folder where output files should be saved;

 Pop: “YES” to compute the statistics by populations and “No” otherwise;

 general_name_pop_file: general name of the text files on the inputted folder with

the populations information. All files on the folder should have the same prefix,

which should be followed by consecutive numbers, for example,

“Population_1.txt”, “Population _2.txt”, “Population _3.txt”, etc. In this case, the

general name is “Population _”. Note that, this parameter is just required in the

case of defining the parameters type_file as “.vcf” and Pop as “YES”;

 MD: “YES” if the files have missing data and “NO” otherwise;

 symbol: symbol used on the files for missing data (just needed when MD=”YES”);

 num_runs: number of FASTA files on the inputted folder that should be analyzed.

The software runs one time for each file.

The python file “call.py” is similar to the following: 

Figure 10. Python file named “call.py” in which the user should define the 

parameters to perform the analysis. Here, the user has VCF files with 1707 
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polymorphic positions and diploid genomes. The user defined the start and end 

positions of the inputted haplotype sequences of all files as being 5221930 and 

5225700, respectively; the window size (defined by number of base pairs) and the 

window increment being 2000 and 150, respectively; the statistics required are S, 

Haplotype Number, Haplotype diversity, π and Tajima’s D – window statistics; 

the files to be analyzed are in the folder named “folder” and each file has a name 

with prefix “example_”; the output should be in the same folder “folder”; the 

statistics should be computed per populations, being the information stored in files 

where the name has the prefix “Population_”, and the files have missing data 

indicated by “-”. Note that, the number of files on the inputted folder “folder” is 

10, thus, DivStat should run 10 times with the defined parameters, one for each 

file in the folder.  
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CHAPTER 4. DISCUSSION 
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The assemblage of hemoglobins present in the erythrocytes of adult humans includes 

HbA2, a hemoglobin without a recognizable physiological function because it is normally 

less than 3% of the total Hb (Steinberg and Adams 1991). Intriguingly, however, HBD 

shows a level of sequence conservation typical of genes under strong evolutionary 

constraints. This inconsistency represents the main question of this thesis, and therefore 

we have attempted to solve this conservation paradox, using population genetics and 

comparative genomics tools to gain insight into the relevance of -globin gene 

conservation for developmental and physiological processes in some placental mammals. 

First, we aimed to accurately estimate diversity levels at the two adult β-like globin genes 

in human populations (results in section 3.1). Even though the β-globin cluster is among 

the most extensively studied regions in the human genome, the genetic diversity estimates 

for the HBD and HBB genes across human populations, available at the time this study 

was initiated, were likely biased because the analyses performed for these two genes 

were oriented for diagnostic purposes and often based on a set of pre-ascertained SNPs 

(Lacerra, et al. 2008; Liu, et al. 2009; Morgado, et al. 2007; Phylipsen, et al. 2011). A 

better characterization of the diversity patterns at the HBD and HBB genes in human 

populations was therefore needed to fully understand the evolutionary forces acting on 

both genes. Consequently, an unbiased characterization of the genetic diversity was 

performed in a large dataset that comprised individuals from multiple present-day 

populations. Furthermore, we also assessed the diversity levels in nonhuman primates 

using chimpanzee sequence data. We have found that purifying selection shaped the 

evolution of HBD, and to some extent HBBP1, suggesting that these two genomic regions 

are evolving under the same selective constraints across different primate species for at 

least 5 Myr. Since both genes are either weakly expressed or not transcribed at all, the 

constrained evolution is unlikely to be related to protein function. Therefore, we asked 

whether HBD and HBBP1 lie within crucial regions for the regulation of gene transcription, 

in which selective pressures would be acting to maintain the nucleotide sequence. 

Interestingly, a segment comprising both HBD and HBBP1 was found to interact with 

different regions upstream HBE which overlap the LCR. Such findings fit the previously 

formulated hypothesis that the HBD and HBBP1 might have a regulatory role in the Hb 

fetal to adult switch, unique to Anthropoids. To date, however, this possibility has never 

been explicitly tested, and (to our knowledge) no one has ever established a link between 
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the recent advances in our understanding of the mechanisms coordinating β-globin gene 

expression and the decreased diversity observed at the HBD gene, which represents the 

most innovative aspect of our approach. To ascertain if the signal of purifying selection 

was also present in other primate species, particularly in Anthropoids, we intended to 

broaden the analyses of within-species genetic diversity to nonhuman primates, but the 

limited data available on genetic polymorphisms and the virtual lack of genetic maps for 

these species, except the chimpanzee data that we have included in our previous study, 

have hampered this strategy. Our tenet was that the study of HBD evolutionary trajectory 

across placental mammals with distinct repertoires of β-like genes and corresponding 

expression programs should provide clues into the evolution and putative functional 

divergence of the δ-globin gene. Despite the large number of studies on the history of 

gene duplication and evolution in the mammalian β-globin gene cluster, the evolutionary 

history of the eutherian HBD is not yet fully understood. This is mainly due to recurrent 

gene conversion and unequal recombination with HBB, which hamper the assignment of 

orthologous relationships among HBD and HBB genes, yielding conflicting explanations 

regarding HBD origin. Moreover, previous comparative genomic and evolutionary analyses 

of β-globin gene family did not include enough primate representatives to provide a clear 

picture of HBD evolution in these lineages. All this prompted us to re-examine the HBD 

evolutionary trajectory across eutherian mammals, focusing at Anthropoid primates, to 

clarify if the pattern of conservation at HBD gene extended to other primate species and to 

obtain evidence on whether a selective constraint for the maintenance of the fetal-to-adult 

Hb switch was modulating the evolution of HBD in primates. The results of our analyses 

(results in section 3.2) are consistent with a duplication event of HBB and HBD genes after 

the marsupial/eutherian split, and support the widely held notion that gene conversion 

drives the evolutionary history of HBD in eutherians. Our analyses revealed also that 

anthropoids are an exception to the general pattern of concerted evolution in placental 

mammals, and further documented that the -globin gene is highly conserved in 

Anthropoids. These results supported our previous findings of purifying selection reducing 

HBD genetic diversity in human populations and in chimpanzees, and indicate that 

sequence change at the δ-globin gene has been under strong selective constraints over 

65 Myr of primate evolution. We further showed that not only sequence conservation but 

also the mode of evolution of the δ-globin gene in higher primates are strictly associated 

with the fetal/adult β-cluster developmental switch. Altogether, the results clearly indicate 
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that in some primate lineages HBD plays an essential and nonredundant role, unlikely 

associated with oxygen transport but possibly related to the ontogenic regulation of Hb 

synthesis. While our in silico approach has enabled functional inferences, experimental 

proof is still lacking to fully demonstrate the hypothesis that HBD and HBBP1 have a 

regulatory role. Ideally, our study should be complemented with functional assays, but 

experimental design to disclose the putative regulatory role of HBD within the β-globin 

cluster remains a challenging task as the mechanism controlling β-globin gene expression 

is not completely understood. Another limitation relies on the choice of the model system. 

Up to now, the temporal switch from fetal to adult hemoglobin has been mostly studied 

using transgenic mice harboring the human β-globin locus, which proved to be 

inappropriate. The main reason is that the γ-globin gene is targeted largely as a mouse 

embryonic globin gene in the context of the mouse erythroid trans-acting environment 

since this species lacks the biological support that accompanies the developmental 

activation of the β-globin genes, which is present in humans and other primates 

(Sankaran, et al. 2009). Nevertheless, evidence favoring our hypothesis emerges from 

naturally occurring deletions in the human β-globin cluster that disturb the fetal to adult 

switch. A recent study of these unusual deletions has uncovered a 3.5-kb intergenic region 

near the 5’ end of HBD necessary for this regulation (Sankaran, et al. 2011). Before, 

chromatin interactions in the β-globin gene cluster, determined by 5C, had also revealed 

strong interactions between the LCR and a region containing both HBD and HBBP1 

genes, suggesting that they might be involved in chromatin looping in the human β-globin 

cluster (Dostie, et al. 2006). 

In conclusion, through a comprehensive assessment of HBD and HBBP1 genetic diversity 

in human populations, this study convincingly showed that both genomic regions are under 

strong selective pressure in humans. Moreover, the evolutionary studies performed here 

contributed not only to a better understanding of the HBD evolutionary trajectory in 

primates, but also to tackle the -globin gene conservation inconsistency and to add 

support to the hypothesis that HBD has a role in the fetal-to-adult switch unique of 

Anthropoid species. Since the available in vitro models do not mimic the developmental 

milieu leading to mature human erythrocytes, indirect approaches as we advance here are 

still required to circumvent the existing technological and ethical limitations, in order to 

obtain a better comprehension of the structural and functional evolution of coding and non-
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coding regions contained in the β-globin cluster, which ultimately will help elucidate the 

biological role of HBD and HBBP1. The handling of a large amount of data, as required for 

our analyses, prompted us to develop of a new informatic tool useful for general population 

genetic studies that is now available to the scientific community. 
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