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Abstract:

The origin and evolution of functional haemoglobin polymorphism in the bank vole
(Clethrionomys glareolus)

Bank voles (Clethrionomys glareolus) can possess one of two haemoglobin variants
differing by a functional amino acid substitution in the beta globin, where 52Ser is
substituted by 52Cys. The underlying SNP segregates in both major and minor beta globin
genes and the substitution increases the resistance of red blood cells to oxidative damage.
It was therefore considered as a possible promoter of the post-glacial replacement of
bank voles in Britain where the first colonizing population was replaced by a later arriving
one. This example that the current distribution of populations of one species might be a
result of selection acting upon genetic differences between them makes the bank vole an
ideal model for adaptive phylogeographic studies. | mapped the 52Cys distribution in the
bank vole populations across Europe by pyrosequencing on the PyroMark Q24 platform
and determined the most likely geographic origin of the allele. Based on data from Sanger
sequencing of the entire genes | reconstructed the phylogenetic relationships of the 52Cys
and 52Ser alleles from different parts of the distribution area. The results point to possible
multiple origins of 52Cys, meaning that the allele is not necessarily a legacy of selection in
a single glacial refugium. This is supported by the gene conversion analysis, which
suggested that the minor gene can, due to its lower expression and thus lower exposure
to selection, serve as a reservoir of 52Cys in a population. The allele can once in a while
be transferred by gene conversion from HBB-T2 into the highly expressed HBB-T1 and
tested by natural selection for current advantage, and either eliminated from HBB-T1 or
fixed. Some populations may thus be more important for a species survival under certain
conditions than others, a conclusion changing our perception of the species as a sound

conservation unit.

Key words: bank vole, Clethrionomys glareolus, Myodes glareolus, DNA, evolutionary
adaptation, GIS, glacial refugia, haemoglobin, protein, ice age, postglacial colonization,

gene conversion, pyrosequencing, oxidation stress



Abstrakt:

Pivod a evoluce funkéniho polymorfismu hemoglobinu nornika rudého
(Clethrionomys glareolus)

Nornik rudy (Clethrionomys glareolus) mlze nést jednu ze dvou geneticky urc¢enych
variant hemoglobinu, které se od sebe odliSuji funkéni aminokyselinovou zaménou v beta
globinu, kdy 52Ser je nahrazen 52Cys. Zodpovédna nukleotidova zaména (SNP) segreguje
jak na majoritnim tak na minoritnim genu kddujicim beta globin a zaména aminokyselin
zvySuje odolnost ¢ervenych krvinek vici oxidativnimu poskozeni. Je proto povaZovéna za
mozného plvodce nahrazeni jedné kolonizujici populace nornika rudého pozdéji prichozi
druhou populaci, ke kterému doslo v Britanii béhem postglacialni kolonizace. Tento pftiklad
toho, Ze soucasnd distribuce rlznych populaci jednoho druhu mulze byt vysledkem
plUsobeni selekce na genetické rozdily mezi jednotlivymi populacemi, déld z nornika
idedlni modelovy druh pro studie adaptivni fylogeografie. Ve své praci jsem pomoci
pyrosekvenovdni na platformé PyroMark Q24 zmapovala rozsifeni alely 52Cys v
populacich nornika rudého napfi¢ Evropou a urcila tak nejpravdépodobnéjsi geograficky
plvod této alely. Na zakladé dat ze Sangerova sekvenovani kompletnich sekvenci obou
genl jsem zrekonstruovala fylogenetické vztahy alel 52Cys a 52Ser z riznych ¢asti arealu.
Vysledky poukazuji na mozny nejednotny mutacni ptvod alel 52Cys, coZz znamen3, Ze tak
nemuseji byt pouze dédictvim selekce v jednom glacidlnim refugiu. Tuto hypotézu
potvrzuji vysledky analyzy genové konverze, které naznacuji, Zze minoritni gen diky své
vyrazné nizsi expresi a tim padem také nizSimu selekénimu tlaku maze slouZzit jako jakysi
“zasobnik” alely 52Cys v populaci. Alela pak mize byt ¢as od ¢asu z minoritniho genu
prenesena do silngji exprimovaného genu majoritniho, otestovana selekci na svou
momentdlni vyhodnost a bud z HBB-T1 opét vylouéena nebo zafixovana. Nékteré
populace tak mohou byt dllezitéjsi pro preziti druhu pod vlivem urcitych podminek nez
jiné, coz je zavér, ktery vyznamné méni nas pohled na druh jako smysluplnou konzervacni

jednotku.

Klicova slova: nornik rudy, Clethrionomys glareolus, Myodes glareolus, DNA, evolucni
adaptace, GIS, glacidlni refugia, hemoglobin, protein, doba ledova, postglacialni

kolonizace, genova konverze, pyrosekvenovani, oxidacni stres
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1 Introduction

We are undoubtedly living in a time of changing climatic conditions. This is
particularly evident in case of global temperature and hydrological cycle patterns such as
air and sea surface temperature, precipitation, evapotranspiration or air humidity
(Hartmann et al., 2013). Changes in these environmental variables significantly and visibly
influence most species by altering their biology (Walther et al., 2002; Parmesan and Yohe,
2003; Root et al., 2003). Emerging data on adaptive evolution being involved in species
response to changing environmental conditions point to significance of intraspecific
genetic variability as a substrate for natural selection driven by climate change (Bradshaw
et al., 2000; Pulido et al., 2001; Réale et al., 2003; Bearhop et al., 2005; Nussey et al.,
2005; Jump et al., 2006). Appreciating such information is of utmost importance for
example to draw sound species conservation plans (D’Amen et al., 2013). However, to be
able to choose the conservation units correctly or to be able to predict future species fate,
it is necessary to understand which parts of the intraspecific variability specifically are
involved in species response to climate change. In the species with a short generation
interval, such as the common fruit fly (Drosophila melanogaster) for example, it is possible
to study the impact of the current climate change directly, ideally by a combination of
observational and experimental methods with genetics and genomics (Kellermann et al.,
2012; Kelly et al., 2012; Lavington et al., 2014; Overgaard et al., 2014; Rane et al., 2015).
Nevertheless, for many species including some ecologically important ones this approach
is not applicable and then understanding the species reactions to past climatic change is
valuable for forecasting the future impacts as well (Stewart et al., 2010). A cornerstone of
such research is phylogeography.

Phylogeography, first introduced as a separate field of biogeography in 1987 by
Avise and colleagues (Avise et al., 1987), is using molecular markers to gain insights into
how and by which processes contemporary geographical distribution of gene lineages was
shaped. In other words, in contrast to phylogenetics it is focused on the spatial and
temporal dimension of microevolution on intraspecific level (Avise, 1998, 2009).
Phylogeographical studies focused on Europe mostly deal with the impact of the

Quaternary ice ages and postglacial dispersal of the species into new territories, since



these factors were identified as the most significant for forming the current population
genetic structure (Hewitt, 2000).

The importance of the Quaternary period for impacting the within species genetic
structuring lies in climatic oscillations characteristic for this era. A dominant feature of the
Quaternary period is the repeated dramatic cooling of the global climate paced by
eccentricities in the Earth's orbit, resulting in a series of Ice ages with an approximately
100 kyr periodicity (Hewitt, 1999). The Greenland Ice Core Project (GRIP) provides further
evidence for climatic oscillations of approximately 7 — 15 °C within the 100 kyr cycle.
These changes appeared rapidly within just few decades, lasted for hundreds of years and
caused major shifts in species distributions (Hewitt, 2004). The best understood last full
glaciation cycle and specifically the Last Glacial Maximum (LGM) lasting from
approximately 26500 to 19000 years Before the Present (BP; Clark et al., 2009) is an
excellent example of changing climatic conditions impacting species and the global
diversity (Barnes et al., 2002). The fact that the origin of genetic variation within most
species predates the LGM makes phylogeography a powerful tool for understanding

species response to unfavourable climatic conditions during that period.

1.1 Taking selection into account - adaptive phylogeography

Phylogeography certainly helped to understand for example where the European
species survived the LGM and how they reoccupied the vacant ecological niches after the
onset of warming and retreat of the ice sheet (reviewed by Hewitt, 1999, 2004).
Nevertheless, the limits of phylogeography lay in the assumption that the genetic
constitution of the current species populations in a particular area simply reflects the
genetic characteristic of the first population colonizing that area (Kotlik et al., 2014). In
consequence, favourite markers of choice for inferring historical biogeographical scenarios
have long been those expected to be selectively neutral, such as mitochondrial DNA
(mtDNA). Being small and compact, exhibiting rapid evolution and being easy to isolate
and assay, mtDNA meets many of the requirements for an ideal phylogeographical marker
proposed by Avise et al. (1987). However, the presumed selection neutrality has currently

been questioned (Bazin et al., 2006; Soares et al., 2013), together with other important



mtDNA properties such as purely maternal inheritance or absence of recombination (Kvist
et al., 2003; Tatarenkov and Avise, 2007).

The traditional ‘selectively neutral’ approach in phylogeography is challenged by
studies documenting the occurence of a genetic replacement during the postglacial
recolonization. This process was most likely driven by the climate change ongoing at that
times. Evidence from contemporary populations and ancient DNA shows that a complete
population replacement occured and could have been quite common during the
postglacial colonization (Barnes et al., 2002; Hofreiter et al., 2007; Searle et al., 2009).
When also a replacement during the recent climate change is taken into account
(Cook, 1975), it leads to the conclusion that the promoter of such events could have been
selection (Kotlik et al., 2014).

If this is true, then the current distribution of populations of a particular genetic
constitution may be a result of selection acting on genetic differences among populations
of the same species. Thus rather a novel approach of adaptive phylogeography should be
adopted. Adaptive phylogeography as defined by Kotlik et al. (2014) aims to shed light on
which aspects of the genetic constitution of a particular population may have been
favoured during the colonization process. It postulates that the insight into how selection
shaped species phylogeographic pattern should be gained not only by collecting data on
frequency and distribution of genetic markers, but also by functional analysis of gene
products (Kotlik et al., 2014). A strong support for the role of selection is the genetically
based physiological divergence between two populations of the bank vole that partly
replaced each other during the post-glacial colonization of Great Britain (Kotlik et

al. 2014).

1.2 Model species

The bank vole Clethrionomys glareolus (Schreber, 1780, also Myodes glareolus) is a
small rodent species from the family Cricetidae (Fig. 1). Even though it is often confused
with the house mouse Mus musculus (subfam. Muridae), the bank vole has noticeably
more robust body and smaller ears and eyes, which is typical for the Arvicolinae subfamily

(voles and lemmings) of Cricetidae. Bank voles differ from most of other vole species by



the significantly reddish-brown fur on their back and whitish underparts. They also have

longer tail, which can reach half the length of their body (Macdonald and Barret, 1993).

Fig. 1 Bank vole (Clethrionomys glareolus). Photo taken
by P. Kotlik.

Inhabiting all kinds of woodlands, typically deciduous or mixed forests but also
boreal forests in Scandinavia, bank vole is a typical representative of a temperate
forest-dwelling species. It is often present also in parks, scrubs and hedges. It feeds on
berries, seeds, roots, nuts, mushrooms, young twigs and also small insects (Macdonald
and Barrett, 1993).

What makes the bank vole an ideal model for phylogeographical studies focusing
on postglacial colonization of Europe is its distribution range extending to various climatic
conditions. It stretches from Great Britain in the west through the whole continental
Europe to Altai mountains in Russia in the east and from Mediterranean sea in the south
to latitudes beyond the Arctic circle in the north (Fig. 2; the bank vole distribution range is

in orange colour).

1.2.1 Key findings derived from mtDNA

In compliance with the general popularity of the cytochrome b (cob) gene
sequence of mtDNA as a vertebrate phylogeographic marker (Johns and Avise, 1998) most
of the previous studies using the bank vole as a model based their findings on this marker.
Fig. 2. shows nine mtDNA lineages that were identified based on the cob data in the

studies of Deffontaine et al. (2009, 2005), Kotlik et al. (2006) and Colangelo et al. (2012).



Members of our laboratory (Filipi et al., 2015) revised later this bank vole phylogeography
using the complete mitochondrial genome. All the previously described lineages exhibited
high support with one exception. The Basque lineage previously identified by Deffontaine
et al. (2009) in the border area of northern Spain and southern France was newly defined
as a previously undetected nuclear-encoded pseudogene lineage and mtDNA of those
bank voles was reassigned to the Spanish lineage (Filipi et al., 2015). Filipi et al. (2015)
also expanded the known distribution range of Carpathian clade described by Kotlik et al.
(2006) by adding the northern and western periphery of Great Britain and Fennoscandia
to it. The Carpathian clade is of utmost importance for elucidating the colonization of
Europe after the LGM since its discovery strongly supported the existence of ‘northern’

glacial refugia (Kotlik et al., 2006).

p

MtDNA Clade:
@ Carpathian
@ Eastern

O Western
@ Balkan

@ Spanish
O ltalian

@ Gargano

O Calabria
Q ural (C. rutilus)

Fig. 2 Bank vole distribution range and identified mtDNA lineages. Blue lines show extent of ice sheets
during LGM. Modified from Wojcik et al. (2010) by Karolina Filipi.
1.2.1.1 Evidence for cryptic northern glacial refugia
It is now considered a fact that the LGM had severe impact on species distribution
in Europe, especially in higher latitudes. These parts were inhospitable for most of the

temperate species due to the presence of ice sheets, permafrost or very harsh climatic



conditions (Hewitt, 2004). A predominant theory has been that the temperate species
survived these periods of adverse conditions in areas with milder climate located in Iberia,
Italy and Balkans, i.e. the three major Mediterranean peninsulas in southern Europe
(Taberlet et al., 1998). The recolonization of Europe after the onset of deglaciation was
carried out from these refugia. Patterns of this recolonization were described in a number
of species, three of which became a paradigm for others. These were the brown bear
(Ursus arctos), meadow grasshopper (Chorthippus parallelus) and western European
hedgehog (Erinaceus europaeus) together with its parapatric sister species southern
white-breasted hedgehog (Erinaceus concolor; for detailed description see Hewitt, 2000).
However, phylogeographic studies supported also by fossil evidence came up with findings

challenging the universality of this theory.

Fig.l

TRENDS in Ecology & Evolutior

Fig. 3 Location of glacial refugia and possible directions of
colonization routes after LGM. ‘Traditional’ southern refugia
are in yellow, alternative cryptic northern refugia in red.
Reprinted from Stewart and Lister (2001).

Based on cytochrome b sequence data for bank voles and common and pygmy
shrews (Sorex araneus and Sorex minutus, respectively), Bilton et al. (1998) formulated
the hypothesis that the Mediterranean populations of these species did not contribute
much to the postglacial colonization of Europe. In their review, Stewart and Lister (2001)

pointed to possible existence of multiple ‘cryptic northern refugia’ in central and western



Europe in areas with suitable stable microclimate (Fig. 3). Further analysis of the bank vole
molecular data carried out by Deffontaine et al. (2005) pointed to Carpathian mountains
as a possible area where the temperate woodland species could have survived the LGM.
This hypothesis is supported not only by fossil data (Horacek, 2000) but also by Kotlik et
al. (2006) who discovered a new bank vole mtDNA clade in the Carpathian area distinct
from the other described mtDNA European lineages. The divergence time and also
significant gene flow out of the Carpathians fit perfectly into the scenario of
recolonization from these northern refugia (Kotlik et al., 2006). The importance of the
Carpathian refugium for the postglacial colonization of Europe (and hence also of the
bank vole as a model species) was further emphasized by Wojcik et al. (2010) who
discovered the occurence of the Carpathian clade in the area between the Carpathian
mountain range and the Baltic Sea and also by the aforementioned findings of Filipi et

al. (2015).

1.2.1.2 Celtic fringe — evidence of population replacement

Determining the mtDNA lineages and the discovery of the northern glacial
refugium for the bank vole was just a beginning of its fruitful history as a model species.
Its excellent properties were used by Searle et al. (2009) who turned their attention to
Great Britain and found evidence for a population replacement, findings that challenge
the sole use of presumably selectively neutral markers in phylogeography.

The British Isles are a very interesting target for phylogeographical studies.
Lowered sea level by approximately 120 m during the LGM (Rohling et al., 1998) resulted
in uncovering much more land than today. In some areas, these landmasses served as
landbridges. One of such landbridges, Doggerland, was located between the British Isles
and Europe (Spinney, 2008). Doggerland enabled species, including humans, to follow the
improving climatic conditions and to reoccupy the British Isles previously abandoned
because of the ice advance (Barton et al., 2003). However, the warming during the
deglaciation lead to rising of the sea level and at approximately 8000 BP (Weninger et al.,
2008) the Doggerland was submerged beneath the North Sea. This isolation of Britain
from the continental Europe prevented it from being further colonized by small mammals
such as the bank vole, leaving the British populations in isolation from any gene flow from

the continental populations (Searle et al., 2009).



Searle et al. (2009) carried out a study in which they used three small mammal
species as a model to help answer the questions about the recolonization of Britain by
humans after the LGM. An interesting feature of human populations inhabiting the British
Isles is the culturally, linguistically and genetically distinct Celtic fringe in the western and
northern periphery of Britain. The vernacular name ‘Celtic fringe’ was assigned to the
peripheral areas based on traditional but controversial scenario in which Britain was
colonized by Celts, who replaced the earlier inhabitants, but later were themselves
partially replaced by Anglo-Saxons (Searle and Wilkinson, 1987; Searle et al., 2009). To
shed more light on possible processes that lead to the formation of the Celtic fringe,
Searle et al. (2009) used mtDNA of the bank vole and two other small mammal species,
the field vole (Microtus agrestis) and pygmy shrew for a phylogeographic survey. The
obtained results combined with data from the water vole (Arvicola terrestris) (Piertney et
al., 2005) showed a striking pattern. In all studied species, two distinct mtDNA lineages
were discovered and their distribution ranges exhibited a clear-cut boundary forming a

pattern highly similar to the human Celtic fringe (Fig. 4).

Fig. 4 Celtic fringe pattern of small mammals in Britain
represented by A: bank vole mtDNA, B: bank vole
haemoglobin.

Together with the clear north-south trend this pattern lead to the hypothesis of a
two phase colonization of Britain over the Doggerland landbridge with a population
replacement event. The genotypes currently found in the peripheral areas of western,
northern and, in some species, also southern Britain were assumed to be the relict of the

first colonizing population which had been partially replaced by another one possibly
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coming from a different refugium and currently being distributed in the central and
eastern parts of Britain (Searle et al., 2009). These conclusions were later supported by
Filipi et al. (2015), who classified the bank vole populations in the periphery of Britain to
the Carpathian lineage and the second, central population to the Western lineage.

The origin of the two colonizing populations in two geographically and, what is
more important, latitudinally separate refugia points to an idea that the different genetic
constitution of these two consecutive populations could have given one of them an
adaptive advantage over the other in the changing climatic conditions and that therefore
selection could have promoted the replacement (Searle et al., 2009; Filipi et al., 2015).
However, no evidence was found that the replacement was promoted by functional
divergence of the proteins encoded by mtDNA (Filipi et al., 2015). Thus the source of the
assumed adaptive divergence had to be somewhere else in the genome.

Interestingly, the Celtic fringe pattern discovered in the small mammal species by
Searle et al. (2009) and Piertney et al. (2005) was also visible in the data from bank vole
haemoglobin electrophoresis (see Fig. 4) reported previously by Hall (1979). This
surprising concordance of the bank vole haemoglobin with mtDNA markers of the bank
vole and other species pointing to the same replacement history attracted the attention
of Kotlik et al. (2014). They identified the genetic basis of the two haemoglobin variants
and indicated that this protein may have been involved in the population replacement
(Kotlik et al., 2014). Since these findings are a cornerstone on which | built my work a

separate chapter is dedicated to haemoglobin.

1.3 Haemoglobin coding genes as phylogeographic markers

Haemoglobin, a molecule carrying oxygen from the lungs to the tissues and
enabling tissue oxidative metabolism, is a crucial protein component of the vertebrate red
blood cells (RBC). Vertebrate haemoglobin molecules are tetrameric, with two a-globin
subunits and two B-globin subunits (Fig. 5). These are further composed of 141 and 146
amino acid residues, respectively, and the type and sequence of the residues composing
the globin chains largely influences the haemoglobin biochemical properties (Mozzarelli et
al., 2013). The primary structure, i.e. aminoacid sequence of haemoglobin is variable in

vertebrates on both inter- and intraspecific level. The evidence of haemoglobin



adaptations to deal with extreme environments (i.e. hypoxic waters, high latitudes,
extreme temperatures) suggests that the variability of haemoglobin might often be
functional and crucial for species survival under certain environmental conditions (see

review in Weber and Fago, 2004).

Fig. 5 Model of human haemoglobin based on PDB
structure 1GZX, and rendered with PyMol Molecular
Graphics System by P. Kotlik. The a-globin subunits
are in red, the B-globin subunits In blue. The green
parts represent the haem group.

In the particular case of small mammals, the molecular and functional basis of an
altitudinal adaptation of haemoglobin has been described for example in the deer mouse
(Peromyscus maniculatus). The haemoglobin with higher oxygen-binding affinity is
favoured in hypoxic areas of higher elevation (Storz et al., 2007). The difference in
oxygen-binding affinity is underlaid by five amino acid substitutions in the a-globin and
four in the B-globin subunits. Significantly high level of altitudinal differentiation is
exhibited by genes coding for the beta globin chains, presumably due to a strong
divergent selection. Functional analysis further revealed that there is a difference in the
oxygen-binding affinity between the products of the distinct alleles of these B-globin
genes (Storz et al., 2009). This evidence highly supports the credibility of the globin genes
as a means to study the intraspecific adaptive evolution and the role of selection in

shaping the current genetic structure of populations.
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1.3.1 Molecular basis of haemoglobin variability in British bank voles

As mentioned before, Hall (1979) reported the existence of two distinct
haemoglobin types in Britain with very sharply defined geographical distribution ranges
where no locality exhibited presence of both variants at once. The haemoglobin types
migrated at different speeds on electrophoresis and this is the reason why the variants
were provisionally labeled as HbS (migrating slowly) and HbF (migrating faster; Hall, 1979).
This was a rather unlucky choice, since studies dealing fetal haemoglobin refer to it as HbF
(for example Dan and Hagiwara, 1967). However, | follow here the Hall's terminology.

There are five globin genes in the bank vole that can be responsible for the
variation. Three paralogous genes, referred to as HBA-T1, HBA-T2 and HBA-T3 based on
comparison with other rodents (Markova et al., 2014), code the a-globin chains. The two
remaining, coding the B-globin chains, have a clear orthology to B-globin genes of other
rodent species and are referred to as HBB-T1 and HBB-T2 (Kotlik et al., 2014). However, it
is specifically the B-globin subunit, which is significant for the haemoglobin variability as
the HbS and HbF variants are distinguished by two distinct B-globin polypeptides as

discovered by an electrophoretic analysis (Fig. 6; Kotlik et al., 2014).

— HBB
polypeptides
— HBA polypeptides

HbS HbF

Fig. 6 Urea-cellulose acetate electrophoresis of globin
polypeptides demonstrating B-globin differences between HbS

and HbF variants. Modified from Kotlik et al. (2014) electronic
supplementary material.

The PB-globin variability is underlied by the non-synonymous amino acid
substitution Ser52Cys, where serine (Ser) is replaced by cysteine (Cys) at position 52 in the
protein chain counted in the 5' - 3' direction excluding the start codon. This aminoacid
substitution segregates at both the HBB-T1 and HBB-T2 genes and it is a result of a single
nucleotide polymorphism (SNP) in the B-globin gene sequence. While the 52Ser is coded
by the TCC triplet, the 52Cys is coded by the codon TGC (Fig. 7). In addition to the
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Ser52Cys substitution, a second non-synonymous substitution of alanine (Ala) by valine
(Val) is located at position 58 (Ala58Val). However, both 58Ala and 58Val are present in
HbF as well as in HbS, so this substitution does not relate to the distinction between the
two haemoglobin types (Kotlik et al., 2014).

In contrast, the Ser52Cys polymorphism at HBB-T1 exhibits perfect association
with the HbS and HbF variants of the British bank voles. The individuals bearing the HbS
variant are homozygous for Ser and those bearing HbF for Cys. Animals heterozygous for
haemoglobin are, as expected, heterozygous also for Ser/Cys at HBB-T1. Expectedly, the
spatial pattern of the 52Ser and 52Cys allele distribution in Britain matches the
distribution of HbS and HbF reported by Hall (1979), with the 52Ser allele being present in
the north and 52Cys in the south. The only exception is the presence of the 52Ser allele in
the southern periphery of Britain in Devon, which was not detected previously by Hall
(1979), nevertheless it perfectly reflects the 'Celtic fringe' of the mtDNA distribution
reported by Searle et al. (2009) and Kotlik et al. (2014).

In contrast to HBB-T1, no complete association with HbS and HbF variants was
detected in case of the same Ser52Cys polymorphism segregating at HBB-T2 (Kotlik et al.,
2014). This can be explained by the fact, that HBB-T2 gene exhibits 24-fold lower
expression level than HBB-T1, which means that its contribution to B-globin synthesis is
only minor and the gene is thus expected to be exposed to less selection pressure than
HBB-T1. Thus HbS and HbF variants are result of the allelic variants at site f52 segregating
at HBB-T1 (Kotlik et al., 2014). Nevertheless, it is important to note that no HBB-T2
haplotypes are shared between the southern and northern localities, with Devon being an
exception again (Kotlik et al., 2014).

Kotlik et al. (2014) hypothesized that the sharing of the Ser52Cys polymorphism by
HBB-T1 and HBB-T2 genes is result of gene conversion. Even though they managed to
detect gene conversion between the B-globin genes, the conversion tracts did not include
one or the other polymorphic amino acid site and thus the mechanism behind the shared

polymorphism remains unresolved (Kotlik et al., 2014).

12



1.3.2 Functional significance

Since the replacement of serine by cysteine is the only difference between HbS
and HbF variant it should be logically also the source of any functional difference between
the two variants (Kotlik et al., 2014). When it comes to their structure, the only difference
between Ser and Cys is that Cys contains sulphur instead of oxygen in Ser (Fig. 7). Such a
small change may seem insignificant, however the thiol (-SH) group can become highly
reactive under certain conditions and that lends Cys significantly different physical-
chemical properties from Ser (Jacob et al., 2005).

Cys thiol group (-SH) ionizes easily forming a deprotonated thiolate anion with a
negative charge (-S’). The thiolate anion is able to form disulfide bonds in an oxidation
reaction. Intramolecular disulfide bonds are important for protein structure but thiolates
are significant for physiology mainly when exposed on surface of the haemoglobin
molecule. Intermolecular disulfide bonds can be then formed with other protein and non-

protein thiol groups (Reischl et al., 2007; Kotlik et al., 2014).

50 51 52 53 54
Ser Ala Ser Ala Val
HbS TCTGCCTCCGCTGTC
HbF ....... G.......
Ser Ala Cys Ala Val

CoOH COOH
CH, CH,
HN—C—H  HN—C—H
| |
OH SH

Serin (Ser) Cystein (Cys)

Fig. 7 Model of bank vole haemoglobin showing in yellow the locations of
the B52Cys sulphur atoms on its surface (left). Short segment of the
B-globin gene showing the SNP distinguishing between Cys/Ser (top right).
Structural formulas of Ser and Cys showing their difference (down right).
Figure prepared by Petr Kotlik for article in Ziva magazine (see Annexe 11).

Cys reactivity depends generally on its position within the haemoglobin molecule
and the fraction of the thiolate anion present. The latter is determined by pK, value which
is negatively correlated with the thiolate anion fraction and depends on electrostatic
interactions between the anion and its microenvironment (Jacob et al., 2005). For
example positively charged residues in vicinity of the thiolate anion can help the Cys to

retain lower pK, values than the intrinsic 9 by stabilizing the anion by hydrogen bond
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(Miranda, 2000). In addition to that, the accessibility to solvents affects Cys
deprotonation. Thus the exposed position of the Cys on the surface of the haemoglobin
molecule is crucial for its reactivity (Jacob et al., 2005).

A possible indication of a reactive Cys present in the haemoglobin molecule is
formation of intramolecular disulfide bonds leading to polymerization when exposed to
oxidizing agent. In the bank vole the polymerization of HbF was first detected by Hall in
1979 and later verified by Kotlik et al. (2014). In addition to that, Cys in HbF is proved to
be completely external (see Fig. 7) with a low pK, value that appears to be largely
determined by a hydrogen bond with the B50Ser side-chain (Kotlik et al., 2014). This
means that up to 94% of Cys in red blood cells of bank voles with HbF variant is in the
highly reactive thiolate anion form (Kotlik et al. 2014), which is quite unusual in mammals
(Reischl et al., 2007).

External thiols are found only in 6 % of mammalian a-globin and in 5 % of B-globin
chain sequences. However, only the latter contain 4 % of truly external thiol residues, the
rest is present in external crevices as reviewed by Reisch et al. (2007). In their extensive
review, these authors studied 155 mammalian species and the totally external thiol
occured only in 7 species. These were the rat (Rattus norvegicus), guinea pig (Cavia
porcellus), lesser hedgehog tenrec (Echinops telfairi), house shrew (Suncus murinus),
mouse (Mus musculus), virginia opossum (Didelphis marsupialis virginiana) and brown
greater galago (Galago crassicaudatus; Reischl et al., 2007).

Interestingly, one of these species posseses the Cys on the same positon as bank
vole, at B52. It is the lesser hedgehog tenrec and the presence of Cys is thought to be
possibly related with daily shifts in their activity and associated changes of temperature
and metabolic rate (Piccinini et al., 1991). In rat and guinea pig the external thiol groups
are hypothesized to be involved in antioxidant defense of red blood cells and detoxication

of the organism from carcinogenic electrophiles (Rossi et al., 1998; Miranda, 2000).

1.3.3 Antioxidative effect of cysteine in haemoglobin

Red blood cells functionate as oxygen carriers in the organism and as such are
under constant risk of oxidative damage due to reactive oxygen species (ROS) formation.

To mitigate the negative effect of ROS enzymatic and non-enzymatic antioxidative

14



defenses are of utmost importance. Among the non-enzymatic antioxidants one of the
most important and abundant is glutathione (GSH), a tripeptide formed by three amino
acids including one cysteine (Reischl et al., 2007). When the level of ROS production is
increased, glutathione is capable of reducing the ROS while being oxidized itself producing
glutathione disulfide (GSSG; Filipovska and Murphy, 2006). The reduced form (GSH) is
more abundant than the glutathione disulfide in the intracellular environment but the
GSH/GSSG ratio is lowered under oxidative challenge. Since the reducing potential of the
red blood cells is dependent on the GSH/GSSG ratio, the regeneration of the glutathione
pool is crucial for effective antioxidant protection (Reischl et al., 2007). The GSSG can be
reduced back to GSH by enzymes, however another pathways are also possible.
Haemoglobin possesing a thiol group (HbSH) can help regenerate the GSH pool by
reacting with glutathione disulfide, forming glutathionylated haemoglobin (HbSSG) and
releasing one molecule of GSH as described in rats (Rossi et al., 1998). In addition to that,
the data on rat haemoglobin show that the thiol group can react with ROS directly and
that the haemoglobin possessing highly reactive Cys can intercept the ROS even more
efficiently that GSH (Rossi et al., 1998).

The ability of bank vole haemoglobin HbF to intercept the ROS was tested
experimentally by Kotlik et al. (2014) by a luminometric method to measure the ‘Total

Radical-trapping Antioxidant Potential’, so called TRAP test.
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Fig. 8 Antioxidant capacity of RBCs of bank voles
carrying HbS and HbF represented by results of the
TRAP test. HbF significantly delays the luminol
oxidation.
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TRAP test uses organic radical producer and measures the delay in oxidation of
luminol to determine the period during which the red blood cells are able to capture ROS.
Luminol, when oxidized by ROS, emits a luminescence signal measured by luminometer
and thus sudden increase of luminescence means that the antioxidant capacity is
depleted. The longer the lag phase until the onset of luminescence, the higher the
antioxidant capacity of the sample (Kotlik et al., 2014). Fig. 8 shows clearly, that the
samples of HbF haemoglobin with 52Cys exhibited much higher (three fold when related
to a standard, trolox) antioxidant capacity than HbS samples. This means that the reactive
thiol group present in the bank vole haemoglobin HbF increases the resistance of their red

blood cells to oxidative damage (Kotlik et al., 2014).

1.3.4 Evolutionary origin and significance

By comparison with continental populations founded by the same two colonists as
the British populations (from Sweden and Netherlands, respectively), Kotlik et al. (2014)
demonstrated that the first colonists of Britain carried the 52Ser haemoglobin variant and
the second colonists the 52Cys haemoglobin. Filipi et al. (2015) then provided more
comprehensive data on mtDNA variation linking the first colonists to the Carpathian clade
and the second colonists to the Western clade.

These findings again support the idea of two phase colonization of Great Britain as
proposed by Searle et al. (2009). However, the two successive populations did not differ
only in their mtDNA, but also in their haemoglobin type (Kotlik et al., 2014). The higher
resistance to oxidative stress might be advantageous under conditions with higher ROS
production, such as higher muscular activity, increased growth rate, increased
reproductive effort or thermal stress. This means that the physiological difference
between the two haemoglobin variants might lead to different performance of the
populations under various conditions. In the case of the British bank voles the different
performance during divergent stages of the postglacial climate change could be the
reason for the population replacement (Kotlik et al., 2014). It is possible, that the first
colonizing population coming from the northern refugium in the Carpathians was better
adapted for colder climate that prevailed during the early stages of the deglaciation, but

that it was outperformed by the second population coming from a more southern
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refugium as the climate became warmer. Taking the HbF properties into account, the
advantage could have been for example a possible higher reproduction rate of individuals
carrying HbF afforded by the increased antioxidative capacity of their red blood cells
(Kotlik et al., 2014). This means that even though we are not able to establish a direct link
between climate and the haemoglobin variants, the possibility that one variant could have
been advantageous under certain climatic conditions than the other points to an idea that
some populations could be more important for the species survival certain climatic
conditions than other populations, depending on their specific genetic constitution.

In my study, | decided to go beyond the boundaries of Great Britain and to map the
geographic distribution of B52Cys allele in Europe in order to determine its distribution on
the continent and its possible geographic origin and to reconstruct its evolutionary
history. Since the amino acid substitution is present in both major and minor B-globin
genes, but in the latter is rather functionally insignificant due to the gene’s low expression
level, | decided to try also to shed more light on the possible influence of gene conversion
on such arrangement. Specifically, | wanted to find out if there is evidence of gene
conversion that could transfer the adaptive B52Cys allele between HBB-T1 and HBB-T2,
which would change its exposure to selection pressure (presumed to be stronger in high
expressed HBB-T1 than in low expressed HBB-T2). As a means to obtain the required data,

different sequence determination techniques were chosen.

1.4 Sequencing methods

Different questions require different data and approaches to answer them. While
to determine the geographical distribution of the Cys allele only the information on
genotype on the target SNP position from multiple individuals is sufficient, phylogenetic
tree reconstruction requires information on longer gene regions. In case of this study, it
would be whole sequences of the major HBB-T1 and minor HBB-T2 beta globin genes,
including their three exons and two introns.

Owing to technological development in last 50 years, there are many techniques of
DNA sequence determination available. These technologies differ in suitability of their
application due to different read length, accuracy and also cost and laboriousness

(Ahmadian et al., 2006). Sanger sequencing, a once-revolutionary approach based on

17



dideoxy chain termination, which was first introduced in 1977 (Sanger et al., 1977), is still
very popular. Having gone through significant improvements during the years, it became a
robust technique offering rather long reads (500 — 1000 bp) and the ability of reliable de
novo sequencing (determination of unknown sequence) (Ahmadian et al., 2006). | thus
decided to rely on Sanger sequencing to collect data on the whole beta globin gene
sequences. However, the laboriousness of the method and longer time needed for the
analysis makes it rather ineffective in case of a single SNP genotyping (Ahmadian et al.,
2000). Therefore pyrosequencing performed on Qiagen PyroMark platform (Valencia, CA,
USA) was selected for genotyping the variable position of interest. Since the method
represents a core element of my research, but is still somewhat less well known than

Sanger sequencing, | describe it in more detail in following section.

1.4.1 Highlights and drawbacks of pyrosequencing

Pyrosequencing is a technology that can be used in both confirmatory and de novo
sequencing (Ronaghi, 2001). Its limited read lenght makes it ideal for applications where
where only a short sequence needs to be determined, such as SNP genotyping (Keller et
al., 2011), resequencing of diseased genes (Sha et al., 2012) and microbial typing
(Sundquist et al., 2007). Rapid sample preparation, possible high throughput,
programmable nucleotide dispensation order and real-time result monitoring are
amongst the greatest advantages of pyrosequencing (Fakruddin and Chowdhury, 2012).

The main advantage for SNP genotyping specifically is that the pyrogram readout
enables clear distinction of various genotypes as each allele combination results in a

specific pattern (Ahmadian et al., 2006) as demonstrated in Fig. 9.
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Fig. 9 Expected and obtained pyrograms for T/C SNP genotyping in heterozygous and
homozygous individuals. Modified from Royo et al. (2007).
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Moreover, pyrosequencing provides not only the data on genotype, but also
quantifies the proportion of variants present in tested sample (QIAGEN, 2010). In case of
an SNP with two alleles, these values can be used as an indicator of accuracy of the
genotype call. In addition to that, software provided with the platform is able to detect
various problematic conditions like wide or low peaks, high background, unreliable
surrounding sequence pattern and others. This helps to find and eliminate erroneous
results.

The PyroMark Q24 platform has the capacity to perform 24 separate assays in one
run. Each sample is handled as a separate assay, which means that 24 different samples

can be analysed in one run (QIAGEN, 2010).

1.4.2 Pyrosequencing technology and workflow

Pyrosequencing is based on the sequencing-by-synthesis principle and relies on
detection of pyrophosphate released during the DNA synthesis (Ronaghi, 2001). Here |
describe the application of the pyrosequencing method as used for SNP genotyping with
the Qiagen PyroMark platform. My description is based on the information of the Qiagen
company published at their website (QIAGEN, 2010).

First, the DNA sequence to be analyzed is amplified by polymerase chain reaction
(PCR). A biotinylated amplification primer is used for the strand meant to be the

pyrosequencing template (Fig. 10).
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Fig. 10 Schematic representation of amplification of
the DNA template and sequencing primer
annealing. Copied from (QIAGEN, 2010)
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The PCR products are mixed with binding buffer and streptavidin-coated sepharose
beads. Since biotin binds to streptavidin, the biotinylated amplicons bind to the beads.
The amplicons bound to the beads are then immobilized on filter probes of a vacuum tool.
Vacuum applied to the tool creates a current through the probes when introduced into a
liquid. Sepharose beads are captured on the filter, since they are too large to pass
through. The vacuum tool is then inserted into a series of troughs containing denaturation
solution and washing buffer. After denaturation, the DNA strands separate and the one
lacking biotin is washed away by the washing buffer. The result is a single-stranded
purified DNA template bound to the streptavidin-coated bead.

The single-stranded PCR amplicons are released from the beads and hybridized
with the sequencing primer (Fig. 10). Nucleotides (dNTPs, one at a time), enzyme solution
and substrate solution are loaded into correct department of PyroMark Q24 Cartridge.
Enzyme solution contains DNA polymerase, ATP sulfurylase, luciferase and apyrase.
Substrate solution is comprised of adenosine 5' phosphosulfate (APS) and luciferin. During
the reaction, all these components are dispensed from the cartridge into the reaction
plate with the solutions containing the different nucleotides (A, T, C, G) being dispensed
according to a dispensation order defined during the assay setup. When a nucleotide is
incorporated in the sequence light signal is emitted and detected.

In case the nucleotide is complementary to the base in the template strand, DNA
polymerase catalyzes nucleotide addition to the sequencing primer. Whenever the
incorporation happens, pyrophosphate (PPi) is released (Fig. 11). The quantity of PPi

released is equimolar to the amount of incorporated identical nucleotides.

Polymerase

(DNA), + dNTP » (DNA,,, + PPi

Fig. 11 Schematic image of the pyrophosphate release.
Copied from (QIAGEN, 2010).

PPi is converted to ATP which drives the conversion of luciferin to oxyluciferin. This

generates visible light in amounts that are proportional to the amount of ATP (fig. 12). The
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light produced is detected by camera device and seen as a peak in Pyrogram. The height
of each peak is proportional to amount of the incorporated nucleotides.
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Fig. 12 A Schematic representation of the enzymatic cascade resulting in light emission and peak
detection. B Schematic representation of the resulting pyrogram. Copied from QIAGEN (2013).

Unincorporated nucleotides and ATP are degraded by apyrase. Another nucleotide

is not added to reaction untill the degradation is complete.
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2 Aims of thesis

The functional difference between the two bank vole haemoglobin variants is
caused by a single non-synonymous mutation in the major B-globin gene. My thesis aimed
to genotype the underlying SNP, describe and analyze its distribution in bank vole
populations across Europe and use this information to determine the geographic origin of
the mutation and its evolutionary history. To meet the goals, pyrosequencing and Sanger
sequencing were used in combination with population genetics, spatial analysis

techniques in GIS and phylogenetics.

The specific objectives were:

* to develop and optimize pyrosequencing assays to genotype the target variable

position separately in the major HBB-T1 gene and the minor HBB-T2 gene
* to genotype the SNP in 500+ specimens from various European populations

* to calculate, analyze and visualize the population allele frequency to determine

the possible geographic origin of the mutation

* to sequence representative alleles from different populations using Sanger

sequencing
* toclone PCR amplicons for individuals with unphased genotypes

* to construct phylogenetic trees from the resulting sequences to unveil the
evolutionary history of the mutation and to estimate whether the 52Cys alleles are
identical by descent (have a common ancestor)

* to test for gene conversion between the HBB-T1 and HBB-T2 genes as a possible

means of transfer of 52Cys between them
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3 Materials and methods

3.1 Sample selection

A total of 550 samples were selected from an extensive inventory of available
specimens in our laboratory stock. Both DNA isolates and ethanol preserved tissue
samples were taken into account.

The samples were chosen according to the location of the sampling site in such a
way that the whole species distribution range was covered as evenly as possible, including
the putative glacial refugia (Kotlik et al., 2006). Representatives of all the described bank
vole mtDNA clades (Wojcik et al., 2010; Filipi et al., 2015) were included. To be able to
estimate the population allele frequency, sampling sites with sufficiently high number of
samples were selected preferentially, aiming at 10 voles per locality, and further handled
as separate regional populations. Where not enough individuals were available from the
same site, specimens from different but geographically close sampling points were
included into one ‘regional’ population. Regional populations are depicted in Fig. 13, for

the list of localities, their coordinates and number of samples included see Annexe 1.
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Fig. 13 Locations of the bank vole regional populations. Dots represent the centres of population
samples. In case of populations including individuals from two or more sampling sites, location of
the centre was calculated as weighted average of sampling sites locations. Bank vole distribution
range taken from Wojcik et al. (2010).
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3.2 DNA isolation

Total genomic DNA was isolated from 103 ethanol preserved samples using the
Qiagen (Valencia, CA, USA) DNeasy Blood and Tissue Kit. When available, liver or spleen
tissue was used to ensure optimal yield and quality of the isolated DNA. However, toe, tail
or ear clips were used in some cases. Optimized protocol provided with the kit was
followed with two specific modifications. To ensure complete lysis, samples were lysed
overnight at 55°C, rather than for the recommended 1 to 8 hours (depending on the
tissue type). To increase the final DNA concentration in the eluate, only 100 ul instead of
200 pl of Buffer AE was used in the elution step.

Centrifugation steps of all procedures requiring it, including the DNA isolation and
further mentioned DNA purification, were performed on centrifuge Mikro 200 (Hettich

Zentrifugen).

3.3 Gel electrophoresis

Presence of DNA in the eluate and the degree of its degradation was verified by gel
electrophoresis. An agarose gel was prepared by dissolving agarose (SERVA, research
grade quality) in 0.5% TBE buffer and short boiling in a microwave. The final
weight/volume percentage concentration of the agarose was 0.8 %. GoldView™
(Viswagen Biotech) dye was added before pouring the boiled agarose into the gel form.
The gel was then left in the form to solidify for 20 min at room temperature.

An aliquot of 5 pl of the DNA eluate was dyed using 1 ul DNA Gel Loading Dye
(Thermo Fischer Scientific) and loaded to the gel. Apart from dying the DNA to visualize
the result, the loading dye serves also to put weight to the sample to ensure it will sink to
the bottom of the well. The gel electrophoresis was run on Labnet Power Station 300 in
TBE buffer at room temperature. The voltage for first 20 min was 80V and 98V for next 40
min.

Results of the gel electrophoresis were checked and photographed on

transluminator Multimage™ Light Cabinet (Alpha Innotech Corporation).
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3.4 Pyrosequencing

For genotyping of the samples, PyroMark Instrument and software was used
(Qiagen, Valencia, CA, USA). This method is not only able to determine genotype for large
amount of individuals in short time, but also enables to quantify the accuracy of genotype
calls.

34.1 Pyrosequencing assay design

In a first step a pyrosequencing assay had to be developed. Because the
aminoacids Cys/Ser segregate at the same site in both genes coding for beta globin chain
in the bank vole (Kotlik et al., 2014) two separate assays were designed - one for the
major HBB-T1 gene and second for the minor HBB-T2 gene.

Each pyrosequencing assay is comprised of two amplification primers used for PCR
and one sequencing primer. To make the assays gene specific, amplification primers had
to be designed in regions where the paralogous genes are most dissimilar. Since the genes
differ most in the 3' untranslated region (UTR), the reverse amplification primers were
designed in that area. As the recommended length of the PCR amplification product used
for pyrosequencing reaction is only up to 500bp, the forward amplification primers were
located as close to the target variable position as possible to produce the shortest
possible amplicon. Nevertheless, because the target SNP is located in the 2™ exon on the
position 264 and the 3'UTR starts behind the position 1100, the final PCR product could
not be shorter than 900bp.

To generate sets of compatible amplification and sequencing primers according the
previously mentioned criteria, PyroMark Q24 Assay Design Software was used. The
program scores the designed sets of primers according to several parameters specific for
pyrosequencing analysis. In that way the quality of pyrosequencing results that can be
achieved by each set is quantified. All generated possible primer combinations were
manually checked, sets with the forward aplification primer positioned in an intron were
discarded. Introns, as non-coding regions, accumulate more variability than exons. Thus
placing the entire amplification primer in this region could cause a decrease of the

amplification efficiency when amplifying variable sequences. In our samples a rather high
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variability in the introns was expected, since the specimens originated from various glacial
refugia.

Three primer sets with the best score were then selected for each gene with
preference for sets with a forward sequencing primers. If using reverse sequencing
primers, the second known SNP on position 282 causing Ala/Val substitution in HBB-T1
gene (Kotlik et al. 2014) would not be scored. This would be due to the location of the
sequencing primer, which has to be within 5 bp from the target SNP on position 264 to
ensure high accuracy of the genotype call.

The selected sets of primers were evaluated with OLIGO Primer Analysis Software.
To avoid non-specific amplification or poor priming efficiency, optimal primer set should
generally contain primers with lowest possible mispriming efficiency, high internal stability
at the 5' end and low at the 3' end (to avoid extension from a primer annealed only at its
3' end), and most similar melting temperatures of the amplification primers (Rychlik,
2007). The main advantage of OLIGO over PyroMark software is its ability to provide more
detailed analyses with quantification of those criteria. Since some of the sequencing
primers generated by PyroMark software did not exhibit optimal internal stability profile,

OLIGO was used also to design possible alternatives.

3.4.2 Testing and optimization

The assays developed by PyroMark as well as the additional primers generated by
OLIGO were tested for functionality and efficiency using samples of known genotype
(determined by Sanger sequencing; Kotlik et al., 2014) Representatives of all three
possible genotypes were chosen to test power of PyroMark Q24 to distinguish clearly

between samples homozygous for Cys, homozygous for Ser and heterozygous.

34.2.1 Testing of amplification primers - PCR
First, the amplification primers had to be tested. To test the functionality of each
set, the first PCR was always run at the temperature suggested by PyroMark Assay Design
software as the optimal Tm. A second PCR was then run with a temperature gradient to
find the optimal annealing temperature for each set. Temperatures slightly exceeding the
minimal and maximal Tm recommended by OLIGO were taken as the limit temperatures

for each gradient. The intermediate temperature steps were calculated automatically by
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the C1000™ Thermal Cycler from Bio-Rad Laboratories (Hercules, CA, USA), which was
used for all PCR amplification mentioned in chapter 3. Materials and methods. The
highest temperature at which the desired fragments were amplified in sufficient quantity
was selected for each primer set as the annealing temperature for further optimization
steps.

For the PCR mix a pre-mixed PPP Master Mix (Top-Bio, Prague, Czech Rep.) was
used. It is an ideal option for routine PCR analyses since it contains nucleotides,
magnesium, Tag DNA polymerase and optimalised reaction buffer in double
concentration. For the reaction preparation only the template DNA, primers and PCR H,0
have to be added. The Master mix also contains a loading dye and additives that make
possible immediate loading of the samples to gel for electrophoresis. For example of PCR
mix and programme see optimized HBB-T1 and HBB-T2 protocols in Annexe 2.

Purity and yield of all performed PCR was verified by gel electrophoresis. An
aliquot of 1 ul of the PCR product was loaded to gel. No additional loading dye was added
to the sample since PPP Master mix was used for PCR. To be able to verify the size of the
amplified fragment, 3 ul of a size marker GeneRuler 100 bp Plus DNA Ladder (Thermo
Scientific) was loaded to the gel together with the samples. Other procedures and

conditions were same as described in chapter 3.3 Gel electrophoresis.

3.4.2.2 Testing of sequencing primers

For the first testing purification and pyrosequencing run all procedures and
conditions were followed as recommended by Qiagen in PyroMark Q24 Vacuum
workstation quick start guide (Annexe 3). The results obtained under these conditions
were correct, but marked as low quality due to low peak height (Fig. 14).

The PyroMark software evaluates the results and marks them as PASS, CHECK or
FAIL quality primarily according to the peak height which is expressed on the X axis of
each pyrogram in relative light units (RLU). CHECK quality requires single peak height at
least 10 RLU and PASS at least 20 RLU. These threshold values can be adjusted, however,
too low peaks can lead to erroneous results. Other criteria that can affect the quality of

the read is signal to noise ratio, width of the peaks and surrounding sequence pattern.
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A4: SCGCTGTCATGGGCAATGYCCAGGTGAAAGCCCATGGCAAGAAGGTGATCACTGCCTTTGGTGACGGCCTGAAACACCT(

Fig. 14 Pyrogram obtained respecting recommended conditions
(top) and expected pattern (down). The Y axis in the top is in
RLU, the Y axis in the bottom panel shows number of
incorporated nucleotides. Variable positions are in light blue.
Empty light grey rectangles show variants of the variable
positions. The obtained pyrogram matches the expected pattern
and the result is thus correct despite the low peak height.

3.4.23 Optimization

An optimization was done to reach adequate quality of the genotypes. The
optimization process included testing various procedure conditions and manipulating the
amount of chemicals used.

The first assumption was that the amount of DNA in samples used for the
pyrosequencing reaction has been too low. This hypothesis was tested by performing a
run with DNA concentration gradient from 5 to 30 ng/ul. The DNA concentration was
estimated using the GeneRuler 100bp Plus quantification ladder on gel electrophoresis
after PCR amplification. When needed, the DNA was diluted to the required concentration
by high purity water used for PCR mixes. Other conditions of sample preparation and
analysis were left unchanged. Peak height showed tendency to improve slightly with
higher concentration but the result was still marked as low quality due to low peak height.
Then the DNA concentration was increased up to 50 ng/ul but without any significant
improvement of the peak height.

As a second, hypothesis was tested that vortexing PCR products at 1400 rpm
during the immobilization step leads to breaking of the long PCR amplicons and thus to

low quality results. Lower rpm (1000) for longer time (20 min) was used, with other
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conditions unchanged. However, the results showed that lower rpm lead to poor mixing of
the PCR producst with streptavidin-coated Sepharose beads. The peak height was even
lower than in the first testing run.

Poor results when the mixture was agitated more gently lead us to a hypothesis,
that the volume of Streptavidin Sepharose beads added to our PCR product has been too
low. The long PCR amplicons could have been sort of a barrier for the beads, preventing
the beads, if present in too low number, from mixing properly with the PCR product. To
test this hypothesis, a run with samples mixed with 2 pl of Streptavidin Sepharose beads
at 1400 rpm for 20 min was performed. The peak height almost doubled and all results
were qualified as PASS quality.

Performance of the tested assays was compared. The assay with best and most
balanced peak height in all three tested genotypes was selected for each gene.

These final pyrosequencing assays were once more tested in a run where 3 ul of
Streptavidin Sepharose beads were added to the PCR products. The increased amount
resulted in slightly higher peaks than in the run with 2 ul of beads and was thus

incorporated into the final protocol (see Annexe 4a).

343 Genotyping the samples

The sample processing was divided into 2 consecutive days. One day the selected
gene was amplified using the optimized PCR conditions and selected primer set
(Annexe 2) and a gel electrophoresis was run to verify the product quality. The second day
the PCR products of sufficient quality were processed according to the optimized
immobilization, sequencing primer annealing and pyrosequencing run preparation
protocols (see Annexe 4). This helped to maximize the efficiency of the pyrosequencing by
minimizing the chance for DNA degradation of the PCR products. When possible, 120
samples, with some extra to compensate for potentially low quality ones, were amplified
by PCR in one day. This was because the amount of the PyroMark Q24 Gold Reagents is
designed for five pyrosequencing runs of 24 samples each. To avoid possible degradation
of the reagents by repeated thawing and freezing, the best approach was to prepare and
perform all five runs in one day. Subsequent data analysis of the obtained results is

described in chapter 3.7.1 Pyrosequencing data analysis.
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3.5 Sanger sequencing

For the phylogenetic tree construction it was necessary to obtain sequence data
for the whole beta globin genes. The goal was to compare the phylogenetic relationships
of B52Cys and B52Ser alleles. Specifically whether the Cys alleles from different parts of
the distribution area are evolutionarily closer to each other than to Ser alleles from the
same or other populations. For this purpose representatives bearing the B52Cys allele
from different parts of its distribution area were selected, including the isolated areas of
higher B52Cys allele frequency in Sweden and the Balkans. To compare the phylogenetic
relationships, representatives of the B52Ser allele were added to the list. In total 38
representative specimens were selected for each gene based on the results of allele
frequency interpolation, however sequences for some of them were already available
from previous studies. Thus, the sequencing analysis was done in total for 30 samples for

the HBB-T1 gene and 28 samples for the HBB-T2 gene For list of samples see Annexe 5.

3.5.1 PCR amplification

The major HBB-T1 gene was amplified from the selected samples using PCR
primers BT1F1 and BT1R593. For amplification of the minor HBB-T2 gene primers
HBB10U19 and HBB1266L21 were used. Both of these sets were originally designed by
Kotlik et al. (2014) for the purpose of a previous study in such a way that each of the sets
selectively amplified only one of the two genes. For primer sequences, PCR mixes and

programmes used see Annexe 6a.

3.5.2 Purification of PCR products and quantification

The obtained amplicons were purified using a commercial kit (QlAquick PCR
Purification Kit, Qiagen) and quantified on gel electrophoresis. An aliquot of 1 ul of PCR
product was mixed with 0.5 ul of DNA Gel Loading Dye and loaded to gel. In addition, 3 pul
of a size marker GeneRuler 100 bp Plus DNA Ladder were loaded to the gel together with
the samples. Other procedures and conditions were the same as described in chapter 3.3

Gel electrophoresis.
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3.5.3 Sequencing

All successfully amplified and purified amplicons were sequenced using the Sanger
sequencing method. Sequencing primers used for HBB-T1 were the same as for the
amplification, for HBB-T2 primer HBB597U19 was used instead of HBB1266L21 (for the
primer sequences see Annexe 6b). Both forward and reverse sequencing primers were
used since the amplicon length was too high for one read only. Also the accuracy of the
reads is lowering with increasing distance from the priming site. All sequencing was done
at Macrogen Inc. (Soul, South Korea). For subsequent data analysis see 3.7.2 Sequencing

data analysis.

3.6 Cloning

The haplotype phase for individuals with more heterozygous positions than one
was primarily determined by computational methods (see below). Where the phase was
not determined with sufficient probability or in sequences with indels present an
experimental approach of phase determination, cloning, was adopted. In total
19 sequences were used for cloning. Gene sequences from these samples were amplified
again using the same PCR primers, mixes and programmes as for Sanger sequencing.
Obtained amplicons were purified using the commercial QlAquick PCR Purification Kit and

cloned using Qiagen PCR Cloning kit.

3.6.1 Cloning procedure

Following the procedures as given by Qiagen in PCR Cloning kit handbook the
amplicons were ligated into the pDrive cloning vector. Ligation phase was extended to
2 hours as recommended to ensure higher number of recombinants. The pDrive vectors
were transformed into competent cells E.coli lacZAM15 by heat shock. Cells were plated
on media containing antibiotics, specifically ampicilin, enabling selection on cells
containing plasmid. IPTG and X-gal solution was spread over the media before plating to
enable selection on cells containing recombinant plasmid. Colonies of cells with no
plasmid will not grow on ampicilin, colonies of cells containing plasmid without

incorporated insert turn blue during cultivation.
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3.6.2 Plasmid DNA isolation and verification

Plasmid DNA was isolated from colonies using the commercial QIA Prep® Miniprep
Kit from Qiagen. Verification of inserted fragment length was done by restriction of the
plasmid by endonucelase EcoRIl. This enzyme cuts the plasmid at sites to the left and to
the right of the insert so the verification was done by analysis of the DNA fragments by gel
electrophoresis.

An aliquot of 1 ul of the digested plasmid DNA was mixed with 0.5 ul of loading
dye and loaded to gel. For size verification 1 ul of dyed purified PCR product of cloned
samples and 3 pl of size marker GeneRuler 100 bp Plus was loaded to gel too. Other

procedures and conditions were the same as described in 3.3 Gel electrophoresis.

3.6.3 Sequencing

Plasmid DNA of clones containing fragment of the correct length was sequenced
using primers M13F20 (5'GTAAAACGACGGCCAGT3') and M13R (5'AACAGCTATGACCATG3').
These primers anneal to the plasmid DNA and span the inserted fragment. Six clones per
each amplicon were sequenced when enough recombinant clones were available. Again,
for Sanger sequencing the service of the Macrogen company was used. Subsequent data

analysis is described below in 3.7.3 Cloning data analysis.

3.7 Data analysis
3.7.1 Pyrosequencing data analysis

The obtained data from each pyrosequencing run were manually checked in
PyroMark Q24 software for accuracy of the genotype calls. The B52Cys allele frequencies
in the regional populations were calculated and tested for Hardy-Weinberg equilibrium in
GENEPOP v 4.2 (Rousset, 2008). An exact HW test (Haldane, 1954) was used to test the
hypothesis that the observed genotype frequencies correspond the expected frequencies
for population in a Hardy-Weinberg equilibrium (HW). HW determines the expected
genotype frequency in a population based on the observed allele frequencies. In case of
two alleles the expected genotype frequencies are the expected frequencies of the
homozygotes for each allele and of the heterozygotes. A deviation from HW would point

to a possible erroneous genotype determination, mixing of both genes in one dataset or
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that putting individuals from different sampling localities into one regional population
causes significant bias in our dataset. Three variants of the exact test were used, one to
test any deviation from HW in population and two others that specifically test either
heterozygote excess or deficit (Rousset and Raymond, 1995).

To visualize the results, the allele frequency data was used as an input for ArcGIS v
10.2 (ESRI, Redlands, CA, USA). The allele frequency surfaces were interpolated using the
Inverse distance weighted (IDW) interpolation method in 3D Analyst tools. IDW uses a
method of interpolation which estimates cell values by averaging the values of sample
data points in the neighbourhood of each processing cell. The IDW method was selected
for two reasons. Firstly, this method does not interpolate the values outside the range of
the observed values which serve as the input data. Secondly, IDW takes into account the
distance of the sample data point from the center of the cell for which the value is
estimated. The closer the sample data point is, the more influence or weight it has in the

estimation process.

3.7.2 Sequencing data analysis

The sequences obtained by Sanger sequencing were individually aligned to a
reference sequence and manually checked and corrected any errors in CodonCode Aligner
(version 5.0.1.6; CodonCode Corporation, Centerville, MA, USA). As the reference
sequences were used those published in GenBank by Kotlik et al. (2014). The reference
sequence for HBB-T1 is accessible under the accession number KJ677170 and the one for
HBB-T2 under the accession number KJ677198. All sequences for each gene separately
were exported to BioEdit (version 7.0.9.0 ) and a complete alignment file was created.
These data were used as input for DnaSP software (Librado and Rozas, 2009) in which the
haplotype phase reconstruction for sequences containing two or more polymorphic sites
was performed. DnaSP uses PHASE program, a coalescent-based Bayesian method

(Stephens et al., 2001; Stephens and Donnelly, 2003), to infer the haplotypes.

3.73 Cloning data analysis

The obtained sequences were aligned to the reference sequence in CodonCode
Aligner. Aligned sequences were manually checked for possible errors due to PCR

recombination (Cronn et al., 2002). Such artifactual sequences were discarded and the
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inferred haplotypes were exported to BioEdit. These results were compiled together with
the results from the direct sequencing. These data files were used as the basic input for

the subsequent phylogenetic analyses.

3.74 Evolutionary analysis

For the purpose of phylogenetic analyses were the BioEdit files containing the
compiled data from sequencing and cloning transformed as following:

* BioEdit file for each gene separately, containing all sequences in the form of two
alleles even in case of homozygous individuals

* Biokdit file containing all sequences of both genes in one alignement - for gene
conversion analysis with DnaSP
3.7.4.1 Intragenic recombination

The BioEdit data files were converted to FASTA format and first analyzed by DnaSP
software (Librado and Rozas, 2009). To eliminate duplicate information and lower the
computational demands files with unique haplotypes were generated. Gaps and
invariable sites were included.

The files with the unique haplotypes of each gene were tested for recombination
which can significantly alter the phylogenetic relationships reconstruction. The HyPhy
package accessible through the Datamonkey web (http://www.datamonkey.org./) (Pond and
Frost, 2005; Pond and Muse, 2005) interface was used. To obtain a more comprehensive
view, both Single Breakpoint Recombination (SBP) and Genetic Algorithm Recombination
Detection (GARD) methods were used. SBP takes into account only one breakpoint at
once, GARD on the other hand works with a hypothesis that alignment contains more
breakpoints and works with these multiple breakpoints. GARD thus resolves a more
complicated issue and uses a different, but potentially less accurate algorithm than SBP.
Both methods in general search for segment-specific phylogenies. Sequence alignment is
splitted into a left and right segment at the position of the detected breakpoint(s). Both
GARD and SBP then asses whether these different segments of sequence alignment
support different phylogenetic trees. Positive result points to a recombination event (Pond

et al., 2006a, 2006b).
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3.7.4.2 Intergenic gene conversion

The file containing the alignment of the unique haplotypes of both genes was
subjected to an analysis of gene conversion. Gene conversion is important to detect for
correctly inferring the phylogenetic relationships. During gene conversion, genetic
material is transferred from a donor sequence, such as an allele of one gene, to the
acceptor sequence, typically an allele from a paralogous gene. After the conversion event
both alleles become identical in the tract that is transferred. To detect the potential gene
conversion between HBB-T1 and HBB-T2 the method according to Betran et al. (1997)
which is implemented in DnaSP software was used. This test uses an algorithm to detect
possible conversion tracts and then applies a statistical method to determine the number

and length of the conversion tracts from the DNA sequences.

3.74.3 Phylogeny reconstruction

The phylogenetic trees were constructed using Mega6 software (Tamura et al.,
2013) taking into the account the position of the identified break points and conversion
tracts. The goal was to reconstruct the phylogenetic relationships between B52Cys and
B52Ser alleles to estimate whether all $52Cys alleles are identical by descent, i.e. have the
same origin. The maximum likelihood method (ML) was used for all phylogenetic tree
construction. This method selects the most likely hypothesis (in our case phylogenetic
tree) given the available data. The phylogenetic trees were rooted by sequences of the

grey-sided vole Clethrionomys rufocanus that served as outgroup.
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4 Results
4.1 DNA isolation

DNA was successfully extracted from 93 out of the 103 selected samples. The rest
of the samples did not exhibit any DNA present on the verification electrophoresis gel or
there was no PCR product amplified in the first step of pyrosequencing analysis.
Interestingly, these samples have been mostly collected by external collaborators. Best
performing were, as expected, spleen and liver samples, however the DNA isolation was

successful even from the toe, ear and tail clips.

4.2 Pyrosequencing

Even though the recommended length of PCR amplicons to be used for
pyrosequencing is only up to 500 bp, pyrosequencing assays for amplicons longer than
900 bp were successfully developed, tested and optimized.

After combining PyroMark software and OLIGO results, seven different sets of
primers were prepared for testing for the major HBB-T1 gene and nine sets for the minor
HBB-T2 gene. In case of HBB-T2 three assays contained the sequencing primer
HBB_T1_RB_FS16 originally developed for HBB-T1 assays. This primer was the only one
annealing right before the target SNP. One assay containing two amplification primers and

one sequencing primer was finally selected for each gene (Tab. 1).

Tab. 1. Sequences of primers in the final selected pyrosequencing assays.

primer sequence type direction
HBB_T1 RB F19  5'GGCTGCTGGTKGTCTACCC 3' amplification F
HBB_T1 RB R19 5'ACAGGCAAGTGCAGGAAAG 3' amplification R
HBB_T1_RB_FS16* 5 GACCTGTCCTCTGCCT 3' sequencing F
HBB T2 RB F21 5 TTGGACCCAGAGGTTCTTTGA 3' amplification F
HBB_T2 RB_R21 5 CTCCAGGGGACAAAAAACATT 3  amplification R

* The sequencing primer originally designed for HBB-T1 pyrosequencing assays was used also for
HBB-T2.

A total of 518 samples out of 550 selected were successfully genotyped for both

genes. Generally speaking, the samples obtained from liver or spleen gave higher peaks
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than those from tail, ear or toe clips. Also samples collected by members of our laboratory
were performing better that those obtained from external collaborators.

Despite the careful optimization | did not avoid occurrence of errors in some of the
pyrosequencing results. In the HBB-T2 assay in 17 samples a T peak occurred at the very
beginning of the sequence. Even though the peak was very low, it was a sign of an error.
PyroMark dispenses one nucleotide that is not present in the sequence aways at the
beginning of the sequence and before every variable position. This blank dispensation
serves as a sequencing control. Using a different sequencing primer (HBB_T2 RB_FS15,
for sequence see Annexe 7a) for correction runs solved the problem and the corrected
sequences did not contain any unexpected peaks anymore. What was more important,
genotypes on target positions obtained with the new primer differed from those obtained
with the original primer HBB_T1_RB_FS16. In sequences with the T peak occurrence the
target position was detected as polymorphic and the individual as heterozygous bearing
both alleles. However, in the corrected sequences without the spurious T peaks all these
individuals were detected as homozygous for Ser.

Seven samples amplified for HBB-T1, and four of these seven that were
successfully amplified also for HBB-T2, repeatedly exhibited poor results with missing
peaks within the whole sequence genotyped or with highly unreliable pattern surrounding
the variable positions (for list see Annexe 7b). These samples were also rerun with a
different sequencing primer and in case of HBB-T1 a completely different pyrosequencing
assay with a different amlification primers was used (see Annexe 7a). However, no
significant improvement was reached. Since none of the PCR exhibit any deviations that
would point to non-specific amplification, these samples were not amplified nor
sequenced again. They were excluded from further data analyses, but were put on the list
of samples for Sanger sequencing to obtain the whole gene sequences and to reveal the
possible cause of the missing peaks.

Since | was able to optimize the pyrosequencing assays for both genes to cover
also the second polymorphism previously detected at the HBB-T1 gene, the Ala58Val
substitution, | recorded also the results for this SNP. Val occurs at the position 58 only
when there is Cys at position 52, however not always, so there is no clear association

between the two amino acid substitutions. Thus no further analysis was done in this
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respect. My results support the previously obtained results by Kotlik et al. (2014) with no
Val being present at HBB-T2 at the position 58.

The B52Cys allele frequency was calculated for each population and tested for
conformity to Hardy-Weinberg eqilibrium (HW). There were only two significant
deviations from HW detected with a P value lower than 0.05, concretely in the CHEATIT
population (0.04) and RO1 population (0.03). In both of these regional populations a
heterozygote deficit was found. Since both of these population samples were created by
merging two or more sampling sites such a result is not unexpected. This is because when
samples from two or more populations with different allele frequencies are pooled, the
genotype frequencies in the pool do not conform to the HW expectations even if each of
the individual populations is in HW. The fact that only two out of the 70 populations
showed a deviation from HW suggests that pooling sites has not seriously affected my
results.

At HBB-T1, 43 out of 70 tested populations carried the B52Cys allele. Twelve of
these populations were fixed for this allele and 31 polymorphic with the B52Cys allele
frequency ranging from 0.06 to 0.96. At HBB-T2 the B52Cys shows rather more restricted
distribution with only six populations fixed for the allele and 26 polymorphic with the
B52Cys allele frequency in the range from 0.05 to 0.94 (for complete list of localities and
allele frequencies see Annexe 1).

Finally, | come to the main result of the pyrosequencing analysis. Figs. 15A and B
show the allele frequency surfaces interpolated in ArcGIS. They reveal a strong
geographical pattern of the B52Cys allele distribution. At both genes the distribution of
the B52Cys allele is largely concentrated to the west of Europe, with the majority of the
fixed and high-frequency populations in France, Germany and the Netherlands. Moreover,
comparison of Fig. 15A and Fig. 15C shows a clear tendency for the B52Cys allele to be
associated with the Western mtDNA lineage. Surprisingly, at HBB-T1 there are two
separate increases of the B52Cys allele frequency in the Balkans, concretely Bulgaria, and
in southern Scandinavia, specifically Sweden (Fig. 15 A). These localities belong to the

Balkan and Carpathian mtDNA lineage, respectively (Fig. 15 C).
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Fig. 15 Geographic distribution of B52Cys allele at HBB-T1 (A) and HBB-T2 (B) shown as
interpolated allele frequency surfaces. Dots represent centres of population samples. Data for
Britain were taken from Kotlik et al. (2014). C represents mtDNA lineages distribution as revised by
Filipi et al. (2015).
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4.3 Sanger sequencing

At HBB-T1, for 21 out of 30 analyzed samples sequence data were obtained
successfully by direct sequencing. The remaining 9 were discarded due to repeatedly poor
performance in PCR amplification step. Sequence data were obtained also from the seven
samples added to the list due to the missing peaks they exhibited in the pyrosequencing
analysis. A total amount of eight additional bank vole sequences available from previous
study was added to the dataset. However, for 9 sequenced heterozygous samples | was
unable to resolve the phase of the haplotypes by PHASE software and had to use cloning.
Five out of these nine samples contained indels in their sequences.

At HBB-T2, 21 out of the 28 analyzed samples were successfully sequenced as well
as the four out of the seven samples showing poor pyrosequencing results. Again, the
remaining 10 samples were discarded due to poor PCR amplification performance. A total
amount of 10 additional bank vole sequences available from previous study was added to
the dataset. A total of 10 heterozygous samples were cloned to obtain phased haplotypes.

For complete list of samples see Annexe 5.

4.4 Cloning

Cloning was successful for all samples subjected to it. Nevertheless, it had to be
repeated for three samples. These either produced only low number of recombinant
colonies that could be used for sequencing and/or the sequences obtained from these
samples were of very poor quality, often containing high number of PCR artifacts. These
samples were cloned again. To minimize the probability of recombinant sequences
formation during PCR, the PCR programme used for the amplification was modified. The
amplification step was prolonged to avoid not fully amplified sequences to be produced
and the number of cycles was lowered (for the exact PCR programme see Annexe XY). To
assure the best possible performance, | also used a fresh stock of the pDrive vector from a
newer cloning kit.

The sequences obtained by cloning were aligned with the sequences obtained by
direct Sanger sequencing of the PCR products and included in the final dataset. An
outgroup sequence of C. rufocanus already obtained by Sanger sequencing for the

purpose of a previous study was added to the dataset. After editing the files so that each
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sample was represented by two sequences, either identical or different depending on
whether it was a homozygote or heterozygote, the resulting files contained 74 sequences
for HBB-T1 and 72 sequences for HBB-T2, with the difference being due to differential

amplification success between the genes in some individuals.

4.5 Evolutionary analysis
4.5.1 Recombination

DnaSP produced 38 unique haplotypes from the 74 HBB-T1 sequences and 43
haplotypes from the 72 HBB-T2 sequences. The file with all the haplotypes from both
genes aligned together thus contains 81 unique haplotypes. (For the complete list of
haplotypes, individuals carrying them and the sampling localities, see Annexe 8) This
number is including the outgroup C. rufocanus sequences that account for 3 haplotypes in
total. The outgroup haplotypes were omitted from the recombination and gene
conversion analysis.

The SBP analysis identified significant breakpoints in both the HBB-T1 and HBB-T2
datasets (Tab. 2). For each gene, the most probable breakpoint was detected on same
position with both the AIC and cAIC criterion (Tab. 2). The GARD analysis did not identify

any significant breakpoint according to AIC or cAlC.

Tab. 2. Breakpoints with strong support identified by SBP analysis in DataMonkey. The most probable
breakpoint at each gene is highlighted.

breakpoint AIC AIC support cAIC cAlC support
HBB-T1 haplotypes 514 6047.01 0.22843 6083.56 0.225731
521 6046.09 0.362554 6082.63 0.35827
HBB-T2 haplotypes 476 4753.39 0.687908 4809.78 0.518795
4.5.2 Gene conversion

A significant presence of conversion tracts was detected in haplotypes from both
HBB-T1 and HBB-T2. In total, 12 different conversion tracts were identified affecting 23
haplotypes (some tracts were present in multiple haplotypes, for figure see Annexe 9).
Three of these conversion tracts, affecting six haplotypes, included the target SNP position
Ser52Cys. Only one of these tracts affects HBB-T1 haplotypes, but three of them. These

are one haplotype from France (Hap_18) and two from Sweden (Hap_21 and Hap_22),
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from the locality where the separate increase of the B52Cys allele frequency was
observed (Fig. 15A). In two of these three HBB-T1 haplotypes (Hap_18 and Hap22), the
conversion tract contained a codon for Cys and in the third haplotype (Hap_21) a codon
for Ser. The SBP analysis identified possible breakpoints in both the HBB-T1 and HBB-T2

datasets.

453 Phylogenetic relationships

In Figs. 16 through 19 there are phylogenetic trees reconstructed by ML and
showing the relationships among the HBB-T1 and HBB-T2 haplotypes, separately for each
gene, and taking into account the results of the recombination analysis. Thus, two
haplotype trees are presented for each gene, one representing the gene segment to the
left of the breakpoint and including it (Figs. 16 and 18) and the other the segment to the
right of the breakpoint (Figs. 17 and 19). For any reference of the haplotypes and origin of
samples included in them see Annexe XY.

Fig. 16 represents the haplotype tree for the HBB-T1 gene, specifically for the gene
segment to the left side of the breakpoint located at the site 521. To estimate the tree the
Kimura 2-parameter substitution model (K2) with an allowance for the presence of
invariant sites (+l) was used, which was found to be the best-fit model for this part of the
alignment. The tree shows that the haplotypes containing the 52Cys allele cluster to three
distinct groups hereafter referred to as ‘Eastern’, ‘Western’ and ‘SWE+FR’. The ‘Eastern’
haplogroup is comprised of 5 haplotypes from eastern Europe, concretely Hap 2 (BGR),
Hap 6 (SRB), Hap 11 (POL + SVK), Hap 12 (POL + SVK) and Hap 14 (POL). The ‘Western’
group consists of 4 haplotypes from the Czech Republic and western Europe, specifically
Hap 7 (CZE), Hap 8 (CZE), Hap 10 (DEU) and Hap 20 (FRA). The ‘SWE+FR’ haplogroup is, as
the name implies, formed by haplotypes from France (Hap 18) and Sweden (Hap 22).

The tree in Fig. 17, representing the HBB-T1 gene segment to the right side of the
breakpoint located at the site 521, was constructed using the K2 model with the
evolutionary rate variation among sites modeled by a Gamma distribution (+G). This tree
is less well resolved, but the previously defined ‘SWE+FR’ and ‘Western’ haplogroups are
retained. The ‘Eastern’ group is retained only partly, since the Hap 2 (BGR) now clusters

with haplotypes of Calabrian (Hap 26 and Hap 28) and Italian mtDNA lineage (Hap 34).
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Fig. 18 represents the tree for the HBB-T2 gene, again the left side of the gene
segment including the breakpoint located at the site 476. It was constructed using the
Hasegawa, Kishino and Yano model (HKY) with an allowance for invariant sites (+1). In this
tree the 52Cys haplotypes form only two distinct groups. Five haplotypes from both
eastern and western Europe, specifically Hap 46 (CZE), Hap 50 (POL), Hap 52 (FRA), Hap 54
(FRA) and Hap 60 (DEU), form one of the groups, referred to as ‘East+West’ in Fig. 18. The
second group is consisting of two haplotypes Hap 53 (FRA) and Hap 56 (SWE + FRA + SVK).

The tree in Fig. 19 representing the right side HBB-T2 gene segment was
constructed using the K2+G model. In contrary to the HBB-T1 gene where the groups were
more or less present in both gene segments, this tree demonstrates that in HBB-T2 are
the groups defined in the left segment disintegrated completely in the tree based of the
right segment (Fig. 19).

The last two figures (Figs. 20 and 21) show phylogenetic trees for the haplotypes of
both genes together, but excluding all haplotypes containing the conversion tracts except
for the three HBB-T1 haplotypes Hap_ 18, Hap_21 and Hap_22. The conversion tract
present in these three haplotypes contained the polymorphic site Ser52Cys and the trees
show the phylogenetic relationships for the gene segment corresponding to this
conversion tract (sites 208-664; Fig. 20) and for the remaining two segments of the gene
(concatenated sites 1-207 and 665-1128; Fig. 21). Both trees were constructed by the ML
method using the K2+G substitution model.

The tree in Fig. 20 representing the gene segment corresponding to the conversion
tract, shows that the HBB-T1 52Cys haplotypes from the ‘SWE+FR’ group cluster with the
HBB-T2 52Cys haplotypes with high statistical bootstrap support. The third HBB-T1
haplotype clustering with the HBB-T2 haplotypes is the 52Ser haplotype from Sweden
(Hap 21). This haplotype was also detected as containing the same converted tract, but
with the 52Ser allele (Annexe 9).

In contrary, the tree in Fig. 21 representing the phylogeny of the two remaining
segments of the gene shows that all the haplotypes are clustered according the gene

when the converted tract is excluded.
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Fig. 16 Maximum likelihood phylogeny of HBB-T1 haplotypes based on the alignment segment left of the
breakpoint at site 521. C and G represent Ser and Cys at site 52, respectively. Haplotypes containing Cys at
site 52 are highlighted. Percentage bootstrap support for branches based on 1000 replicates is shown when
higher than 50%. Major groups of 52Cys containing haplotypes are labelled at right. Hap 31 and 32 are

haplotypes of C.rufocanus serving as outgroup.
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5 Discussion
5.1 Technical aspects of work

Regarding the technical aspects of my work, the difficulties during the DNA
isolation and pyrosequencing that | faced with the samples collected by external
collaborators confirm that the method of collection and preservation of the samples plays
a very important role for the result quality of subsequent analyses. The samples collected
by the members of our laboratory were taken mostly from live trapped animals and the
tissues collected were immediately fixed in 96% ethanol. Even though | don't have the
information about how the samples donated by external collaborators were collected,
preserved and overall handled, | argue that these procedures were not carried out with
sufficient caution and precision and the DNA in these samples was degraded.

The pyrosequencing performed on the PyroMark Q24 platform from Qiagen
proved to be an effective and reliable method for genotyping of SNP within a short
segment of DNA sequence. Regarding my research, as the most significant advantages |
see for example the easy sample preparation with available commercial kits, speed of the
pyrosequencing analysis when results for 24 samples are available in approximately 20
minutes and also the possible control of genotype calls accuracy. However, to make the
pyrosequencing method fast and cost-effective, it is necessary to spend some time with
optimization prior to the onset of a massive sample analysis. This is especially true when

analyzing a PCR product of nonstandart length as in my case.

5.2 Pyrosequencing assay optimization and challenges encountered

Despite the initial worries that the PCR product with the length over 900 bp would
be too long for a pyrosequencing analysis and would for example break down during the
purification, | was able to successfully develop and optimize assays for this longer PCR
product. Thanks to the protocols provided by the Qiagen company the optimization
process was relatively fast and easy. The clearly defined conditions and procedure of the
sample preparation simplify identification of the factors potentially responsible for any
suboptimal results. Based on my own work | can draw the general conclusion that the
quality of the outcome from the pyrosequencing analysis of long PCR products is strongly

influenced by the amount of the streptavidin-coated sepharose beads used in the
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immobilization step. The optimization process also confirmed that the best approach is to
design the sequencing primer as close to the target position as possible since especially in
case of DNA of suboptimal quality the accuracy of the read is lowering very quickly with
increasing distance from the sequencing primer.

As it was already described in the results, even the most careful optimization did
not lead to complete suppression of sequencing artifacts. In some samples genotyped for
the HBB-T2 gene an unexpected T peak occurred in the very beginning of the read. The
sequencing primer was designed to terminate exactly before the target position and thus
the first incorporated base should have been C or G. The T base was dispensed by
PyroMark only as a blank sequencing control and as such, it should not have been
incorporated in the sequence and no peak should have been recorded. However, a T base
is in fact present in the sequence at the position prior the target SNP, i.e. it is the last base
of the sequencing primer. The occurrence of the extra T peak can be thus most easily
explained by a possible degradation of the sequencing primer from its 3' end. This
explanation seems to be highly probable since the prepared primers were repeatedly
thawed and frozen.

The missing peaks in the samples from Norway, Sweden, France and Switzerland
listed in Annexe XY seemed at first to be more complicated to explain. Using a different
set of amplification and sequencing primers did not solve the problem. The fact that two
different sets of primers resulted in exactly the same error makes potential explanations
such as mispriming, unspecific annealing of the primers, and a hairpin loop or dimer
formation not very likely. Comparing the primer sequences with the results from the
Sanger sequencing revealed that all amplification and sequencing primers matched
perfectly with all the error exhibiting sequences. Nevertheless, after closer examination of
the results | can provide a rather simple explanation for the missing peaks. At HBB-T1 the
samples 1670, 1859, 1871 and 1879 exhibited the missing peaks specifically after the
second variable position responsible for the Ala58Val aminoacid substitution. From the
results of the Sanger sequencing, | found out that these sequences have the Ala coded by
a GCT triplet instead of the prevailing GCC. Similarily, the 1048, 1395 and 1911 samples
that exhibited the missing peaks along the whole sequence determined by

pyrosequencing have the 52Ser aminoacid coded by TCT instead of TCC. At HBB-T2 | have
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no data for the samples 1048, 1395 and 1911 due to the poor amplification performance,
nevertheless the rest of the samples, i.e. 1670, 1859, 1871 and 1879, exhibited missing
peaks along the whole sequence and have the 52Ser coded again by a TCT triplet instead
of TCC. These single nucleotide substitutions do not change the amino acid sequence,
however, they are unexpected and were not taken into the account in the design of the
pyrosequencing assays. Thus, the dispensation order did not match the template DNA
sequence and the erroneous results were produced. The pyrosequencing assays will be
probably modified according to these findings before the onset of further analysis on a

large scale, even though such substitutions are a minority.

5.3  B52Cys allele distribution and origin

One of my main goals was to map the B52Cys allele distribution in the continental
Europe and to determine its most likely geographic origin. By means of the allele
frequency surface interpolation | revealed a strong geographical pattern of the B52Cys
allele distribution. Populations fixed for the B52Cys allele or with a high B52Cys allele
frequency are concentrated to western Europe, specifically to France, Germany and the
Netherlands. Moreover, when comparing the B52Cys allele distribution at the HBB-T1
gene with the distribution of the bank vole mtDNA lineages as updated by Filipi et al.
(2015), there is an evident tendency of the B52Cys allele to be associated with the
Western mtDNA lineage (see Fig. 15 in 4. Results).

This finding importantly extends the current knowledge of the B52Cys allele
distribution until now only mapped in Britain by Kotlik et al. (2014). Based on preliminary
mtDNA results, the individuals in Britain bearing the 52Cys haemoglobin variant were first
tentatively linked to the continental populations in the Netherlands also carrying 52Cys
(Kotlik et al., 2014), which was later confirmed by showing that the first British colonists
belonged the Western mtDNA lineage (Filipi et al., 2015). My results show that this link
between the 52Cys haemoglobin and the western mtDNA lineage exists also in other
populations in the continental Europe. Since the Westen lineage most likely originated
from woodland refugia in the foothillls of the Alps (Kotlik et al., 2006; Magri et al., 2006), |
hypothesize that these refugia were also the most likely geographical origin of the B52Cys

allele and that it therefore dispersed post-glacially with the bank voles of the Western
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mtDNA lineage. Nevertheless, there are two interesting features arising from my datasets
that fall outside the pattern of the correlation with the Western mtDNA lineage, and thus
deserve a closer inspection.

Firstly, the B52Cys allele is absent from the populations of the Western mtDNA
lineage within the mountain range of the Alps in central Europe and from the Dinaric
Mountains in the Balkans. This tendency of the 52Cys allele to be concentrated to the
areas of lower altitude in the continental Europe correlates with the B52Cys allele
distribution centered mostly in southern lowland areas of Britain as described by Kotlik et
al. (2014). My findings from the continental Europe only emphasize that such a clearly
defined distribution is not likely to be maintained without an involvement of selection.
The delimited distribution of the B52Cys allele means that Cys might be advantageous,
but not universally, only under certain conditions. Bearing in mind the higher antioxidant
capacity of red blood cells of bank voles possessing the 52Cys haemoglobin variant, my
results support the hypothesis that the 52Cys haemoglobin variant could have been
adaptive advantage under certain climatic conditions for its bearers during the postglacial
colonization. While in Britain this adaptive advantage probably promoted the population
replacement of the after LGM (Kotlik et al., 2014), my findings show that it could have
been similarly important in shaping the current geographical distribution of the bank vole
in the continental Europe. The hypothesis that the first colonists of Britain bearing 52Ser
were better suited for colder climatic conditions and then during warming they were
outcompeted by the second colonists bearing 52Cys is applicable in certain extent also for
the continental populations. The discontinuous distributions of some mtDNA lineages
(e.g. Carpathian and Eastern) suggest a rather complex history of colonization and
replacement (Fig. 2) (Filipi et al.; 2015). It is possible that the individuals bearing the 52Cys
haemoglobin could afford producing a higher number of offspring than the individuals
with 52Ser, but without the burden of higher levels of oxidative damage to their tissues.
This quality could have manifested as advantageous in the lowland areas with milder
climate where individuals are most probably capable of higher energy intake and where
they are allowed to put more energy into reproduction thanks to lower demands on
thermoregulation. Thus the B52Cys allele could have been an adaptive advantage that

lead to a more rapid population expansion and establishment in such areas with favorable
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climatic and environmental conditions. Such a genetically based predisposition to a higher
reproductive rate conferred by the B52Cys haemoglobin may have been difficult to
outcompete for the members of the populations with the 52Ser variant.

Second feature that deviates from the pattern of association with the Western
mtDNA lineage are the two unexpected separate increases of the B52Cys allele frequency
in Sweden and in the Balkan region. These populations do not belong to the Western
mtDNA lineage and this fact significantly challenges the idea of the single origin of the
52Cys allele. The Ser52Cys amino acid substitution can be found, albeit to a lesser extent,
also at the minor HBB-T2 gene, which shows much lower expression level in the bank vole
than HBB-T1, and is thus also less functionally significant. This leads to a tempting idea of
a role of gene conversion between HBB-T1 and HBB-T2 as a means of an intergenic
transfer of the 52Cys allele. The single origin of the 52Cys allele together with this

hypothesis about gene conversion was tested by subsequent phylogenetic analysis.

5.4 Phylogenetic relationships and the role of gene conversion

Prior to any phylogenetic analysis it was necessary to analyze my data to detect
signs of possible recombination and gene conversion. Recombination can significantly bias
the interpretation of the phylogenetic relationships if not detected and taken into
account. As an excellent example can serve the Hap 2 of HBB-T1 gene which clusters with
the eastern group of haplotypes in one tree (Fig. 16) and with the basal Calabrian
haplotypes in the second tree (Fig. 17), depending which part of the alignment (left or
right) divided by recombination into two parts the phylogenetic tree was constructed for.

The phylogeny of both HBB-T1 and HBB-T2 genes exhibits significant signs of
recombination. However, in both genes, the phylogenetic trees representing the part of
the alignment to the left from the detected breakpoint, which includes our target
position, the 52Cys alleles form three and two distinct groups, respectively (Fig. 16 and
18, respectively).

Since HBB-T1 clearly is functionally more significant than HBB-T2 gene due to the
much higher expression level, | will focus the on the results regarding the major gene
HBB-T1. The existence of three distinct clusters of HBB-T1 haplotypes carrying the 52Cys
allele (Fig. 16) points to a fact that the 52Cys alleles from the different parts of the bank
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vole distribution are not identical by descent, i.e. they don't have a single mutational
origin. This is rather unequivocally supported by the cluster containing Hap 18 and Hap
22, which are the result of a gene conversion as will be discussed later. The other two
clusters of the “Eastern” and “Western” haplotypes (comprised of Hap 2, 6, 11, 12, 14 and
Hap 7, 8, 10, 20, respectively) could mean there have been parallel mutations at the same
site that were picked by positive selection as independent random increases in frequency
by genetic drift would appear unlikely. Alternatively, the two clusters can be due to an
undetected recombination or conversion event. There are no significant signatures of
recombination or gene conversion that would explain it. However, such events are
detectable only when the alignments contain enough phylogenetic signal supporting
them, such as unbroken tracts of multiple nucleotides in some haplotypes that match the
sequences of another haplotypes of the same (in the case of intragenic recombination) or
different gene (in the case of intergenic gene conversion). Unfortunately, as time passes
the transferred sequence blocks get broken down by subsequent recombination events,
eventually leading to a loss of the signal. Thus | can not exclude an undetected
recombination/conversion as the agent responsible for the clustering of the 52Cys alleles
into the two groups.

Despite this uncertainity about the mechanism underlying the existence of the
Eastern and Western haplotypes clusters, the existence of Hap 18 and Hap 22 in a
separate cluster can only be explained by gene conversion, which supports the hypothesis
about the multiple origins for the presence of 52Cys at the functionally important HBB-T1
gene. Gene conversion tracts have been identified in both HBB-T1 and HBB-T2. However,
only a single tract contained the Ser52Cys substitution and it affected three HBB-T1
haplotypes, specifically Hap 18 and Hap 22 with the 52Cys allele and Hap 21 with the
52Ser allele. In fact, the presence of both alleles suggests the tracts in Hap 18 and Hap 22
and in Hap 21 may stem from different conversion event, even though they span the same
nucleotides in all three haplotypes. This conversion tract was handled separately in the
phylogenetic analysis where the nonconverted parts of the three haplotypes were
clustered with the remaining HBB-T1 haplotypes while their sequences in the converted
tract were significantly clustered with the HBB-T2 haplotypes. This confirms the

conversion event from HBB-T2 to HBB-T1 and the fact that this conversion tract contained
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the target SNP Ser52Cys supports the hypothesis, that the gene conversion can be a
means by which the 52Cys allele is transferred between the genes.

The fact that the only conversion event detected that included 52Cys was the
conversion in the direction from HBB-T2 to HBB-T1 does not necessarily mean that the
mutation Ser52Cys originated in HBB-T2 and was then converted into HBB-T1. However,
regardless the gene of origin of the 52Cys allele this finding does have important
implications about the functional evolution of the bank vole haemoglobin. This is because
it suggests that the low expressed HBB-T2 gene can serve as a reservoir and source of the
functional variation at the site 52 for HBB-T1. It is likely that due to the high reactivity of
its thiol the 52Cys allele is not advantageous universally, but only when there is an
increased need for antioxidants. The presence of the 52Cys allele in the minor gene would
not significantly affect the functionality of haemoglobin due to the low expression of HBB-
T2 and thus it would not be under strong selection pressure there, positive or negative.
Nevertheless, this way maintained in the population the 52Cys allele could once in a while
be transferred by gene conversion from HBB-T2 into the highly expressed HBB-T1 gene
and there tested by natural selection. In the absence of favourable conditions (i.e. of
strong selection pressure favouring red blood cells with increased antioxidant capacity),
the converted HBB-T1 haplotypes containing 52Cys would be eliminated from the
population by random drift or negative selection, depending on whether 52Cys would give
some disadvantage to its bearers. However, in a situation of increased need for
antioxidants, let say under unfavourable climatic, population density or epidemiological
conditions, a positive selection could pick the 52Cys allele and rapidly increase its
frequency possibly up to fixation, as it would likely confer an advantage over the
individuals bearing the 52Ser allele. This could potentially have been the case of the
Swedish populations where Hap 18 and Hap 22 were exclusively found.

An interesting feature also emerged regarding the samples 1048, 1395 an 1911
which have the 52Ser at HBB-T1 coded by the TCT triplet instead of TCC. Interestingly, in
the phylogenetic trees these haplotypes cluster into a separate clade that appears more
divergent from the rest of the bank voles HBB-T1 haplotypes than are the haplotypes of
the outgroup C. rufocanus. | examined these haplotypes more closely and | found that

while they are all homozygous for 52Ser they posses four other non-synonymous amino
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acid substitutions that distinguish them from all the other HBB-T1 haplotypes. These are
Vall8Ala, Gly22Ala, Thr69His and Gly72Ala substitutions. Two of these, Gly22Ala and
Thr69His are also present in the outgroup haplotypes of C. rufocanus. The other two are
not found in any other sequences within my dataset. It is possible that these particular
haplotypes are a result of an undetected gene conversion event. It is also possible, that
the haplotypes are relicts of some ancient lineage surviving in the areas of origin of the

samples and we sampled these by chance.

5.5 Future prospects

My results map the current distribution of the functionally important B52Cys allele
of the bank vole haemoglobin in the continental Europe and determine its possible
geographical origin. The subsequent phylogenetic analysis revealed that the 52Cys alleles
from the different parts of the distribution area necessarily do not have only one single
evolutionary origin. Furthermore, it proved the importance of gene conversion as a means
of transfer of the 52Cys allele between the two genes, which would change its exposure
to selection pressure. All these findings help to understand the postglacial colonization of
Europe by temperate species and emphasize the importance of intraspecific variability
and selection for surviving a climatic change. Nevertheless, even though the current
distribution of adaptive variation can give as an important clue about how the postglacial
colonization took place, it still reflects mostly the adaptations of the populations to the
current climatic conditions in the areas they occupy at present. Thus to reveal more
precisely how the processes in the past impacted the distribution during the different
stages of recolonization it would be necessary to involve also a combination of
paleoclimatic data, ecological niche modelling into the past and fossil and ancient DNA
data where available. These information when carefully interpreted could give us more
comprehensive view on how exactly the distribution of the 52Cys allele, and of the
populations carrying it, changed in time under the selection pressure imposed by climatic
change. Together with that, it is important to bear in mind, that even though the
haemoglobin genes exhibit the variability that seems to be an adaptive advantage under
certain climatic conditions, so far it could not be directly linked with climate adaptation.

Haemoglobin is only a part of a very complex physiological network and it is very likely

57



that there are other important genes involved in the coping of bank voles with a climatic
change. Thus, it would be interesting to search for other candidate SNPs within the bank
vole genome and analyze their possible functional significance as it was done with the

SNP responsible for two haemoglobin variants by Kotlik et al. (2014).
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6 Conclusion

Previous studies of the bank vole adaptive phylogeography in Britain documented
that the intraspecific functional haemoglobin variability and selection acting upon it may
have promoted the population replacement in this species during the postglacial
recolonization of Britain. My study builds on these findings and suggests that the genetic
variability at both the major and minor B-globin genes among the different continental
bank vole populations was of similar importance for shaping their current distributions.
Primarily, the results of my study revealed the importance of the gene conversion as a
means of transfer of the responsible functional mutation between the major and the
minor gene. Since the minor gene is approximately 24 fold less expressed, it is also under
much less selection pressure than the major gene. Since the mutation likely is not
universally advantageous, the presence of the mutation in the minor gene can help to
maintain it in the population during conditions that do not favour it. Transfer of the
mutation into the major gene by gene conversion would expose it to strong selection
pressure and either would lead to elimination of the mutation from the major gene or to
its fixation in the population, if it manifests as advantageous. The importance of this
finding lays in the fact, that it shows that even though different populations of the same
species may seem to be uniform at first sight, their genetic constitution may vary
significantly. Moreover, since this intraspecific variability may be of functional significance
also the importance of the populations for species survival under specific climatic

conditions may vary.
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Annexes

I Annexe 1: List of regional populations and corresponding coordinates of regional
populations centres, number of samples included in the populations and HBB-T1 and
HBB-T2 52Cys allele frequency in each population.

II Annexe 2: Optimized PCR protocols for pyrosequencing analysis with final selected set
of amplification primers for both the HBB-T1 and HBB-T2 genes.

IIT Annexe 3a: Protocol for PCR product immobilization, DNA pyrosequencing template
purification and annealing of sequencing primers provided by Qiagen, 1% page.

IV Annexe 3b: Protocol for PCR product immobilization, DNA pyrosequencing template
purification and annealing of sequencing primers provided by Qiagen, 2™ page.
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Annexe 1: List of regional populations and corresponding coordinates of regional
populations centres, number of samples included in the populations and HBB-T1 and

HBB-T2 52Cys allele frequency in each population.
52Cys frquency

Regional population Latitude Longitude nr. of samples HBB-T1 HBB-T2
AT1 47.85 15.05 10 0.000 0.000
BEL1 50.63 4.18 5 1.000 1.000
BGR1 43.10 23.40 4 0.250 0.125
BGR2 42.20 23.00 5 0.600 0.100
BGR3 41.50 24.50 3 0.833 0.167
BGR4 42.913 27.0533 3 0.833 0.333
CZAT 48.84 16.66 11 0.818 0.000
CZE1 50.22909 13.95182 11 0.909 0.591
CZE2 49.565 14.90417 12 0.417 0.125
CZE3 50.50 16.12 6 0.417 0.000
CZE4 49.75 18.30 10 0.100 0.100
CZSK 48.86 18.58 11 0.545 0.000
DE1 53.62 7.27 10 1.000 0.200
DE2 54.22 9.11 10 0.150 0.000
DE3 53.65043 10.783578 12 0.917 0.417
DE4 51.852 11.181 10 1.000 0.950
DE5 51.86 13.06 10 1.000 1.000
DE6 50.7111 11.8651 3 0.667 0.500
DE7 49.02 10.73 7 1.000 0.143
DNK1 55.7968 9.4076 5 0.000 0.000
DNK2 54.96376 11.62884 7 0.000 0.000
FRA1 47.34 -3.17 1 - 1.000
FRA2 48.66 -1.50 4 1.000 1.000
FRA3 48.97 0.13 5 1.000 1.000
FRA4 50.576 1.801 8 1.000 0.938
FRA5 48.70625 1.7625 8 1.000 1.000
FRA6 46.04364 2.59545 11 0.955 0.455
FRA7 43.264762  0.249286 13 0.731 0.071
HR1 45.74 15.65 6 0.000 0.000
HR2 44.839 15.62 10 0.000 0.000
HU1 47.30 19.22 7 0.000 0.000
CHE1 46.40 6.3763 8 0.062 0.000
CHE2 45.90 7.20 6 0.000 0.000
CHE3 47.37 8.55 2 0.750 0.000
CHEATIT 46.78154 10.26769 13 0.077 0.000
IRL1 53.11 -8.60 2 1.000 0.500
Im 42.8668 11.5936 6 0.000 0.000
T2 41.81692 16.00904 4 0.000 0.000
IT3 39.34744 16.45366 10 0.000 0.050
NLD1 52.500727  4.573636 11 0.955 0.773
NLD2 53.072 6.244 5 1.000 0.100
NLD3 52.071 6.076 5 1.000 0.200
NOR1 66.42091 14.7705 1 0.000 0.000
NOR2 64.14931 11.97037 6 0.000 0.000
NOR3 62.96309 8.71408 1 0.000 0.000
NOR4 60.79039 5.97426 8 0.000 0.000
NOR5 61.43184 10.13544 8 0.000 0.000
NOR6 58.34787 8.26175 11 0.000 0.000
PL1 52.45 17.10 4 0.500 0.375
PL2 51.47 19.82 4 0.750 0.500
PL3 53.80 21.65 10 0.000 0.000
PL4 52.73 23.85 10 0.000 0.000
RO1 46.483 23.655 6 0.333 0.000
RO2 46.55 26.83 6 0.000 0.000
RUS1 57.15 33.10 5 0.000 0.000
SK1 48.38364 19.08091 11 0.682 0.045
SK2 49.1591 20.0682 11 0.273 0.000
SK3 48.77 21.384 9 0.125 0.000
SRB1 44.09 21.64 4 0.625 0.125
SRB2 43.24 20.82 5 0.400 0.000
SRBHR 45.166 19.58 7 0.571 0.000
SVN1 46.11 14.67 6 0.000 0.000
SWE1 62.87948 17.73554 11 0.000 0.000
SWE2 60.16797 12.77189 10 0.200 0.050
SWE3 61.20140 16.585 11 0.409 0.000
SWE4 57.62071 12.41887 1 0.000 0.000
SWE5 59.20503 16.63308 10 0.700 0.050
SWE6 55.69928 13.47494 10 0.000 0.000
TUR1 40.12 29.17 10 0.000 0.000
UA1 50.4083 29.7167 6 0.000 0.000



Annexe 2: Optimized PCR protocols for pyrosequencing analysis with final selected set of
amplification primers for both the HBB-T1 and HBB-T2 genes.

PCR N --

Bankvoles- Beta Globin paralog T1

HBB_T1 RB_F19

5' GGCTGCTGGTKGTCTACCC 3'

HBB_T1_RB_R19

5' ACAGGCAAGTGCAGGAAAG 3'

Program T160LONG
1=94.0° for 2:00
2=94.0° for 0:40
3=60.0° for 1:00
4=T72.0° for 1:30
5=Goto 2, 33 times

6=72.0° for 10:00
7=4.0° for ever
PCR N --

Bankvoles- Beta Globin paralog T2

HBB_T2_RB_F21

5' TTGGACCCAGAGGTTCTTTGA 3'

HBB_T2_RB_R21

5' CTCCAGGGGACAAAAAACATT 3'

Program T262
1=94.0° for
2=94.0° for
3=62.0° for
4=72.0° for
5=Goto 2, 33 times
6=72.0° for
7=4.0° for

2:00
0:40

1:00

1:30

10:00
ever

PPP Master
Mix
vz. 1 X
PPP Master Mix 20 20x
L primer 2 2X
H primer 2 2X
H20 13 13x
37
DNA 3
Total 40 40x
PPP Master
Mix
vZ. 1 X
PPP Master Mix 20 20x
L primer 2 2X
H primer 2 2x
H20 13 13x
37
DNA 3
Total 40 40x

II



Annexe 3a: Protocol for PCR product immobilization, DNA pyrosequencing template
purification and annealing of sequencing primers provided by Qiagen, 1% page.

Technicallnformation

PyroMark® Q24 Vacuum Workstation quick-start guide

This Technical Information summarizes the Immobilization and preparation of PCR products for Pyrosequencing® on the
Pyroddark Gi24 Instrumeant. Before using the Pyrobdark Q24 Vacuum Worksiation, carefullyread Section 5.3 of the PyroMark Q24
Lser Manual and pay particular attertion to the safety information.

Immobilizing the PCR products [ Binding bulfsr  High purtty warkar
lorZplfsompla 40plfsampls 18 or 1%-34 plfsanpk
1. Make a masker mbx according to the llowchart o the right.
Mate: Before pipeiing, gently shake the botle of streptavidin-ccated \\ l /

Sepharose® beads* to ensure a homogenous suspension.

2. Depending on the sample voluma, dispense 6075 pl mastar mib inbo
each necessary well of a PCR plae to give a total volume of 80 pl
per well.

3. Add 5-20 pl FCR preduct to each well.

4. Saal the wells with sirip caps and agthate the PCR plate at 1400 rpm P
Add 520 of PCR product bo sach wall

for 5-10 min at reom temperature [15-25%C) using an orbital shakar. frotal wokme = 80 d fwall]

" th mmuobiizs the PCR produds.
Separation of DMA strands and release of samples Freporig he mester mix o Immeblies produ
into the PyroMark Q24 Plate
1. Dihve the sequencing primers to 0.3 pbd with PyrobMark Annealing 50 ml — 'E#ur?

Buffer jcat. no. #79009), and dispense 25 plinto sach necessary well wath buber F
of a Pyroldark G124 Plake. Postticon the plate on the worksiation. Am] I's 3 I_I 3 '—_I_' 20ml
2. Fill the workskation teughs according te the diagram to the right. :hm,';m: l '_2] 2 5_4 i :ﬂ'f“"’
3. Siart the pump and apply vacuum o the tool by opening the switch. son—{T kA = S0ml
Flush the filer probes with high-purity water (MilliS® 18.2 MO xemor 70 ehonal | (= :g‘:‘mﬂf
equivalent] In trough 5. Refill the frough with fresh high-purity waler | H e By
I
for use In step 12 = e 1 ig
4. Posificn the PCR plate on the workstation. Ensure that both plates are PR plce  Fymbork
in the same arienation as when the samples ware loaded. 24 plote

5. With the vacuum switch OGN, lower the vacuum tool into the walls of Filing tha fmughs.

the PCR plate for 15 s fo capture the beads with PCR product.

" w:in Sapharose High Parformancs |34 pm, 5 ml, GE Healhoors|. Check the ot
™ of tha kvidin Sephorcea High monce. For lof numbsr 10057037 or
higher, e 1 J in the mosker nix. For kef nunbers lower than 10057007, we I pl.
This ks et @ complets list of suppliers ond doas not ndude momy mportant vendors of
biokegical supplas.

Sample & Assay Technologies

III



Annexe 3b: Protocol for PCR product immobilization, DNA pyrosequencing template
purification and annealing of sequencing primers provided by Qiagen, 2™ page.

& CAUTION:

Pyreddark Dancurmion Selutien conioire sodum hyomsdck,
which k& an oye ond skin It

#bwoys weor 0 sumble lob coat, disposablo glovas,
and prokctive gogghs. Fer mors Information, sso tho
Pyrotviork G124 Usar Moouof jland tho WEDS|.

&. 'With the wacuum O, fush the ool with 70% ethancl firough 1) for 5 5.
7. With vocuum ON, flush the tool with denahuration solution [irough 2]
for 5 =
&, Wit vocuum O, flush the ool with wash buffer [frough 3) for 10,
. With vocuum O, raise the vacuum toel to bayond 90" verleal for 5 5.
10. Align the vacuum toal with the Pyrobark @24 Plate and switch the

vacuum OFF. Lower the vacuum tool inte the wells and gently shake
from side to side to release the beads.

11. With the vacuum OFF, agiiate the vacuem fool in high-purity waber
frough 4] for 105,

12. Swiich the vaceum OM and flush the filker probas with high-purity
watar frough 5} for 5 a.

13. Raise the vocuwm tool to beyond 907 vertical for 5 s, then switch the
vacuum OFF and store the tool in the “Parking” position.

Annedling sequencing primers to DNA sirands

Place the Pyrobark G24 Pale in o prewarmad Pyrolark Q24 Plate
Holder. Heat the Pyrosequencing samples on a heating bleck ot B0°C
for 2 minutes.

Remove the plate from the holder and allow the samples io cool o reem
temparature {15-25°C) for of least 5 minutes. The cosled plates can now
be processed In the Pyrobark G224,

Cleaning the vacuum workstation

Liquid woste and soluions remaining in the troughs of the vocuwm
worksiotion should be appropriately discarded at the and of the day. For
defails, see the PyroMdark Q2.4 User Manwal,

For upto-date licansing Information and productspadtic discloimars, ses the respacive PyroMark Q24 User Mamual. The
Pyrodark Gi24 User Monoal Is availoble at werw.giogen.com er can be requested from GLAGEM Technioal Services or your

local distributor.

Troderorh: GLADEF, Froidat®, e mcing® |o#0EM Droup): 1l G* fillpom Capenian): Saphoma® 128 Hea o).

TEFET 1213 5513 GROE, o righis sl

Al » |-S00-E43-800 (Finkord = Q00014418
Aunivin w S0 111 [France = 015009300930
Balgiom = QEDOTRE1Z Grarmerny = (21033901 2000
Broxidl ® QBOOE57 7R |Hong Kang » 802 733 &5
Conada = EDOETL413 i 1B 1T T 1
China = B0 DS lindord = 18040 555 Q¥
Darmvark w BOEAERIS Iy w BOCTETRE0

Japan = DE-SER0LT 300 Epain = 014307050

Korsa (o] w 0S0-0007 145 Bevmlan » 020790262

Lunerbemury = SO0 T4 Bwitzwland = 0552542211

Mazicn ® [1-BO0-77 42438 Tofwan = DSOS 51 047

The Mufurlnds = 0EDOKEFINSHT UK = OEDE-2RATBES

Moreay = BO0-1E50 UBA = 004258157 m
Eingapore » 1B0074£2 4358 e ——

Sample & Assay Technologies
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Annexe 4a: Optimized reagents mixes for immobilization of PCR products and annealing
of sequencing primers.

Immobilizing the PCR products

vz. 1 26
Binding buffer 40 1040
Beads 3 78
H20 0 0
PCR product (10-20nM) 37

Total 80 2080

Annealing buffer + seq.primer

vz. 1 26
annealing buffer 23.5 611
seq.primer 1.5 39
total 25 650

Immobilizing, purification and annealing procedures were followed as described in
protocol in Annexe 3.

Annexe 4b: Example of pyrosequencing run preparation information generated prior to
each run by PyroMark software. Reagents amounts and scheme of loading into the
dispensation cartridge is shown.

Volume Information:

Reagents: E A S
E-mix: 102 pl
S-mix: 102 pl

Nucleotides:

Nucleotide A: 67 ul G
Nucleotide C: 67 pul
Nucleotide G: 71 pl
Nucleotide T: 67 pul

Label



Annexe 5: List of samples selected for Sanger sequencing.

Sample Sampling locality Country HBB-T1 HBB-T2

18 Feofania Forest, Kiev Ukraine Serin Serin

271 Solnik, Vamna, Balkan Mts (197m) Bulgaria Cystein Cystein/Serin
273 Elena, Veliko Tarnowo, Balkan Mts (618m) Bulgaria Cystein/Serin Serin

274 Bacau (284m) Romania Serin Serin

450 Strmosten, Klo¢anica River gorge, Resava River basin, Beljanica Mts (333m) Serbia and MoCystein/Serin Cystein/Serin
498 Vranovice (166m) Czech Rep  Cystein/Serin Serin

601 Bezau, Vorarlberg (745m) Austria Cystein Serin

622 MSec, Central Bohemia (378m) Czech Rep  Cystein Cystein/Serin
623 MSec, Central Bohemia (378m) Czech Rep  Cystein/Serin Serin

649 Bursa, Uludag Mts, Marmara Region, Westemn Anatolia Turkey Serin Serin

707 Hakel forest, Quedlinburg, Sachsen-Anhalt, NE Harz foreland Germany Cystein Cystein

734 Polichno, Piotrkéw Trybunalski, Central European Lowland (192m) Poland Cystein Cystein/Serin
735 Polichno, Piotrkéw Trybunalski, Central European Lowland (192m) Poland Cystein/Serin Serin

737 Bialowieza National Park Poland Serin Serin

755 Ostashkhov, Seliger Lake Russia Serin Serin

836 Beauvoir France Cystein Cystein

1046 Geneva, Jura Mts, Alps Switzerland  Cystein/Serin

1062 Zurich, Alps Switzerland  Cystein/Serin Serin

1104 Ardennes Belgium Cystein Cystein

1126 Bussiéres; La Cote France Cystein Cystein/Serin
1187 Hanisberg, Krupina, Krupinska planina Mts, Slovak Medium Mts (350m) Slovakia Cystein Cystein/Serin
1188 Hani$berg, Krupina, Krupinska planina Mts, Slovak Medium Mts (350m) Slovakia Cystein/Serin Serin

1327 Ratzerburg, Moeln, Schleswig-Holstein Germany Cystein Cystein/Serin
1408 St. Omer, Nord Pas de Calais France Cystein Cystein/Serin
1433 Pyrenees France Serin Serin

1435 Pyrenees France Cystein/Serin Serin

1517 Noordwijk, Nieuw Leeuwenhorst, South Holland (-21m) Netherlands  [Cystein Cystein/Serin
1641 Skog Sweden Cystein/Serin Serin

1698 Arla 2 Sweden Cystein Cystein/Serin
1742 Torsby3, ve svahu u kamenu s borkami Sweden Cystein/Serin Cystein/Serin
1765 Strandkaer, Molslaboratoriet Denmark Serin Serin

1826 Calabria, Sila Grande, Valle Capra ltaly Serin Serin

1828 Calabria, Sila Grande, Valle Capra ltaly Serin Cystein/Serin
1845 Apulia, Gargano peninsula, Foresta Umbra ltaly Serin Serin

1848 Snasa, Nord-Trgndelag Norway Serin Serin

1867 Eksingedal, Vaksdal, Eksingedalen, Hordaland Norway Serin Serin

1903 Viterbo ltaly Serin Serin

1910 Armendarits France Cystein Cystein/Serin
1048 Geneva, Jura Mts, Alps Switzerland

1395 Ribeaville France

1670 Kramfors1, les smrk u cesty Sweden Serin

1859 Venabygd, Ringebu, Oppland Norway Serin

1871 Eksingedal, Vaksdal, Eksingedalen, Hordaland Norway

1879 Lillesand, Aust-Agder Norway Serin

1911 Armendarits France Serin

Samples with sequences already available from previous studies are highlighted in green.

Samples discarded due to poor PCR amplification results are highlighted in orange.

Samples added to the list due to missing peaks in pyrosequencing analysis are marked by
the black rectangle.

VI



Annexe 6a: Optimized PCR protocol for Sanger sequencing analysis.

PCRN --
Bankvoles- beta Globin paralog T1

BTIFI 5 ACAYTTGCTTCTGACATAGT 3¢
BTIR593 5 TGAAAGTAAATGCCTTTTATTAGT 3¢

Program BETA T1 .

PPP Master Mix

vz. 1 26
1=94.0° for 2:00 PPP Master Mix 12,5 325
2=94-00 fOr 030 L primer 0,75 19,50

H primer 0,75 19,50

2470

3=57.0° for 0:40 H20 95 0
4=72.0° for 1:00 23,5
5=Goto 2, 33 times DNA 1,5
6=72.0° for 10:00 Total 25 650
7=12.0° for 10:00
PCR N --
Bankvoles -beta globin paralog T2
HBB10U19 5° ATGCACACCCTGGAATTGG 3¢
HBB1266LL.21 5 GTGCATAAACACGAGCAAGAA 3¢
Program BETA T2 PPP Master Mix

vZ. 1 9
1=94.0° for 2:00 PPP Master Mix 12,5 1125

L primer 0,75 6,75
2=94.0° for 0:30 H primer 0,75 6,75
3=57.0° for 0:40 H20 9,5 85,50
4-72.0° for 1:00 235
5=Goto 2, 34 times DNA 1.5
6=72.0° for 10:00 Total 25 2
7=12° for 10:00

Annexe 6b: Sequences of sequencing primers used for Sanger sequencing.

HBB-T1: sequencing primers = amplification primers
HBB-T2: HBB10U19 5'AGTCACACCCTGGAATTGG3'
HBB597U19 5'CCCGTGGTTTCCTTCCTCT3'

VIl



Annexe 7a: List of primers used for correction runs.

primer sequence type direction
HBB_T1_RB_17F20 5'CCTTGGACCCAGAGGTTCTT3'! amplification F
HBB_T1_RB_1010R25 5TGAAAGTAAATGCCTTTTATTAGTS3' amplification R
HBB_T1_S47F21 5'CACTTTGGGGACCTGTCCTCT3' sequencing F
HBB_ T2 RB_FS15 5'GGGACCTGTCCTCTG3' sequencing F

Annexe 7b: List of samples exhibiting missing peaks.

Sample Sampling locality Country
1048 Geneva, Jura Mts, Alps Switzerland
1395 Ribeauville France
1670 Kramfors1, les smrk u cesty Sweden
1859 Venabygd, Ringebu, Oppland Norway
1871 Eksingedal, Vaksdal, Eksingedalen, Hordal:Norway
1879 Lillesand, Aust-Agder Norway
1911 Armendarits France

VIII



haplotype sample country locality
Hap 1 CG1_18_1 CG1_18.2 UKR Feofania
Hap 2 CG1_271_1 CG1.271.2 BGR Solnik
Hap 3 CG1_274 1 ROM Bacau
Hap 4 CG1.274 2 ROM Bacau
Hap 5 CG1_450_1 SRB Strmosten
Hap 6 CG1_450_2 SRB Strmosten
Hap 7 CG1_622 1 CZE Msec
CG1.623 2 CZE Msec
CG1_1126_1 FRA Bussiéres
Hap 8 CG1.622 2 CZE Msec
Hap 9 CG1_623_1 CZE Msec
Hap 10 CG1_707_1 CG1_707_2 DEU Hakel forest
CG1_1126_2 FRA Bussiéres
CG1_1327_1 CG1_1327_2 DEU Ratzerburg
CG1_1517_1 CG1_1517_2 NLD Noordwijk
Hap 11 CG1_734_1 POL Polichno
CG1_1188_2 SVK Hanisberg
Hap 12 CG1._734 2 POL Polichno
CG1_1187_1 CG1_1187_2 SVK Hanigberg
Hap 13 CG1_735_1 POL Polichno
CG1_1188_1 SVK Hanisberg
CG1_1433 1 CG1_1433 2 FRA Pyrenees
Hap 14 CG1.735 2 POL Polichno
Hap 15 CG1_737_1 POL Bialowieza
Hap 16 CG1_737.2 POL Bialowieza
CG1._755_2 RUS Ostashkov
Hap 17 CG1_755_1 RUS Ostashkov
Hap 18 CG1.836_1 CG1.836 2 FRA Beauwoir
Hap 19 CG1_1435_1 FRA Pyrenees
Hap 20 CG1_1435 2 FRA Pyrenees
Hap 21 CG1_1641_1 SWE Skog
CG1_1742_1 SWE Torsby
Hap 22 CG1_1641_2 SWE Skog
CG1_1698_1 CG1_1698 2 SWE Arla
CG1_1742.2 SWE Torsby
Hap 23 CG1_1670_1 SWE Kramfors
Hap 24 CG1_1670_2 SWE Kramfors
CG1_1859_ 1 CG1_1859 2 NOR Venebygd
CG1_1871_1 CG1_1871_2 NOR Eksingedal
CG1_1879_1 CG1_1879 2 NOR Lillesand
Hap 25 CG1_1765_1 CG1_1765_2 DNK Strandkaer
CG1_1848_2 NOR Snasa
CG1_1867_1 CG1_1867_2 NOR Eksingedal
Hap 26 CG1_1826_1
CG1_1828_2 ITA Calabria
Hap 27 CG1_1826 2
Hap 28 CG1_1828 1 ITA Calabria
Hap 29 CG1_1845 1 CG1_1845 2 ITA Gargano
Hap 30 CG1_1848_1 NOR Snasa
Hap 31 - C.rufocanus CG1_1855_1
Hap 32 — C.rufocanus CG1_1855_2
Hap 33 CG1_1903_1 ITA Viterbo
Hap 34 CG1.1903 2 ITA Viterbo
Hap 35 CG1_1048_1 CHE Geneva
Hap 36 CG1_1048_2 CHE Geneva
Hap 37 CG1_1395 1 CG1_1395 2 FRA Ribeavile
Hap 38 CG1_1911_1 CG1_1911_2 FRA Armendarits
Hap 39 CG2 273 1 CG2.273.2 BGR Elena
Hap 40 CG2_274_1 ROM Bacau
CG2_601_1 AUT Bezau
CG2_1126_1 FRA Bussiéres
CG2_1435_1 FRA Pyrenees
CG2_1903_1 ITA Viterbo
Hap 41 CG2 274 2 ROM Bacau
CG2 7352 POL Polichno
Hap 42 CG2_450_1 SRB Strmosten
CG2_1641_1 SWE Skog
CG2_1698_1 SWE Arla
CG2_1845 1 CG2 1845 2 ITA Gargano
Hap 43 CG2_450_2 SER Strmosten
Hap 44 CG2.601_2 AUT Bezau
CG2_735_1 POL Polichno
CG2 1433 1 CG2 1433 2 FRA Pyrenees
CG2_1517_1 NLD Noordwijk
Hap 45 CG2_622_1 CZE Msec
Hap 46 CG2.622 2 CZE Msec
CG2_707_1 CG2_707_2 DEU Hakel forest
CG2_1517_2 NLD Noordwijk
Hap 47 CG2 623 1 CZE Msec
Hap 48 CG2.623 2 CZE Msec
Hap 49 CG2 734 1 POL Polichno
Hap 50 CG2.734 2 POL Polichno
Hap 51 CG2_737_1 CG2.7372 POL Bialowieza
Hap 52 CG2_836_1 FRA Beauvoir
Hap 53 CG2 836 2 FRA Beauvoir
Hap 54 CG2_1126_ 2 FRA Bussiéres
Hap 55 CG2_1187_1 SVK Hanisberg
Hap 56 CG2_1187_2 SVK Hanigberg
CG2_1698 2 SWE Arla
CG2_1742_2 SWE Torsby
Hap 57 CG2_1188_1 SVK Hanisberg
Hap 58 CG2_1188_2 SVK Hanigberg
Hap 59 CG2_1327_1 DEU Ratzerburg
Hap 60 CG2_1327_2 DEU Ratzerburg
Hap 61 CG2_1435_2 FRA Pyrenees
Hap 62 CG2_1641_2 SWE Skog
Hap 63 CG2_1742_1 SWE Torsby
Hap 64 CG2_1765_1 CG2_1765_2 DNK Strandkaer
Hap 65 CG2_1826_1
Hap 66 CG2_1826_2
CG2.1903 2 ITA Viterbo
Hap 67 CG2 1828 1 CG2 1828 2 ITA Calabria
Hap 68 — C.rufocanus ~ CG2_1855_1 CG2_1855_2
Hap 69 CG2_1848_1 NOR Snasa
CG2_1867_1 NOR Eksingedal
Hap 70 CG2_1848 2 NOR Snasa
Hap 71 CG2_1867_2 NOR Eksingedal
Hap 72 CG2_755_1 RUS Ostashkov
Hap 73 CG2.755.2 RUS Ostashkov
Hap 74 CG2_649_1 TUR Bursa
CG2_271_1 BGR Solnik
Hap 75 CG2. 649 2 TUR Bursa
Hap 76 CG2.271_2 BGR Solnik
Hap 77 CG2_1871_1 NOR Eksingedal
Hap 78 CG2_1871_2 NOR Eksingedal
CG2_1670_2 SWE Kramfors
CG2_1879_2 NOR Lillesand
Hap 79 CG2_1670_1 SWE Kramfors
CG2_1879_1 NOR Lillesand
Hap 80 CG2_1859_1 NOR Venebygd
Hap 81 CG2_1859_2 NOR Venebygd

Annexe 8: Complete list of HBB-T1 and HBB-T2
haplotypes, samples included in each haplotype
and sampling locality for each sample.

Sample labels should be read as follows:

e.g.CG1 18 1

CG1 = Clethrionomys glareolus, HBB-T1 gene
18 = sample label in stock

1=allelel

Alleles are recorded in two separate columns
for easier orientation.

Hap 1 — Hap 38 belong to HBB-T1 gene
Hap 39 — Hap 81 belong to HBB-T2 gene

Hap 31, Hap 32 and Hap 68 are haplotypes of

C. Rufocanus used as outgroup in phylogenetic
analyses

IX



Annexe 9: Result of gene conversion
analyses in the form of reduced table.

For complete table see file Conversion.xls
available on CD
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Annexe 10: Poster on which part of my results was presented at Rodens et Spatium
conference in Lisbon in 2014.

European origin of functional
haemoglobin mutation related
to population replacement

in British bank voles

Michaela Straznicka®®, Silvia Markova?, Jeremy B. Searle® and Petr Kotlik®

=Institute of Animal Physiology and Genetics AS CR, Lib&chov, Czech Republic; kotlik@iapg.cas.cz
"Department of Animal Science and Food Processing, Czech University of Life Sciences Prague, Czech Republic
*Department of Ecology and Evolutionary Biology, Cornell University, Ithaca, NY, USA

Functional haemoglobin polymorphism in the bank vole

Bank voles (Clethrionomys glareolus) can possess one of two genetically determined haemoglobin (Hb) variants differing by an amino acid substitution of serine (Ser) with cysteine (Cys) at
position 52 in the beta haemoglobin chain (Kotlik et al. 2014). An exposed side chain sulfur atom makes Cys in Hb a highly reactive functional residue with an important role in red blood cell
(RBC) protection against oxidative damage. This is likely because such Cys can take part in the regeneration of glutathione (GSH), a major intracellular antioxidant, and/or can intercept
reactive oxygen species directly (Rossi et al. 1998). In the bank vole, the presence of B52Cys in Hb (Fig. 1) significantly increases the resistance of RBCs to attacks by peroxyl radicals (Fig. 2).
A previous study showed that two bank vole ions ively ized Britain at the end of the last glaciation, where they partially replaced one another (Searle et al. 2009).
Therefore, there is an area in the north of Britain ing of the first and in the south genotypes of the second colonists. Interestingly, each colenizing population
carried one of the two Hb variants: the first colonists B52Ser and the second colonists B52Cys. Therefore, it was suggested that the higher resistance of their RBCs to oxidative stress could
have provided an adaptive advantage to the second colonist over the first colonists and promote the population replacement (Kotiik et al. 2014). Here, we mapped the distribution of the two Hb
variants throughout the European distribution of the bank vole to d ine the possible geographical origin of the ionarily derived B52Cys variant.

Fig. 1. Medel of bank vole : ‘
haemoglobin showing locations L o f52Sar O e
of the B52Cys sulfur atoms on its ®p52Cys o -

surface.

Fig. 2. Bank vole red blood cells
(RBCs) containing B52Cys
haemoglobin (Hb) significantly
delayed the perox

yl-radical induced luminol
oxidation (CPS) compared to
RBCs containing B52Ser Hb Tima {min)

Pyrosequencing genotyping assays

For genotyping, we used the PyroMark Q24 instrument and software (Qiagen, Valencia, CA, USA), which
not only determines the genotype for each individual, but it also enables to quantify the accuracy of the
genotype calls. Because the same two amino acids (Ser/Cys) segregate at site f52 in both genes coding
for the beta globin chain in the bank vole (Kotlik et al. 2014), we designed two separates assays, one for
the major HBB-T1 gene and second for the minor HBB-T2 gene. We used the assays to genotype the site
in 518 specimens from 70 regional populations in 23 European countries. Population allele frequencies
were calculated with GENEPOP v 4.2 (Rousset 2008). The B52Cys allele frequency data were used as an
input for the interpolation of allele frequency surfaces using the Inverse distance weighted (IDW)
interpolation method in ArcGIS v 10.2 (ESRI, Redlands, CA, USA).

Geographical pattern and association with Western mtDNA clade

The interpolated allele frequency surfaces reveal a strong geographical pattern of the B52Cys allele in
Europe (Fig 3). Only 43 out of the 70 populations carried the B52Cys allele at HBB-T1, of which 12 were
fixed for the allele and 31 polymorphic (B52Cys frequency 0.06-0.96). At HBB-T2 the B52Cys shows a
more restricted distribution with only six populations fixed for the allele. The distribution of B52Cys at both
genes is largely concentrated to the west of Europe, with the majority of the fixed and high-frequency
populations in France, Germany and the Netherlands.

Surprisingly, there are two separate increases of the B52Cys frequency at HBB-T1: in the Balkans
(Bulgaria) and in southem Scandinavia (Sweden) (Fig. 3).

A comparison of Figs 3 and 4 shows a clear tendency for the B52Cys allele to be associated with the
western phylogeographic lineage, as defined by mi ial (mt) DNA ing (Fig. 4), which most
likely originated from woodland refugia in the foothills of the Alps (Kotlik et al., 2006; Magri et al. 2008).
Interestingly, B52Cys is absent from the populations of the western mtDNA lineage within the mountain
range of the Alps (Fig. 3).

Fig. 4. Distribution of
mitochondrial DNA (mtDNA)

clades throughout the range

of the bank vole. Modified

from Wéjcik et al. (2010). Fig. 3. Geographical distribution of the B52Cys allele at HBB-T1 (top) and
HBB-T2 (bottom) shown as interpolated frequency surfaces. Dots represent the
centres of the papulation samples. Data for Britain are from Kotlik et al. (2014).

Conclusion

The B52Cys Hb likely dispersed post-glacially with the bank voles of the western mtDNA lineage, which were successful in
populating large areas in western Europe. The functional advantage of the B52Cys was hypothesised to contribute to the
population replacement in Britain and our results suggest it may have been similarly important on the continent. The two
separate increases of its frequency challenge a single geographical origin of this functional Hb variant and require further
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Annexe 11. Article of P. Kotlik about bank vole haemoglobin polymorphism in Czech
popular scientific magazine Ziva for which | am part of the co-author team.

Petr Kotlik a kolektiv autort

Adaptivni fylogeografie:
od molekularnich markert
k funkénim gentim

Soucasné rozsifeni rostlin a Zivocéichi mirného pasu je vysledkem kolonizace
béhem otepleni na konci posledni doby ledové priblizné pred 10 tisici lety, kdy
druhy postupovaly z glacidlnich refugii do d¥ive neobyvatelnych oblasti, piede-
v§im ve vysich zemépisnych gitkach. Paleontologie pfinesla v tomto sméru fadu
dilezitych informaci, ale naSe soucasna predstava, které populace konkrétnich
druhi slouzily jako zdroj kolonizace Evropy, vychazi zejména z poznatku zis-
kanych vyuzitim genetickych metod. Hlavni zasluhu mé védni disciplina fylo-
geografie, studujici historické vztahy mezi populacemi na zdkladé porovnani
DNA jejich prislusniki. V pribéhu poslednich 25 let vychazely tyto studie
z predpokladu, Ze genetické vlastnosti dnesnich populaci odrazeji vlastnosti
té populace, ktera dané izemi kolonizovala jako prvni. Nové vysledky vsak uka-
zuji, Ze v nékterych pfipadech byla jedna populace po kolonizaci urcité oblasti
¢astecné nebo uplné nahrazena jinou, prichazejici z odlisného refugia. Faktorem
uréujicim, ktera populace se Sifila na ukor jiné, by pak byla schopnost zastup-
ci jednotlivych populaci obstéat v konkurenci. Populace pochazejici z konkrét-
niho refugia tak mohou obyvat uréita izemi ne z ¢isté geografickych diavodi
(jako je napft. blizkost refugia nebo nepfitomnost migrac¢ni bariéry), ale proto,
ze podminky a pfirodni vybér v daném refugiu upiednostnily vlastnosti pfinase-
jici vyhodu béhem kolonizace (nap¥. vyssi reprodukéni potencial, efektivngjsi
termoregulaci nebo odolnost viéi parazitim). PFistup zohledniujici takové adap-
tivni rozdily mezi populacemi oznacujeme jako adaptivni fylogeografie.

Vnitrodruhova fylogeografie

Principy fylogeografie poprvé formuloval
americky pfirodovédec John Avise se svy-
mi kolegy. V prikopnické praci zvefejnéné
v r. 1987 v Gasopise Annual Reviews in Eco-
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logy and Systematics charakterizuji fylo-
geografii jako studium vztaht mezi rodo-
kmenem zédstupct stejného druhu a jejich
geografickym ptvodem. Vymezuji tak novy
védni obor vadi tradiéni fylogenetice, je-
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jimZ cilem je rekonstrukce vztahti mezi
riznymi druhy, gasto reprezentovanymi
pouze jedinym zdstupcem, jehoZ geogra-
ficky ptivod navic neni rozhodujici. Pro
fylogeografické studie je naopak podstatna
snaha o dikladné pokryti aredlu studova-
ného druhu, protoze pouze zhodnocenim
piibuznosti jedinct a potazmo populaci
z riznych oblasti — véetné glacidlnich re-
fugif a kolonizovanych tzemi — lze ziskat
uceleny obrazek o historii a $ifeni druhu.

Obvykly postup zahrnuje uréeni nukleo-
tidové sekvence vybraného tseku DNA —
markeru — zvlast pro kazdého jedince ana
zdkladé podobnosti sekvenci zrekonstruo-
véani pifbuzenskych vztaht jejich nositela
v podobg genealogického stromu (sekveno-
véani pfedchézelo uréovani rozdilt v DNA
jednodussimi metodami, pfedevsim $té-
penim restrikénimi enzymy). Genealogie
markeru pfedstavuje vlastné ekvivalent
fylogenetického stromu, kde ale na konci
vétvi jsou sekvence jedinct stejného dru-
hu (alely genu). Uzem{ obyvana blizce pi{-
buznymi jedinci, tedy se stejnou nebo vel-
mi podobnou sekvenci DNA, potom byla
s nejvétsi pravdépodobnosti kolonizovana
z jedné zdrojové populace — glacidlniho
refugia. Oblasti, kde se naopak potkévaji
geneticky odlisné populace (se zna¢né od-
lisnymi sekvencemi), zpravidla tvoif geo-
grafické bariéry nebo zény, kde se setkaly
koloniza¢ni cesty z rznych glacialnich
refugii. Naprostd vétsina fylogeografic-
kych studif vychazi z pfedpokladu, Ze fak-
tory uréujici, které oblasti byly osidleny
z kterého glacidlniho refugia, nezaleZely

1 Ostrov Raasay pfi zdpadnim pobfezi
Skotska drobni savci kolonizovali jesté
pied jeho oddélenim od Velké Britanie.
V pozadi ostrov Skye

2 Na konci doby ledové byla Velka
Britdnie spojena s Evropou pevninskym
mostem nazyvanym Doggerland, ktery
slouzil jako kolonizac¢ni cesta. Téni
pevninského ledovce mélo za nasledek
vzestup moiské hladiny a pferuseni pev-
ninského mostu pfiblizné pted 8,5 tisici
let. Podle: B. J. Coles (1998), upraveno

Doggerland

Ziva.avcr.cz
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na genetickych odli$nostech mezi popu-
lacemi. Rozdily v sekvencich DNA tak za-
viseji pouze na tom, jestli jejich nositelé
pochazeji ze stejné nebo z riznych popu-
laci, pficemZ v druhém pripadé pfiblizné
odréZeji dobu, po kterou populace odds-
lovala geograficka bariéra. Rozdily v sek-
vencich DNA mezi riznymi zastupci téZe
populace pak zaviseji na velikosti urcité
populace, jak soucasné, tak v minulosti.
Takové markery, kde nositel jedné sekven-
ce neni zvyhodnén pfirodnim vybérem
(selekci) oproti nositeli jiné sekvence, ozna-
¢ujeme jako neutralni. Neutrdlni markery
mohou byt tseky DNA neobsahujici zad-
ny gen, anebo takové, kde rozdily mezi sek-
vencemi nemaji vliv na funkci vysledného
produktu kédovaného danym genem. Do-
nedévna nebylo pifili§ divodu pochybovat,
ze fylogeografie vétSiny druhu skutecné
neutralni je, a nebyla podstatné ovlivné-
na pifirodnim vybérem. Cilem pfirodniho
vybéru v8ak mtize byt kterykoli gen v geno-
mu bez ohledu na to, jaky jsme si zvolili
marker. Neni proto vyloucené, Ze mezi
populacemi existovaly rozdily pfinasejici
b&hem kolonizace nékterym z nich vyhodu
oproti jinym i v pfipadé, Ze rozdily v sek-
vencich markeru jsou vyhradné neutralni.

Keltsky lem rejskii a hrabost
ve Velké Britanii
Tento pohled zcela zménily vysledky ne-
davného porovnéni fylogeografie drob-
nych savet ve Velké Britanii. V praci zve-
fejnéné v r. 2009 v Casopise Proceeding
of the Royal Society of London jsme s ko-
legy z Anglie, Skotska a Irska ukazali, Ze
v nejméné péti pfipadech — u dvou druha
rejskd a tif druht hrabost — byla Velka Bri-
ténie kratce po sobé osidlena dvéma gene-
ticky odlisnymi populacemi, z nichz kazdé
pochézela zjiného glacidlniho refugia. Vel-
kou Britanii béhem posledni doby ledové
pokryval ledovec a byla sougasti evrop-
ského kontinentu, s nimZ ji spojoval pev-
ninsky most v misté dne$niho Severniho
mofe — tzv. Doggerland (obr. 2). S postupu-
jicim oteplovanim se tdnim pevninského
ledovce zacdaly zvySovat hladiny mofi, az
doslo k zatopeni Doggerlandu a pferuseni
spojeni s Britdnii, ktera se tak pfiblizné
pfed 8,5 tisici let stala ostrovem. Jako mar-
ker byla ve ¢tyfech z téchto péti piipada
zvolena mitochondridlni DNA (mtDNA),
piesngji jeden z gent mtDNA — gen pro
protein cytochrom b, ktery je soucasti en-
zymatického komplexu tvofictho ¢lanek
buné¢ného dychaciho fetézce (jen u rejska
obecného byly porovnany chromozomy).
Od samych pocatka fylogeografie byla
mtDNA jako marker prvni volbou — v na-
prosté vétsiné studii v uplynulych 25 le-
tech védci pouzili k rekonstrukei vnitro-
druhovych genealogickych vztaht mtDNA.
U v8ech péti druhti — rejska obecného
a 1. malého (Sorex araneus a S. minutus),
hrabo$e moktadniho (Microtus agrestis),
hryzce vodniho (Arvicola terrestris) a nor-
nika rudého (Clethrionomys glareolus,
obr. 6) — tvoii fylogeografii v Britanii dvé
hlavni genealogické linie (obr. 3). Jejich
roz$ifeni se navzéjem nepiekryvaji a po-
pulace v okrajovych ¢astech Briténie — ve
Skotsku a jizni Anglii (v pfipadé rejski
i Walesu), patii k jiné linii nez populace
v centrélni ¢éasti ostrova (obr. 4). Vysvét-

ziva.aver.cz

3 Genealogické vztahy nornikt rudych
(Clethrionomys glareolus) z Velké Brita-
nie (¢erné krouzky) a z kontinentalni
Evropy (prazdné krouzky) zrekonstruova-
né porovnanim sekvenci mitochondrialni
DNA. Nornici v Britanii patii ke dvéma
genealogickym liniim, které obg prisly

z kontinentu. Orig. P. Kotlik

4az6 Keltsky lem nornfka rudého
(obr. 6) — jednoho z druhti, které na
konci doby ledové kolonizovaly

Velkou Britdnii ve dvou vInach, pfi¢emz
druzi, pozdgji ptichozi kolonisté
nahradili ty prvni. BliZze v textu.
Rozsifeni genealogickych linii prvnich
(modfe) a druhych (Cervens) kolonistl je
zobrazeno zvlast pro mitochondrialni
DNA (obr. 4) a pro hemoglobin (obr. 5).
Prerusované ¢ary na obr. 5 vyznacuji
hranice Skotska, Walesu a Cornwallu.
Podle: J. B. Searle a kol. (2009), upraveno
7 'V kulturni krajiné Anglie (zde Corn-
wall) jsou typickym biotopem nornika
zarostlé biehy cest (banks — odtud
anglicky nézev nornika bank vole).

lenim je scénéf, kdy v piipadé kazdého
z druha byla prvni prichozi populace
v Anglii ¢4ste¢né nahrazena druhou pfi-
chézejici z jiného refugia a nesouci odlis-
nou mtDNA. Blizka podobnost rozsifeni
okrajovych linii rejskt a hrabosu s oblast-
mi obyvanymi kulturné a geneticky svébyt-
nymi narody hovoficimi keltskymi jazyky
(skotskou gaelstinou, irStinou, velstinou,
manstinou a kornstinou) inspirovala ozna-
¢eni fylogeografie britskych drobnych sav-
ct terminem Keltsky lem.

Fylogeografie mtDNA rejski a hrabost
ve Velké Britanii ukézala, Ze populace urci-
tého tizemi nemusi nutné byt tou popula-
ci, kterd dané tzemi kolonizovala jako
prvni. Vyvolava ale také piedevsim otézku,
co bylo hnacim motorem, ktery zpusobil,
Ze pozdgji piichozi na tak velkém tzemi
vytlacili a nahradili ty prvni. A byla skutec-
né prvni populace nahrazena tou druhou,
nebo probéhla pouze vyména mtDNA?
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At uz §lo o nahrazeni populace nebo jen
nékolika gent, jakou tdlohu mohl sehrat
pfirodni vybér upfednostiiujici vlastnosti
zastupct populace pochézejici z jednoho
glacidlniho refugia ptfed zastupci popula-
ce zjiného refugia? Najit odpovédi na tyto
otédzky mél vyzkumny projekt, v némz jsme
se sousttedili na jeden z péti pfipadi Kelt-
ského lemu — na nornika rudého.

Evoluce mitochondrialni DNA

nornika rudého

V3ech 37 genti obsazenych v mtDNA toho-
to druhu tvoii jednu vazebnou skupinu,
protoZze mtDNA je pfeddvana mezi gene-
racemi jako celistvd molekula a dédi se jen
od matky, aniZ by dochézelo k miseni s geny
od otce (tzv. maternalni a klonalni dédic-
nost). To znamen4, e pokud by néktery
z gent byl cilem pfirodniho vybéru, bude
jim ovlivnéna celd mtDNA. Porovnanim
sekvenci kompletniho mitochondrialni-
ho genomu (vice nez 16 tisic nukleotida)
nékolika zéstupct obou britskych popu-
laci nornika jsme v3ak nezjistili zadné
rozdily, které by poukazovaly na funkéni
odli3nosti mezi mtDNA prvniho a druhého
kolonisty. Jejich mtDNA nevykazovala zvy-
$enou ¢etnost zdmén aminokyselin, jez by
mohla byt disledkem pfirodniho vybéru.
Pouze na jedné pozici jediného genu — pro
cytochrom b — jsme zjistili v¥znamnou
zménu fyzikélné-chemickych vlastnosti,
konkrétné zaménu aminokyselin alanin za
threonin, jejichZ postranni fetézce se 1isi
svym objemem (u alaninu je tvofen jedinou
metylovou skupinou, zatimco u threoninu
jednou hydroxylovou a jednou metylovou
skupinou). PfestoZe tyto rozdily mohou
ovliviiovat funkci enzymatického komple-
xu, jehozje cytochrom b souéasti (k zdms-
né doslo v prostoru vazebného mista pro
koenzym Q), mutace se vyskytovala v sek-
vencich zéstupct jak prvniho, tak druhého
kolonisty, a neni tak piili§ pravdépodob-
né, ze by pfi kolonizaci pfinasela vyhodu
jedné populaci oproti druhé.

Genomicky gradient
Fakt, Ze vSechny geny mtDNA maji stej-
nou genealogii, také znamen4, Ze pokud
chceme zjistit, zda rtzné ¢asti genomu
ukazuji na stejnou historii nahrazeni jed-
né populace druhou, musime obratit po-
zornost ke gendm jaderné DNA. Ta obsa-
huje mnohonasobné vétsi podet gent nez
mtDNA (v genomu laboratorni mysi od-
hadem piiblizné 25 tisic; genom nornika
nebyl doposud popsén). Jaderné geny se
dédi od matky i od otce, a to nejen neza-
visle jeden na druhém, ale také na mtDNA.
Bylo tak teoreticky mozné, Ze po pfichodu
druhych kolonistt do té ptvodni popula-
ce pronikla pouze jejich mtDNA a kromé
ni zadny, nebo jen nékolik malo gent
jaderné DNA. Nemuselo tedy jit o skuted-
né nahrazeni jedné populace druhou, ale
pouze o pfenos gent. Vzhledem k vyso-
kému poctu genti v jaderné DNA by neby-
lo ptili§ efektivni uréit sekvenci jednoho
genu po druhém a pro kazdy rekonstruo-
vat genealogicky strom. Na druhou stra-
nu omezit se na jediny, nebo na nékolik
gent by zase neposkytlo reprezentativni
obrazek o historii celého genomu.

Zvolili jsme proto trochu jiny piistup,
ktery vyuziva technologického pokroku

Ziva 2/2015
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v sekvenovani DNA. Tyto nové technologie,
oznadované jako sekvenovani nové gene-
race (Next Generation Sequencing, NGS),
umoziuji v jednom experimentu ziskat
velké mnozstvi sekvenci (obvykle néko-
lik miliont) reprezentujicich vétsinu genti
z genomu daného druhu, a to hned pro
nékolik riznych jedincii najednou (jejich
DNA se nejprve individudlné oznaci). Pro-
blém spociva v tom, Ze dopfedu nevime,
ktera sekvence pochézi z kterého genu.
Vstupnim materidlem je totiZ celkova DNA
(nebo RNA odpovidajici gentim aktivnim
v ur¢itém orgénu, napf. slezing, mediéto-
rova RNA, viz déle), navic z technickych
davodt pfedem fragmentovana na kratké
tseky — kratsi neZ vétsina gent. Je tedy
nejprve nutné vzdjemnym porovnanim
jednotlivych sekvenci uréit, které nalezeji
ke stejnému genu, a z nich potom sekvenci
genu sestavit. Tento velmi ndro¢ny postup
se neobejde bez vykonného pocitace. Pii
pouziti odpovidajici vypocetni kapacity
a modernich algoritmiu je vsak docela
dobfe proveditelny, a tak v dal3fm kroku
mohou byt k ziskanym referen¢nim sekven-

cim jednotlivych gent zpétné pfifazeny
pavodn{ kratké sekvence. Tentokrat jde
vzdy pouze o ty, které pochazeji z DNA
konkrétniho jedince, a cely postup se zopa-
kuje pro kazdého jedince zvlast. Peclivym
srovnanim sekvenci urc¢itého jedince s re-
ferencni sekvenci pfislusného genu je pak
mozné identifikovat rozdily u daného je-
dince, i rozdily mezi jedinci navzdjem, a to
pro kazdy z genti. Metody NGS tak umoz-
fujf pomérné rychle a s relativné nizkymi
néklady (v porovnani s tradi¢nim sekve-
novéanim jednoho genu po druhém) porov-
nat sekvence tisicti gent mezi desitkami
jedincti stejného druhu. Takové mnozZstvi
dat posouvé fylogeografii na zcela novou
droverti, protoZe lze srovnavat populace
skute¢né v genomickém méfitku.
Vzhledem k mnozstvi gent a charakte-
ru dat ziskanych technikami NGS jiz neni
praktické vztahy mezi riznymi jedinci a po-
pulacemi vyjadfovat formou genealogic-
kych stromt (pracovali bychom s tisici raz-
nymi genealogiemi). Stale ¢astéji se proto
uplatiiuji vypocetni metody, které namisto
celych sekvenci genti pracuji pouze s poly-

morfnimi nukleotidovymi pozicemi, tedy
témi, kde se néktefi jedinci odliguji od
referencni sekvence genu, a tim od ostat-
nich jedinct ze stejné nebo jiné popula-
ce. Tyto polymorfni nukleotidové pozice
se oznaduji SNP (Single Nucleotide Poly-
morphism). Pro kazdého jedince potom
miiZzeme porovnanim jeho genotypt na
jednotlivych pozicich SNP s frekvencemi
genotypt stejnych SNP v raznych popu-
lacich vypocitat pfimés gend z téchto po-
pulaci v jeho genomu. Tak lze napf. v ge-
nomu jedincti z raznych ¢asti aredlu urcit
podil gent ptvodem z jednotlivych gla-
cialnich refugii, a tim i hranice mezi oh-
lastmi kolonizovanymi z konkrétnich refu-
gii, nebo také pfipady, kdy pii kolonizaci
doslo k promichani genti mezi populace-
mi z vice refugii.

V nasi genomické studii Keltského lemu
nornika rudého jsme timto postupem zjis-
tili genotypy na vice nez 10 tisicich pozic
SNP, znichZ navic kazdé leZl v jiném genu,
a to celkem pro 39 nornika z 6 rliznych lo-
kalit. Takovy pocet markerti znamena, ze
méme moznost udélat si pomérné pfesnou
pfedstavu o podilu genti obou kolonizuji-
cich populaci v genomu norniki z rznych
Gésti Britdnie. Na obr. 8 je pro kazdého
z 39 nornikti modie znazornén podil genii
v jeho genomu s ptivodem v populaci, kte-
ra ostrov kolonizovala jako prvni, a Gerve-
né podil gent z druhé pfichozi populace.
Na prvni pohled je ziejmé, Ze se podil gent
obou populaci 1i$f mezi norniky z riznych
lokalit. Genom jedincii z okol{ skotského
mésta Aberdeen, nejsevernéji polozené
lokality v nasf studii, neobsahuje zddné
zjistitelné stopy po pfimési genti pocha-
zejicich z druhé populace. Znamena to,
%e 100 % jejich gent je ptivodem z popu-
lace, ktera Britanii osidlila prvni. Oproti
tomu pfes 50 % genomu nornikd z oko-
1 Edinburghu na jihu Skotska jiz tvofi
geny druhych kolonistd, a smérem k jihu
podil jejich genomu déle vzrista. V geno-
mu nornika z anglickych lokalit Doncas-
teru a Gloucesteru tak jiz pfevladaji geny
v pofadi druhé kolonizujici populace, a na
nejjiznéjsich lokalitach v hrabstvich Corn-
wall a Devon dokonce nenajdeme Zadné
stopy genomu populace p¥ichozi do Brita-
nie jako prvni. Analyza markertt SNP tak
ukazuje zfetelny severojizni gradient v pii-
mési genti druhé kolonizujici populace —
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pouze nejsevernéjsi populace si zacho-
vala pavodni genom, zatimco v obou nej-
jiznéji poloZenych populacich uZz genom
prvniho kolonisty zcela nahradily geny
druhého pfichoziho.

Genomicka fylogeografie tak potvrzuje
scénaf, na ktery poukézala mtDNA, tedy
Ze prvni pfichozi populace norniki byla
v Anglii skute¢né nahrazena tou druhou,
ktera se sem rozsifila pozdéji a piisla z ji-
ného glacidlntho refugia. MaZzeme vylou-
¢it moZnost, Ze do genomu britskych nor-
nikd po prvotni kolonizaci pronikla pouze
mtDNA nebo maximélné nékolik mélo ja-
dernych genii druhych kolonista. Fakt, Ze
jde o skutetné nahrazeni jedné populace
druhou, nezbytné vyvolava otédzku, jakou
tdlohu mohl sehrét pfirodni vybér upfed-
nostriujici vlastnosti populace pochéazejici
z jednoho glacidlniho refugia pfed popu-
laci z jiného refugia. ProtoZe jiZ vime, Ze
samotnd mtDNA zdrojem selekéni vyhody
nebyla, je tfeba hledat funkéni rozdily za-
kédované v jaderném genomu. V tomto
sméru pomohla ndhoda, kterd nés piived-
la na stopu fyziologické odlisnosti norni-
ka druhé kolonizujici populace, kterd je za
urc¢itych podminek mohla uéinit z hledis-

ka pfirodniho vybéru ispésnéjsimi.

Rozdily v hemoglobinu

V r. 1979 publikoval student univerzity
v Cambridgi Stephen Hall védeckou pra-
ci v ¢asopise Journal of Zoology, ve které
ukézal, Ze nornici ze Skotska a severni
Anglie maji odlisny hemoglobin neZ nor-
nici z jihu Britanie (obr. 5). S. Hall, dnes
emeritni profesor na univerzité v Lincolnu
v Lincolnshiru ve vychodni Anglii, tehdy
porovnal pohyblivost hemoglobinu u zvi-
Fat z rdznych ¢ésti zems, od Cornwallu po
Edinburgh, metodou gelové elektroforé-
zy, kterd oddél{ varianty proteinti lisic{ se
celkovym nébojem (souttem zdpornych
a kladnych néaboja jednotlivych amino-
kyselin, z nichZ se protein sklada). Zjistil,
Ze nornici z lokalit jiZzné od mésta Doncas-
ter nesli elektronegativnéjs{ (vice zaporné
nabity, a tudiZ p¥i elektroforéze rychleji se
pohybujici) hemoglobin (HbF, z anglic-
kého fast — rychly), nez byl hemoglobin
nornikd ze severu (HbS, slow — pomaly).
Pozoruhodné bylo, Ze se na 24dné z loka-
lit v celé Britanii nevyskytovaly oba typy
hemoglobinu soucasng.

Prestoze gelova elektroforéza neposkyt-
la zadné informace o funkc¢nich odlisnos-
tech HbS a HbF, vyhranéna geograficka
rozsifeni obou, strukturné zjevné odlinych
typl hemoglobinu, vedla S. Halla k vyslo-
veni domnénky, Ze rozdily mezi populace-
mi na severu a na jihu Britdnie jsou vy-
sledkem puisobeni piirodniho vybéru, ktery
z né&jakého diivodu upfednostituje HbS na
severu a HbF na jihu. Kromé& funkénich
rozdild mezi obéma typy hemoglobinu,
a tim i moZného cile pfirodniho vybéru,
zustal nevyjasnény puvod tohoto poly-
morfismu — Ze Velkou Briténii postupné
kolonizovaly dvé populace nornika, jsme
popsali o 30 let pozdéji. Stephen Hall jesté
pracoval s hypotézou, Ze jedna z variant
vznikla v Britanii z té druhé (HbS z HbF,
nebo opa¢né). My dnes vime, Ze nornici
nesouci HbF jsou potomky druhych kolo-
nistd, ktef{ si HbF pfinesli z kontinentu
a na jihu ostrova vytlacgili a nahradili ty
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prvni, nesouci HbS. Zajimalo nés proto,
jaké rozdily v molekulédrni struktufe he-
moglobinu jsou zodpovédné za elektro-
foretické rozdily mezi HbS a HbF a jaky
vyznam maji z hlediska funkce a potazmo
piirodniho vybéru.

Izolace genui pro hemoglobin
Hemoglobin je protein tvofeny ¢tyimi poly-
peptidovymi fetézci (globinovymi pod-
jednotkami), dva jsou typu alfa a dva typu
beta. Jde tedy o tetramerni protein, jehoz
molekulérni strukturu priméarng urduje slo-
Zen{ jednotlivych podjednotek, pfesnéji
jejich aminokyselinové sekvence. Klitem
k poznéni rozdila struktury HbS a HbF
proto bylo uréent rozdilti sekvenci gent
kédujicich jednotlivé globinové podjed-
notky. Hemoglobin savct je aZ na vyjim-
ky kédovén ¢tyfmi geny — jednim pérem
genu pro podjednotky alfa a druhym pro
podjednotky beta. ProtoZe sekvence zad-
ného z globinovych genti nornika nebyla
zndma, stéli jsme pfed dkolem tyto geny
nejprve izolovat. Piedtim jsme v8ak mno-
zinu cilovych gent zdzili porovnanim
elektrostatického naboje podjednotek alfa
a beta HbS a HbF. Molekuly obou typt
hemoglobinu jsme chemicky rozlozili na
podjednotky, které jsme od sebe oddélili
elektroforézou. Tim se podafilo dokézat,
ze za rozdily mezi HbS a HbF zodpovida
vyssi elektronegativita podjednotky beta
HbF — podjednotky alfa obou typ hemo-
globint vykazovaly shodnou pohyblivost.
V nésledujicim kroku jsme proto pfi-
stoupili k izolaci a uré¢eni nukleotidové
sekvence gent kédujicich globinové pod-
jednotky beta. Pouzili jsme k tomu meto-
du RACE (Rapid Amplification of cDNA
Ends), ktera umoznuje izolovat vybrané
geny, aniz zname jejich sekvenci. Stadi znét
pouze sekvenci kratké oblasti uprostied
genu, coz nepfedstavovalo velky problém,
protoze nékteré Gseky gent pro podjed-
notky beta klicové z hlediska funkce jsou
shodné mezi riznymi druhy savct. Vycho-
zim materidlem byla medidtorovd RNA
(mRNA) ziskana ze sleziny norniki, ktera
u hlodavcei patif mezi krvetvorné organy.
Pri pouZiti mRNA mame jistotu, Ze jsme
ziskali jen skutec¢né funkéni geny (ne-
funkéni geny netvoii mRNA). Metodou
RACE jsme izolovali oba geny kédujici
podjednotky beta u nornika, oznacované
HBB-T1 a HBB-T2. Nukleotidové sekvence
obou genti jsme potom porovnali mezi nor-
niky z riznych lokalit v Britdnii, abychom
urcili, ktery z gent a jaké konkrétni muta-
ce zodpovidaji za rozdil mezi HbS a HbF.
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8 Genomicky gradient. Graf zndzoriuje
pro kazdého z 39 norniki (svislé sloup-
ce) modrou barvou podil genti v jeho
genomu majicich ptivod v populaci,
ktera Velkou Briténii kolonizovala jako
prvni; ¢ervend barva znamena podil gent
puvodem z druhé ptichozi populace.
Pouze nejsevernéjsi populace z okoli
skotského mésta Aberdeen si zachovala
genom prvnich kolonistl bez pfimési,
zatimco v obou nejjiznéji poloZenych
populacich, v anglickych hrabstvich
Cornwall a Devon, jsou geny prvniho
kolonisty jiZ zcela nahrazeny geny
druhého kolonisty. Orig. P. Kotlik

9 Model hemoglobinu HbF. Atomy siry
(Zlutg) cysteind v podjednotkach beta
jsou exponované na povrchu molekuly
(obr. a). Hemoglobin HbF od HbS
odliSuje zdména jediné aminokyseliny
zpusobena mutaci kodonu pro serin
(TCC) na kodon pro cystein (TGC, obr. b).
Aminokyseliny serin a cystein se 1isi
pouze v jediném atomu — pfitomnosti
siry (S) v cysteinu na misté, kde se

v serinu nachézi kyslik (O, obr. ¢).
Podle: P. Kotlik a kol. (2014), upraveno

Mutlace odlisujici HbS a HbF
Vzhledem k rozdilnému elektrostatickému
néboji HbS a HbF bylo ziejmé, Ze alespori
jeden ze dvou genti pro podjednotku beta
bude kédovat dva rizné proteiny odlisuji-
cif se zaménou nejméné jedné aminokyse-
liny. K nasemu piekvapeni jsme zjistili, Ze
HbF se od HbS 1i8i pravé jedinou nesy-
nonymni mutaci (mutaci v DNA kédujici
jinou aminokyselinu) v genu HBB-T1, a co
vic, v genu HBB-T2 britsti nornici nesou
opét pravé jen tu stejnou nesynonymni
mutaci. Pfitom tym védci z univerzity v Ne-
brasce vedeny Jayem Storzem napf. ukazal,
Ze varianty hemoglobinu severoamerického
kiecka dlouhoocasého (Peromyscus mani-
culatus) ptizptisobené riznym nadmof-
skym vyskam se lisi péti aminokyselinami
v podjednotce alfa a ¢tyfmi v podjednotce
beta. Fakt, Ze se hemoglobiny HbS a HbF
nornika odliduji zdménou jediné amino-
kyseliny, pfinasi velkou vyhodu pii hledé-
ni podstaty funkénich rozdild proti zming-
nému piikladu hemoglobinu kiecka, kde
bylo k ur¢eni funkénich dopadti zamén
jednotlivych aminokyselin potfeba pouZit
proteinového inZenyrstvi (k vytvoreni viech
moznych v pfirodé se nevyskytujicich kom-
binaci jednotlivych aminokyselin).
Mutaci, kterou jsme objevili v podjed-
notce beta hemoglobinu nornika, byla za-
meéna aminokyseliny serin (Ser) na pozici
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50 51 52 53 54
Ser Ala Ser Ala Val
HbS TCTGCCTCCGCTGTC
HbF

Ser Ala Cys Ala Val
c COOH COOH
o, o,
H,N —l:— H H,N —(ID—H
(IDH éH
Serin (Ser) Cystein (Cys) 9

52 proteinové sekvence za cystein (Cys).
Cystein muZe za ur¢itych podminek nést
zéporny naboj (viz déle) a zplsobovat tak
vyssi elektronegativitu proteinu oproti va-
rianté obsahujici serin, ktery je nenabity,
coz by vysvétlovalo rozdily HbS a HbF pfi
elektroforéze. Kdybychom ov8em nezjisti-
1i, Ze néktef{ nornici s HbF nesli na pozici
52 v genu HBB-T2 kodon pro serin. Norni-
ci s hemoglobinem I1bS pfitom opravdu
vzdy nesli pouze kodon pro serin v obou
genech HBB-T1 i HBB-T2, stejné tak u nor-
nikt s HbF byl pokazdé kodon pro cystein
v HBB-T1. Nékteti vak méli kodon pro
cystein v HBB-T1 a sou¢asné pro serin
v HBB-T2, pticemz ale elektroforéza jedno-
znalné urcila jejich hemoglobin jako HbF.
Jak je mozné, Ze se elektroforézou u téchto
nornikil nezjistila také p¥itomnost HbS?
Vysvétleni jsme nasli v rozdilné mife expre-
se gentt HBB-T1 a HBB-T2 nornika.

Velké mnozstvi sekvenci ziskanych me-
todou NGS, kde byla vychozim materidlem
mRNA jako v nasi studii genomického gra-
dientu, lze kromé identifikace SNP pouzit
také k porovndni drovné exprese riznych
gentl. V pfipadé genti pro podjednotku beta
hemoglobinu nornika jsme to provedli tak,
Ze jsme porovnali pocty sekvenci odpovi-
dajicich genu HBB-T1 s po&tem sekvenci
puvodem z genu HBB-T2. ProtoZe jsme
mRNA ziskali ze sleziny, pocet sekvenci
odpovidajicich kazdému z obou geni od-
razi mnozstvi mRNA od toho genu odvoze-
né a pfitomné v krvetvorné tkani, a mize
tak slouzit jako méfitko drovné exprese
jednotlivych gent. Timto zptisobem jsme
prokazali, Ze u nornika je gen HBB-T1 vice
nez 20x vice exprimovany nez gen I1BB-T2.
Je to tedy gen HBB-T1, ktery se rozhoduji-
ci mérou podili na produkci mRNA, a tim
na syntéze podjednotky beta hemoglobinu
u nornfka. Ani u jinych savctl neni neob-
vyklé, Ze jeden z dvojice globinovych gentt
je tzv. majoritni gen, zodpovédny za syn-
tézu prevazné vétsiny proteinu, a druhy,
minoritni gen se na syntéze podili relativ-
né velice mélo. V pfipadé podjednotky
beta u nornika vyrazné rozdily v genové
expresi vysvétluji, proc¢ se pfitomnost ko-
donu pro serin v minoritnim genu HBB-T2
neprojevi na vlastnostech hemoglobinu
nornikt s HbF nesoucich kodon pro cys-
tein v majoritnim genu HBB-T1, ale kodon
pro serin v IIBB-T2.

Funkéni rozdily

Ukazali jsme, Ze hemoglobin HbF od HbS
odli§uje zdména jediné aminokyseliny.
Existuje-li tedy mezi obéma typy hemo-
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globinu n&jaky funkéni rozdil, musi byt
zpUsoben pravé touto zaménou serinu za
cystein na pozici 52 podjednotky beta. Na
prvni pohled jsou serin a cystein velmi
podobné aminokyseliny, které odliduje
jediny atom — pfitomnost siry v cysteinu
na misté, kde se v serinu nachazi kyslik
(obr. 9). Rozdil je vsak maly jen zdanlivé.
Pritomnost sulthydrylové nebo také thio-
lové skupiny —SH totiz cysteinu proptjcu-
je dramaticky odli¥né fyzikélné-chemic-
ké vlastnosti oproti hydroxylové skupiné
—OH serinu. Thiol —=SH cysteinu totiz mtze
pomérné snadno ionizovat (ziskat nega-
tivni naboj ztratou vodikového protonu)
a zménit se na thiolatovy anion —-S-, ktery
za vhodnych podminek pfedstavuje vyso-
ce reaktivni funkéni skupinu. Takovy thio-
latovy anion potom snadno reaguje s jinou
thiolovou skupinou za vzniku disulfidové
vazby (kovalentni vazby mezi dvéma ato-
my siry).

Fyziologicky vyznamné jsou predevsim
mezimolekulové disulfidy, které se tvofi
mezi thioly na povrchu proteind a thioly,
jeZ jsou souddsti jinych molekul nez pro-
teinl — pfedevsim glutationu (GSH). Jeho
molekula se sklada ze tfi aminokyselin,
z nichZ prostfedn{ je cystein. Glutation
chréanici burtiky pfed oxidaénim stresem
a poskozenim volnymi radikaly a jinymi
reaktivnimi metabolity kysliku, pfipadné
dusiku. V burikach se vyskytuje ve dvou
zakladnich formach, redukované GSH
a oxidované GSSG, kterd nen{ ni¢im jinym
nez disulfidem ze dvou molekul GSH spo-
jenych disulfidovou vazbou. Disulfid glu-
tationu vznika reakci GSH s reaktivnimi
metabolity, kdy je thiol cysteinu v GSH
oxidovan a reaktivni metabolit naopak re-
dukovan — napf¥. peroxid vodiku (H,0,) je
reakci se dvéma molekulami GSH reduko-
van na dvé molekuly vody (H,0), pficemz
vznika jedna molekula GSSG. Pro zacho-
vani{ oxida¢né-redukéni rovnovéhy v buri-
ce musi tedy nésledovat regenerace GSSG
zpét na GSH, které se standardné dosahne
enzymaticky, redukci glutation reduktazou.

Existuji viak dikazy, Ze reaktivni thiol
cysteinu pfitomny v nékterych typech he-
moglobinu mysi se mtiZe regenerace GSH
Gcastnit. Déje se tak pravdépodobné pro-
sttednictvim reakce hemoglobinu (HbSH)
s GSSG, kdy z molekuly GSSG vznikd mo-
lekula glutationylovaného hemoglobinu
HbSSG a molekula GSH. Vzhledem k vyso-
ké koncentraci hemoglobinu v ¢ervenych
krvinkach, ktera je nékolikanasobné vyssi
nez koncentrace GSH, tedy miiZe hemo-
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globin kromé své tilohy pfenasece kysliku
hrat vyznamnou roli v detoxikaci reaktiv-
nich metaboliti. Ov8em pouze za pfedpo-
kladu, ze obsahuje cystein s reaktivni thio-
lovou skupinou. Hemoglobin vét3iny savcii
vsak zadny reaktivni cystein neobsahuje,
coz plati také pro HbS nornika. Jestli je cys-
tein pf{tomny navic v HbF takovym reaktiv-
nim cysteinem, jsme zjistovali sestrojenim
trojrozmérného molekulédrniho modelu.
Reaktivita cysteinu, resp. jeho thiolu,
zavisi jednak na jeho poloze v molekule —
jen thiol cysteinu lezictho na povrchu pro-
teinu se dostane do natolik tésného kon-
taktu s jinymi molekulami, aby se mezi
nimi mohla uskute¢nit chemickd reakce.
Ne kazdy takto exponovany cystein v§ak
lze automaticky povazovat za reaktivni —
jako urcujici faktor vystupuje rovnéz ioni-
zatni stav thiolu. Pouze cystein pfitomny
v buiice ve formé thiolatového aniontu —S-
je reaktivni a jeho reaktivita zdleZi na po-
mérném zastoupeni aniontové formy. Tu
uréuje disociatn{ konstanta pK, thiolu,
vyjadfujici pH, pfi némz jsou koncentrace
nenabitého thiolu —SH a koncentrace thio-
potom pK, konkrétniho thiolu, tim vy&si
zastoupeni md reaktivni aniontova forma
pii konkrétnim pH. Napt. pii fyziologickém
pH okolo 7,3 bude cystein s pK| vyrazné
vy$si nez 7,3 v burice pfitomen predevsim
jako nenabity thiol. Naopak cystein s pK,
vyrazné niz§i nez fyziologické pH bude
v burice hlavné ve své aniontové forms.
Nas3 trojrozmérny model hemoglobinu
HbF nornika jednoznané ukazal, Ze cys-
tein na pozici 52 podjednotky beta lezi na
povrchu molekuly HbF (obr. 9a). Na zékla-
dé stejného modelu jsme potom vypoci-
tali, Ze elektrostatické interakce atomu
siry cysteinu s okolnimi atomy, jako napt.
vodikova vazba na kyslik serinu na pozi-
ci 50, poméhaji cystein stabilizovat v jeho
aniontové formsé, a vyznamné tak snizuji
jeho disociacni konstantu pK,. Ta neza-
visle na pouzité metodé vypoctu lezi hlu-
boko pod hodnotou fyziologického pH 7,3
(v blizkosti hodnot 5-6). Takové hodnoty
disocia¢ni konstanty cysteinu znamenaji,
%e pfevaznd vétsina jeho bunétné popu-
lace (podle nasich vypocti az 94 %) bude
tvofena aniontovou formou —S°, coz z cys-
teinu na pozici 52 podjednotky beta HbF
¢ini vysoce reaktivni funkéni skupinu.
Reaktivitu cysteinu (schopnost tvofit
mezimolekulové disulfidy) jsme nésled-
né otestovali. V laboratornich podminkach
lze vzdjemnou reakci thiolt katalyzovat
oxida¢nim ¢inidlem. V pfipadé hemoglo-
binu mizZe oxidace thiold mit za nasledek
tvorbu polymert hemoglobinu, a to v pfi-
padé, Ze se cystein nachdzi na povrchu
molekuly a jeho thiol je reaktivni. Necha-
li jsme proto na vzorky krve (hemolyzaty)
norniki nesoucich IIbF a nornika s IbS
pusobit oxida¢ni ¢inidlo (diamid) a deteko-
vali tvorbu polymert pomoci elektroforé-
zy. Vysledek jsme porovnali se vzorky, ke
kterym bylo pfidano navic jesté redukéni
¢inidlo (merkaptoetanol). Na rozdil od HbS
vykazoval HbF po oxidaci jasné znamky
tvorby polymert. Po redukci se viak vzor-
ky hemoglobinu IIbS i HbF nelisily od
ptisludnych kontrolnich vzorka, coz po-
tvrzuje, Ze polymeraci HbF zpusobily
disulfidové vazby — obdobné se chovaji
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napi. polymerujici hemoglobiny mysi obsa-
hujici reaktivni cystein.

Detoxikace volnych radikala
Pokud hemoglobin sehral né&jakou tlohu
pfi nahrazeni jedné populace britskych
nornikt druhou, mély by funkéni vlastnos-
ti HbF svym nositeliim p¥inaset vyhodu.
Zajimalo nés proto, jestli mizeme zjistit
rozdily ve schopnosti ¢ervenych krvinek
obsahujicich HbS a HbF odolavat oxidac-
nimu stresu. Pfedpokladali jsme, Ze pokud
HbF diky pfitomnosti reaktivniho cystei-
nu hraje roli v detoxikaci volnych radika-
11, budou ¢ervené krvinky nornika nesou-
cich HbF odolavat oxida¢nimu poskozeni
1épe neZ krvinky nornikii s HbS.

V pokusu provedeném ve spolupraci
s Pavlem Hyrslem a Liborem Vojtkem
z Masarykovy univerzity v Brng, jehoz
vysledky jsme v r. 2014 zvefejnili v ¢aso-
pise Proceeding of the Royal Society of
London, jsme k tomu pouzili luminome-
trickou metodu pro méteni celkové anti-
oxidaén{ kapacity oznatovanou zkratkou
TRAP (Total Radical-trapping Antioxidant
Potential). Tato metoda vyuZiva luminis-
cence (svétélkovani) oxidatniho produktu
¢inidla luminolu k porovnéani doby, po
kterou jsou rtizné vzorky schopny vychy-
tavat volné radikaly. Signal, ktery luminol
po své oxidaci volnymi radikaly vydava,
1ze mé&fit luminometrem, pfi¢emz nahly
prudky narist luminiscence znamen4, Ze
pravé doslo k vycerpani kapacity anti-
oxidantii v daném vzorku. Proto ¢im del-
31 doba uplyne mezi vystavenim vzorku
pusobeni volnych radikald a nastupem
chemiluminiscence, tim véti je antioxi-
datni kapacita vzorku. Cervené krvinky
nornikt nesoucich HbF v nasem experi-
mentu vykazovaly trojndsobnou primér-
nou hodnotu antioxidac¢ni kapacity (vzta-
Zenou ke standardu) neZ u nornika s HbS.
Rozdil byl nejen statisticky prikazny, ale
vSech 10 nornika s HbF zahrnutych v expe-
rimentu mélo antioxida¢ni kapacitu vy3si
nez kterykoli z 10 nornika s HbS. Vystave-
nim ¢ervenych krvinek oxida¢nimu stresu
se ndm tak podatilo ukézat, Ze p¥itomnost
reaktivniho thiolu v hemoglobinu norniki
prukazné zvySuje schopnost jejich terve-
nych krvinek odolavat oxidaénimu posko-
zeni tcinkem volnych radikala kysliku.

Adaptivni fylogeografie
Jaky vliv ale mohl takovy rozdil ve fyzio-
logii ¢ervenych krvinek mit na relativni
tspésnost populaci kolonizujicich Britanii
v riznou dobu a z riiznych glaciélnich refu-
gii? Fakt, Ze HbF zvySuje odolnost cerve-
nych krvinek vici oxidacnimu stresu, zna-
men4, Ze nositelé HbF budou ve vyhods za
situace zvySené potieby antioxidant. Pro-
dukce volnych radikalt a jinych reaktiv-
nich metabolitii kysliku a dusiku vyznam-
né vzrista béhem energeticky naro¢nych
fyziologickych stavii, jako je zvySena fyzic-
k4 aktivita a investice do reprodukce, nebo
pii teplotnim stresu ¢&i parazitérni infekci.
Neni tézké si napf. pfedstavit, Ze pokud
jsou samice vychovavajici vétsi pocet po-
tomki vystaveny vyssimu oxida¢nimu stre-
su, bude mit populace s geneticky podmi-
nénou lepsi schopnosti detoxikovat volné
radikaly vy$si reprodukéni potencial nez
jiné populace stejného druhu.
Fylogeografické studie dlouho pfedpo-
kladaly, Ze populace obyvajici konkrétni
tzemi jsou populacemi, které ta tizemi
kolonizovaly jako prvni. Nage studie nor-
nika rudého v¥ak ukazuje, Ze v nékterych
pfipadech (a neni divod, abychom se do-
mnivali, Ze jde jen o vyjimky) byla jedna
populace po kolonizaci uréité oblasti ¢as-
te¢né nebo uplné nahrazena jinou, pficha-
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10 Pobtezi Skotska je protkdno fadou
z&livh (ve skotské gaelsting oznacova-
nych jako lochs) zafezavajicich se
hluboko do pevniny, které tvori
piirozené migracni prekazky.

Loch Leven v oblasti Skotské vysociny.
Snimky P. Kotlika

zejici z odligného refugia. Faktorem urcu-
jicim, ktera populace se rozsitila na tkor
jiné a kterd naopak byla nahrazena, by po-
tom byla schopnost zastupcti jednotlivych
populaci obstat v konkurenci. Populace
pochézejici z uréitého refugia tak mohou
obyvat uréitd izemi ne z isté geografic-
kych davodu (jako blizkost refugia nebo
nepfitomnost migracni bariéry), ale proto,
ze podminky a pfirodni vybér pusobici
v daném refugiu upfednostnily vlastnosti
pfinasejici vyhodu béhem kolonizace (vys-
§i reprodukéni potencial, G¢innéjsi termo-
regulaci nebo odolnost viigi parazitim).

Adaptivni fylogeografie tedy znamena
snahu porozumét tloze pfirodniho vybé-
ru. NaSe studie hemoglobinu nornika se na
rozdil od jinych fylogeografickych praci
neomezila na analyzu neutrdlnich mole-
kulérnich markeri, ale pouZili jsme inte-
grovany mezioborovy pfistup zahrnujici
evoluéni molekularni genetiku, transkripto-
miku, molekulové modelovani, biochemii
proteinti a bunétnou fyziologii. Jsme pre-
svéddeni, Ze podobny piistup je tieba apli-
kovat i v p¥ipadé jinych druht. Pokud je
hlavnim ur¢ujicim faktorem postglacialni-
ho rozsifeni populaci adaptace a selekce,
budou mit takové vysledky kli¢ovy vyznam
pro porozumséni zméndm v rozsiteni dru-
hii béhem sougasnych i budoucich klima-
tickych zmén.
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