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Abstract

The South African abalone, Haliotis midae, commonly known as perlemoen, is an
economically important gastropod mollusc. Historically, this species maintained a
lucrative fisheries sector; however with increasingly lower landings there has now
been a shift to aquaculture. Efforts to conserve natural populations and to improve
abalone aquaculture production are thus running in parallel. Previous studies
reported significant disparities in parental contributions in aquaculture populations
that could explain the rapid divergence of commercial stocks from wild populations.
Furthermore, subtle, but significant, population differentiation has also been
reported for wild populations on the west-, south-, and east coast of the South
African coastline. This study therefore aimed to investigate the evolutionary forces,
in particularly selection, facilitating population divergence in wild and cultured H.
midae populations using a population genomics approach. By using both
microsatellite- and single nucleotide polymorphism (SNP) markers it was found that
approximately 10% to 27% of the H. midae genome may be influenced by selection.
When incorporating these loci into analyses of population differentiation (e.g.
AMOVA, factorial correspondence analysis and estimates of genetic distance) there
was a marked increase in genetic divergence between wild and cultured populations
(especially when using microsatellite loci) and amongst populations from different
geographic regions (particularly supported by the SNP loci). The differences in
population clustering as highlighted by microsatellite- and SNP markers can most
likely be attributed to the genomic distribution of the respective loci: The SNP
markers were developed from EST sequences and therefore mostly represents
protein structural variation; whereas the microsatellite markers, found to be
putatively under selection, were mainly located in regulatory motifs. The results of
this study therefore confirmed previous observations of divergence amongst wild-
and cultured populations, but more importantly demonstrated that selection is an
important factor driving this divergence. In wild populations selection probably

facilitates adaptation to local environmental conditions, whilst amongst aquaculture
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population adaptation to captivity, husbandry practices and artificial selection may
be important determinants. There is evidence for population bottlenecks in wild-
and cultured populations; nonetheless long-term effective population sizes seem to
be large. Amongst the wild populations, however, short-term population sizes
appear to be small most likely due to differential spawning rates amongst
reproductively active animals leading to temporal fluctuation in genetic diversity.
The results indicate that contact between wild and cultured abalone should be
minimised to prevent any adverse effects due to outbreeding depression. With
regards to conservation, an emphasis on maintaining adaptive diversity of the wild
stocks might be warranted. Continued genetic monitoring is advisable for both wild
and cultured abalone populations as to optimally manage the abalone resource for

both conservation and commercial viability and sustainability.
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Opsomming

Die Suid-Afrikaanse perlemoen, Haliotis midae, is 'n ekonomies belangrike
buikpotige weekdier. Histories het hierdie spesie 'n winsgewende vissery
gehandhaaf, maar met steeds dalende vangste is daar nou 'n verskuiwing na
akwakultuur. Pogings om natuurlike populasies te bewaar en perlemoen te verbeter
vir verhoogde akwakultuur produksie loop dus in parallel. Vorige studies het bevind
dat beduidende verskille in ouerlike bydraes tot die nageslag, in akwakultuur
populasies, kan verduidelik hoekom die populasies so vinnig divergeer van die wilde
voorouers. Verder, is subtiele, maar betekenisvolle genetiese differensiasie tussen
wilde populasies aan die wes-, suid-en ooskus van die land gevind. Hierdie studie is
dus daarop gemik om ondersoek in te stel na die mate waartoe verskeie
evolusionére prosesse, in besonder seleksie, die populasie divergensie in beide wilde
en gekweekte H. midae teweegbring deur gebruik te maak van ‘n populasie
genomika benadering. Deur gebruik te maak van beide mikrosatelliet- en enkel
nukleotied polimorfisme (ENP) merkers is dit bevind dat ongeveer 10% tot 27% van
die H. midae genoom moontlik beinvioed word deur seleksie. Met die gebruik van
loki onder seleksie tydens die ontleding van populasie differensiasie (bv. AMOVA,

faktoriaal korrespondensie analise en genetiese afstand ramings) was daar 'n
merkbare toename in genetiese divergensie tussen wilde- en gekweekte populasies
(veral wanneer mikrosatelliet loki gebruik is) en onder die populasies vanuit
verskillende geografiese gebiede (veral ondersteun deur die ENP loki). Die verskille in
die populasie groeperings soos uitgelig deur die mikrosatelliet- en ENP-merkers kan
waarskynlik toegeskryf word aan die genomiese verspreiding van die onderskeie loki:
Die ENP-merkers is ontwikkel vanaf uitgedrukte volgorde merker (UVM) volgordes
en daarom verteenwoordig dit meestal proteien strukturele veranderinge, terwyl
mikrosatelliet merkers eerder in regulatoriese motiewe geleé is. Die resultate van
hierdie studie steun dus vorige waarnemings, maar meer belangrik, het dit getoon

dat seleksie ‘n betekenisvolle faktor in populasie divergensie in beide wilde en

gekweekte populasies is. In wilde populasies fasiliteer seleksie waarskynlik die
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aanpassing tot plaaslike omgewingstoestande terwyl seleksie onder die gekweekte
populasies teweeggebring kan word as gevolg van aanpassing tot aanhouding,
boerdery praktyke en kunsmatige seleksie. Daar is bewyse vir populasie bottelnekke
in  wilde- en gekweekte populasies; tog blyk langtermyn effektiewe
populasiegroottes om redelik groot te wees. Onder die wilde populasies is egter
gevind dat kort-termyn populasiegroottes klein kan wees, waarskynlik as gevolg van
differensiéle broeikoerse onder reproduktiewe diere. Dit het tot gevolg dat daar
beduidende fluktuasies is in temporale genetiese diversiteit. Die resultate dui daarop
dat kontak tussen wilde en gekweekte perlemoen tot 'n minimum beperk moet word
om enige nadelige effekte weens uitteling depressie te voorkom. Verder, met
betrekking tot bewaring, is ‘n klem op die handhawing van aangepaste genetiese
diversitiet dalk geregverdig. Voortgesette genetiese monitering word aanbeveel vir
beide wilde- en gekweekte perlemoen populasies ter wille van die optimale bestuur
van die perlemoen hulpbron vir beide bewaring en kommersiéle lewensvatbaarheid

en volhoubaarheid.
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“There is grandeur in this view of life, with its several powers, having been originally
breathed into a few forms or into one; and that, whilst this planet has gone cycling on
according to the fixed law of gravity, from so simple a beginning endless forms most

beautiful and most wonderful have been, and are being, evolved.”

- Charles Darwin, 1859 -
(The Origin of Species by Means of Natural Selection or the Preservation of Favoured Races

in the Struggle for Life)

xix | Page



Stellenbosch University http://scholar.sun.ac.za

CHAPTER 1

Introduction: Literature Review, Aims and Objectives

1.1. Population Genomics: A Framework for an Extended Evolutionary

Synthesis?

1.1.1. The Modern Evolutionary Synthesis

The origin and diversity of life is the central theme of the biological sciences and probably
the unifying feature that defines the discipline. As such, understanding and dissecting the
processes that lead to and shape biological forms have sprouted a rich body of work in aim
of explaining this quintessential biological phenomenon (Mitchell-Olds et al., 2007). Through
these endeavours biology has arguably undergone two major “paradigm shifts” over the last
two centuries. The first was Darwin’s theory of evolution by means of natural selection,
which advocated the principle of gradual modification, by heritable descent, through the
actions of natural selection (Darwin, 1859). This theory elegantly explained the history and
diversity of life on earth and perhaps more importantly provides a mechanism that can
account for the correlation between biological forms and -functionality. The Darwinian
theory transformed biology from a mostly teleological enterprise to a “modern” science
under a mechanistic conceptual framework with testable hypotheses (Kutschera and Niklas,
2004; Pigliucci, 2007). The second is the modern evolutionary synthesis, which remains the
principal theoretical construct governing the biological research agenda since its
formulation in the early- to mid-1900’s. The principle reason for this shift was the
rediscovery of Mendel’s work, at the turn of the 20t century that sparked controversy.
Mendel’s postulates of particulate inheritance (Mendel, 1866) seem to suggest that
evolution could proceed in leaps, rather than gradually as proposed by the Darwinian theory
(Mayr, 1993, 1996; Pigliucci, 2007; Rose and Oakley, 2001; Delisle, 2010). Through the
seminal treatises of Fisher, Haldane, Wright and later on the more empirical works of

Dobzhansky, Mayr and others it became possible to seamlessly merge the Mendelian and
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Darwinian traditions leading to the development of a mathematical and theoretical
framework under the banner of population- and quantitative genetics culminating in the
modern evolutionary synthesis (e.g. Fisher, 1930; Haldane, 1932; Wright, 1932; Dobzhansky,
1937; Mayr, 1942; Simpson, 1944).

The primary tenets of the modern evolutionary synthesis are as follow: 1) All life
originated from one or a few ancestral forms. 2) Populations of organisms are the units of
evolution, where a population is defined as a group of individuals that can readily interbreed
(Waples and Gaggiotti, 2006). 3) The evolutionary transitions of populations are gradual and
can be explained by slight incremental genetic changes that are then predominantly
“categorised/organised” by natural selection. 4) The occurrence of new genetic variation,
and consequently phenotypic variation, are due only to chance events. The sources of this
genetic variation are: gene flow between populations, recombination during sexual
reproduction and ultimately mutation (Mayr, 1996; Kinoon, 2009a). 5) Speciation is thus the
point in the gradual evolutionary processes where individuals from separated populations
can no longer exchange genetic material, i.e. become reproductively isolated. Lastly, 6)
Macro-evolutionary processes (the phylogenetic developments of higher taxa beyond
species level) can be explained by the known genetic mechanisms of micro-evolutionary
processes (such as gene flow, mutation, selection and random drift) over geological

timescales (Kutschera and Niklas, 2004) (Figure 1.1).

Although the modern synthesis acknowledges the role of random drift in the evolution of
organisms (particularly in small populations), at its core it is adaptationist in nature. As such,
natural selection is the predominant mechanism explaining observable diversity (Kinoon,
2009a). In essence, natural selection is a two-step process as can be deduced from point 3
and 4 of the primary tenets: Phenotypic variation (indirectly genetic variation) must first
arise. This is then followed by “sifting” the variation in terms of relative fitness, i.e. the
actual selection. Broadly this “sifting” can be defined as the “non-random elimination” of
individuals (or genotypes) that are not as suitably adapted to a particular environment

relative to other individuals (genotypes) in that population. As such, the premise is that
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Figure 1.1: A schematic representation of the tenets of the modern evolutionary synthesis. The figure was adapted and modified

from Kutschera and Niklas (2004).
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once genetic variation occurs it becomes subject to predominantly natural selection

(Stebbins and Ayala, 1981; Mayr, 1996; Kinoon, 2009a).

This simple paradigm works well if there is a strict linear relationship between genotype,
phenotype and environment. However, over the last few decades the biosciences have seen
a rapid development in advanced technology that has led to a deeper understanding of
especially cellular and molecular processes of life. Foremost of these advances was the
molecular revolution that consequently led to the genomics era. With the complete genome
sequences of many organisms (e.g. Adams et al., 2000; Venter et al., 2001; Mouse genome
sequencing consortium, 2002; Maglich et al., 2003), biology is firmly in the post-genomics
age. The modern evolutionary synthesis, constructed before this revolution, could not
anticipate the explosion of knowledge brought about by these developments and in
particular the novel complexities of life now discovered; such as “selfish” genetic elements,
genomic regions with no apparent function (“junk” DNA), phenotypic plasticity, epigenetic
inheritance, epistatis and pleiotropic effects of genes (Pigliucci, 2007; Rose and Oakley,
2007; Koonin, 2009c). Furthermore, some argue that the modern evolutionary synthesis
does not incorporate explicit formulations for developmental biology or ecology amongst its
central theorems, although it is intuitively implied (e.g. Miller, 2007; Carroll, 2008;
Schoener, 2011). For this reason it has been argued that the premises of the modern
evolutionary synthesis are outdated and can no longer function as the fundamental
paradigm for biological research in its current form and therefore a revision and
reformulation as an extended- or post-modern evolutionary synthesis is needed (Pigliucci,

2007; Rose and Oakley, 2007; Koonin, 20093, b).

Population genomics is a relatively new discipline that combines attributes of population
genetics and functional genomics (Bonin, 2008). As such, it provides an unique interface
between functional-/systems biology and evolutionary theory. A genomics perspective on
population genetics may provide an ideal framework for an extended evolutionary synthesis

in the post-genomics age.
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1.1.2. Population Genomics as an Interface between Old Concepts and New Technologies

The rapid development of sequencing technology, so called, next-generation sequencing
and high-throughput genotyping platforms has made it possible to obtain genome
sequences and quantify genome-wide genetic variation faster and at lower cost than ever
before (e.g. Mardis, 2008; Morozova and Marra, 2008; Ansorge, 2009; Harismendy et al.,
2009; Stapley et al., 2010; Wheat, 2010). This wealth of genetic diversity data lend itself to
analyses across various genomic regions both within and between populations or species. In
its broadest sense population genomics can thus be defined as the simultaneous population
genetic analysis of a large number of variable loci spanning across the genome in order to
gain understanding of the various evolutionary processes, including mutation, random
genetic drift, gene flow and selection (Black et al., 2001; Luikart et al., 2003; Beaumont and
Balding, 2004; Stinchcombe and Hoekstra, 2008). This genome-wide analysis allows for the
identification of aberrant (locus-specific) patterns of genic variation from
“regular/generalised” genomic variation. Herein lies the major advantage of population
genomics: demographic processes such as bottlenecks, population expansions, gene flow
and random drift are expected to affect genetic variation throughout the genome in a
similar manner. Patterns of genetic diversity caused by mutation, selection or
recombination are expected to stand-out from genomic-background variation and would
therefore be detectable within this context (Black et al., 2001; Luikart et al., 2003). For this
reason, population genomics studies have readily been conducted in order to detect outlier-

loci that may indicate genomic regions under selection (Table 1.1).

Luikart et al. (2003) describes the population genomics approach as a four phase
enterprise (Figure 1.2): Firstly, including/sampling as many individuals as possible over a
large geographic range without making a priori assumptions on population structure. This
avoids any bias that might be introduced by subjective sampling (Long and Langley, 1999;
Pritchard et al., 2000; Wall and Pritchard, 2003). The second phase involves genotyping a
sufficient number of marker-loci that provides good genome coverage. Typically, tens to
hundreds of molecular markers should suffice, however this is highly dependent on the
degree of linkage disequilibrium (LD) maintained within a population. Given an outbred,
panmictic population LD might decay quite rapidly and therefore many more markers will be

required (Goldstein and Weale, 2001). The number and distribution of markers allows for
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the estimation of baseline levels of genetic diversity (i.e. putatively neutal variation) to
which loci with unusual patterns of genetic diversity could be compared. Many molecular
marker systems have been developed over the years (e.g. Vignal et al., 2002; Brumfield et

al., 2003; Schlotterer, 2004; Seddon et al., 2005; Chistiakov et al., 2006).

— Phenotypic differences I
Phase 1 | Sample collection
— Environmental conditions I
— A 4
Phase 2 | Genome-wide genotyping |
M A 4
Phase 3 | Outlier detection |
/\ !
| Neutral markers | | Outlier markers | Association/LD analysis |
Phase 4 J, l, |
| Demographic history | | Adaptation QTL-linkage analysis |

Transcriptomics/eQTL |

Figure 1.2: Flow diagram of the population genomics approach. Adapted and modified
from Luikart et al. (2003).

Amplified fragment length polymorphisms (AFLPs) are typically used in non-model
organisms, because it does not rely on a priori sequence information and provides an almost
instantaneous genome-wide assessment (Table 1.1). Recently, however, microsatellite
markers [also known as short tandem repeats (STRs) or short sequence repeats (SSRs)] and
single nucleotide polymorphisms (SNPs) have gained popularity mostly for their co-
dominant mode of inheritance, ease of genotyping by means of automated/semi-
automated genotyping platforms and frequency within the genome. The use of EST-derived
microsatellites and -SNPs are also particularly advocated because of the direct link to coding
regions of the genome (Bonin, 2008). The third phase is testing for outlier loci. This is the
pivotal step in the population genomics approach and various methods have been

developed, including those that make use of within population diversity, population
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divergence and extensive modelling of population history (Luikart et al., 2003; Nielsen,
2005; Storz, 2005; Biswas and Akey, 2006; Pavlidis et al., 2008 for reviews). The most
popular to date, however, is the Fg-outlier procedures first developed by Beaumont and
Nichols (1996) and subsequently re-implemented under both frequentist and Bayesian
statistical frameworks (e.g. Antao et al., 2008; Foll and Gaggiotti, 2008; Excoffier et al.,
2009). In essence, Fg-outlier tests exploit the genetic differentiation between populations to
detect loci that have unusually high or low Fg values amongst the genome-wide loci
sampled, due to heterogeneous genomic divergence (Nosil et al., 2009). It does this by first
computing a null distribution for Fg values under the assumption of neutrality and then
compares it to the empirical data. A locus is assumed under directional (positive) selection if
it has an Fg value higher than expected and under balancing selection if it has an F; value
lower than expected under the precedence of neutrality. The fourth and final phase entails
using the acquired data to better understand the evolutionary processes affecting the study

populations.

Table 1.1: A summary of population genomics studies, using a variety of marker types and
demonstrating relatively large numbers of candidate loci under selection thoughout the

genome.
. % of loci under
Organism . Marker type Reference
selection
Atlantic oyster
1.9 AFLP Murray and Hare, 2006

(Crassostrea virginica)
Hawk moth-pollinated

. Herrera and Bazaga,
violet 2.6 AFLP

2008
(Viola cazorlensis)
Mosquito .
. 9.0 AFLP Paris et al., 2010
(Aedes rusticus)
Mud minnow William and Oleksiak,
, 6.0 AFLP
(Fundulus heteroclitus) 2008
Lake whitefish
Campbell and
(Coregonus 3.2 AFLP
. Bernatchez, 2004
clupeaformis)
Common frog )
. 4.9 AFLP Bonin et al., 2006
(Rana temporaria)
Ocellated lizard
4.1 AFLP Nunes et al., 2011

(Lacerta lepida)
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Scandinavian wolf o )
) 6.0 Genomic microsatellite  Hagenblad et al., 2009
(Canis lupus)
Cattle L .
9.5 Genomic microsatellite Medugorac et al., 2009
(Bos taurus)
Gu
2UppY 5.5 Genomic SNP Willing et al., 2010
(Poecilia reticulata)
Atlantic salmon Genomic- and EST o
26 ) ] Vasemagi et al., 2005
(Salmo sala) microsatellite
Periwinkle snail .
o o 7 EST SNP Galindo et al., 2010
(Littorina saxatillis)
Zebrafish )
. . 8.5 EST SNP Whiteley et al., 2011
(Danio rerio)
Atlantic cod .
10.2 EST SNP Nielsen et al., 2009a
(Gadus morhua)
White spruce
5.5 EST SNP Namroud et al., 2008

(Picea glauca)

From the onset using genome-wide neutral loci will increase both the precision and
accuracy of population genetic parameter estimates, such as effective population size,
population declines and -expansions, gene flow and population structure (Luikart et al.,
2003). Wilding et al. (2001) investigated population divergence in Littorina saxatilis
inhabiting various environmental niches. They constructed phylogenies based on outlier-
and neutral loci as identified by a population genomics analysis. Phylogenies inferred using
outlier loci grouped populations with similar shell morphologies, even though these
populations inhabited distinct and separated geographic localities. On the contrary,
phylogenies inferred using only neutral loci reflected the geographic orientation of
populations and thus more accurately represented the demographic history of the
populations. Groupings on the grounds of shell morphology, therefore reflect convergent
evolution as a result of adaptation to similar environmental conditions. This illustrates the
importance of removing outlier loci when estimating population demographic processes. As
such, population genomics allows for a joint analysis of population demographic history and

selection (Li et al., 2012).

Outlier loci may be detected, as such, for two reasons: firstly, due to statistical biases
that arise by chance (i.e. type 1 errors; Akey et al., 2004; Beaumont, 2005) or due to a true

biological effect (Bonin et al., 2006). In most cases this biological effect is ascribed to
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selection (e.g. Table 1.1), however in practice it is often difficult to ascertain whether
selection is truly the causative agent. A new mutation, a stochastic event (i.e. random drift)
or even recombination could cause a genetic pattern similar to a signature of selection
(Stinchcombe and Hoekstra, 2008). Various other genomic techniques have been developed
to find genotype-phenotype correlations; most notable are the linkage-based QTL analysis
and association/LD mapping studies (e.g. Goddard and Hayes, 2009; Massault et al., 2009;
Hayes and Goddard, 2010; Piertney and Webster, 2010; Coluccio et al., 2011). The
association of an outlier locus with a particular phenotype provides additional evidence for
selection. Association/LD studies have become particularly popular since the development
of genomic technologies with its reimplementation as genome-wide association studies
using SNP-chips consisting of thousands of markers (Wang et al., 2005; McCarthy et al.,,
2008). Recently, association studies have also been developed to find correlations between
genotype and environmental data (e.g. Joost et al., 2007; Coop et al., 2010). Furthermore,
the association of particular genotypes are done without the necessity of breeding
experiments or extensive pedigree information as is the case for conventional linkage
analysis. Such dualistic approaches have been implemented in a number of organisms,
including the ocellated lizard (Lacerta lepida; Nunes et al., 2011) and the Atlantic herring
(Clupea harengus; Limborg et al., 2012) where population genomics data was combined
with environmental associations. And in pearl millet (Pennisetum glaucum; Mariac et al.,
2011) population genomics and phenotypic association tests were both used in order to find

genotypes underlying adaptation.

Given the accompanying difficulties with the construction of linkage maps for organisms
not easily kept and bred in captivity; there is an advantage in combining conventional
linkage analysis with population genomics, especially for non-model organisms. Linkage
mapping can provide an indication of the genomic position for loci of interest (Stinchcombe
and Hoekstra, 2008). A striking example is the study by Rogers and Bernatchez (2005).
Different ecotypes of whitefish (Coregonus clupeaformis) that demonstrated size
dimorphism (dwarf and normal) were investigated. The authors showed that loci under
divergent selection mapped to the same genomic region as known QTLs for growth rate.
The addition of gene expression data may add an extra dimension to this framework.

Integrating gene expression- with QTL analyses have become common with many “eQTL”
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studies published over the last years using micro-arrays (West et al., 2007; Gilad et al.,
2008). More recently, with the advent of massive parallel sequencing technologies
comparisons of population-specific gene expression profiles (population transcriptomics)
became possible (e.g. Giger et al., 2008; Normandeau et al., 2009; Roelofs et al., 2009;
Chelaifa et al., 2010; O’Niel et al., 2010). The simultaneous analysis of genomic and gene
expression variation allows for the investigation of the extent of the influence of
evolutionary/population genetic mechanisms on gene and genomic functionality (Khaitovich
et al. 2004; Holloway et al., 2007). As such, a more comprehensive understanding of the
genome as a dynamic system with gene pathways and regulatory networks could be
attained. For example, loci under selection, across various chromosomes (or linkage groups),
might be in strong linkage disequilibrium. This could be an indication of functional linkages
that could be elucidated with gene expression profiling and the effects of this on

phenotypes could be further tested by genotype-phenotype association studies.

1.1.3. Biological Anomalies and Complexity Explained Under a Population Genomics

Framework

One of the primary findings of the molecular revolution was the abundance of molecular
variation that seemingly contradicted the selectionist view of the modern synthesis. From
this, arguably, the most important conceptual construct since the modern synthesis was
formulated - the neutral theory (Kimura, 1968, 1983; King and Jukes, 1969) and more
recently the nearly neutral theory (Ohta, 1992; Ohta and Gillespie, 1996). It states that the
majority of molecular variation is selectively neutral (or nearly neutral) and thus will become
fixed during the evolutionary process due to stochastic events, i.e. random genetic drift. As
such, genomic “anomalies” including transposable elements, gene- and genome
duplications and “junk” DNA could be explained by neutral processes (Kinoon, 2009c).
Therefore, a population genomics view will intuitively assume a pluralistic mechanism for
evolution where selection and neutral events are not mutually exclusive, but act in unison to
explain a variety of biological observations. More interestingly population genomics may
provide an opportunity to observe the interplay between neutrality and selection: As noted

by Kimura (1991) and later Wagner (2005) molecular variation at any point in time may
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come under selection due to changing environmental pressures (e.g. Hansen et al., 2012).
Experimentally this could be tested by searching for signatures of selection among
populations separated by time rather than space. This might be further supported by finds
that non-coding DNA (“junk” DNA) may have functionally important roles in the genome,
especially with regards to chromatin structure formations and maintenance (Glazko et al.,
2003; Linnemann et al., 2009). Studies on Drosophila spp. suggest that up to 70% of non-
coding DNA might be under selection (Andolfatto, 2005; Halligan and Keightley, 2006;
Haddrill et al., 2008). Recent population genomics studies, also conclude that selection
might be more abundant thoughout the genome than what was previously believed under a
strict (nearly) neutral model. Many of these studies using genome-wide anonymous DNA
markers (such as AFLPs) report that 1.9% to 9.5% of loci might be affected by selection
across various species (Table 1.1). Provided that only approximately 1.5% of a genome
represents actual protein coding DNA (Mouse Genome Sequencing Consortium, 2002) many

of these loci must be located outside of coding regions.

Population genomics may elucidate the underlying biological complexities that arise from
non-linear interaction of genes with one another (gene-by-gene) and the environment
(gene-by-environment) that is seemingly not accounted for by the modern synthesis. As
discussed earlier the relationship between loci under selection, transcriptional-, phenotypic-
and environmental associations will highlight interdependent gene-networks. This could
explain phenomena such as evolutionary capacitance (the release of cryptic variation under
new environmental conditions/stressors) (Bergman and Siegal, 2003; Masel, 2005),
phenotypic plasticity (multiple phenotypic forms of the same genotype under different
environmental conditions) (Pigliucci et al., 2006; Valladares et al., 2006; Pigliucci, 2008;
Lande, 2009) and epigenetics (alterations in gene function that cannot be explained by DNA

sequence modification) (Bossdorf et al., 2008).

Gene expression analysis of Coregonine fish (Coregonus spp.), adapted to niche
environments showed divergent gene expression patterns in different ecotypes of the same
species, but comparable expression patterns in different species inhabiting similar niches
(Derome and Bernatchez, 2006; Derome et al., 2006). In a similar study Cheviron et al.
(2008) investigated transcriptomic profiles of rufous-collared sparrows (Zonotrichia

capensis) at high and low altitudes and concluded that gene expression was highly plastic
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and environmentally dependent: expression differentials seem to diminish when birds
shared a common environment. From these observations it could be asked to what extent
the genes identified are regulated by other genes that might be under selection? It is known
that mechanisms underlying such plasticity are at least in part heritable (Schlichting and

Smith, 2002; Li et al., 2006). A population genomics approach could provide some answers.

One of the foremost areas of research and a presumed pillar of an extended evolutionary
synthesis, evolutionary-developmental biology or “evo-devo” has made particular headway
in dissecting the regulatory networks that lead to the development of phenotypes (Miiller,
2007; Carroll, 2008). These investigations are generally preceded by the evaluation of single
or groups of candidate genes - candidate gene approach - most notably the homeotic (Hox)
genes. The Hox genes code for a family of regulatory proteins (transcription factors)
responsible for embryonic development that seem to be conserved in animal lineages from
arthropods to mammals (Schierwater and DeSalle, 2001; Arthur, 2002; Gilbert, 2003).
Although the “evo-devo” research programme has made substantial advances in the
construction of genotype-phenotype maps, it is only now during the genomics era that the

full extent of such regulatory pathways can be examined.

A population genomics framework may also facilitate more explicit formulation of
ecological dynamics on organismal evolution. The modern synthesis is often criticised by
marginalising ecological effects (Matthews et al.,, 2011; Shoener, 2011). The recent
developments in landscape/seascape genetics, where geographic- and habitat-specific
variables are incorporated into the analyses, have become particularly popular in order to
identify specific trends in genetic variation among populations within and between species.
(e.g. Manel et al., 2003; Selkoe et al., 2008; Storfer et al., 2010). In particular, there is
renewed interest in understanding the genetic architecture of adaptation of organisms to
certain environments (Table 1.1; Orr, 2005; Nadeau and Jiggins, 2010; Stapley et al., 2010).
The “reverse ecology” approach of Li et al. (2008) may prove particularly useful; whereby
adaptive genotypes are first identified by means of a population genomics scan. By
performing additional association tests and functional assays, genotypes responsible for
particular phenotypes and ecological functionalities could infered. Such analyses are not
restricted to abiotic conditions, but the co-evolutionary mechanisms that arise from

interaction between species can also be investigated. Egan et al. (2008) used a population
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genomics scan to find genomic regions associated to host-specific adaptations in the leaf
beetle (Neochlamisus bebbianae) and similar studies were done to investigate the co-
evolution of lions (Panthera leo) and feline immunodeficience virus (FIVpe) (Antunes et al.,
2008) and host-pathogen interactions between plants and fungi (Aguileta et al., 2010). It is
comprehendible that such studies could be extrapolated to explain other community-

ecological interactions.

Rose and Oakley’s (2007) “new biology” is undoubtedly genomics centred. The modern
evolutionary synthesis most likely fails to account for the diverse biological occurrences,
because it is a reductionist construct that aims to explain all in terms of fluctuating gene
frequencies; assuming linear relationships between genotype, phenotype and environment.
As such, it cannot account for dynamic interactions. It must, however, be noted that for the
most part these new observations are not necessarily incompatible with the tenets of
modern synthesis. Therefore, an expansion of the modern synthesis would be more
appropriate than an abandonment of its central tenets. Population genomics may not be
able to explain all observations, but it does at least provide a partial framework for
integrating genetic, phenotypic and ecological phenomena under a complex dynamic

systems view of biology (Ge et al., 2003; Pigliucci, 2007, 2008; Badyaev, 2011; Weber, 2011).

1.2. A Review of Abalone Genetics and Genomics with reference to Haliotis
midae: Perspectives on Biology, Aquaculture and Conservation

1.2.1. The Haliotids

Abalone (Haliotidae) are marine gastropod molluscs with approximately 56 extant
species world-wide, distributed along the tropical and temperate waters off the coasts of all
continents with the exception of Antarctica (Geiger, 2000). Among the gastropods abalone
are distinct; characterised by a single, depressed shell that spirals clock-wise. On the left
outer periphery of the shell a row of seven to twelve tremata or “respiratory pores” are
generally observable; whilst the inner shell is layered with nacre. When the animal is in a
relaxed state the well-defined, hypertrophied epipoduim is commonly seen under the shell

(Geiger, 1999).
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No single species has a global distribution, but four geographic regions of endemism
persist: the North Pacific, Southern Africa, Australia and New Zealand (Lee and Vacquier,
1995; Geiger, 2000; Estes et al., 2005). In South Africa five endemic species can be found
[Haliotis midae (a), H. spadicea (b), H. alfredensis (c), H. parva (d) and H. queketti (e), Figure
1.3] of which H. midae is the most studied and the only economically valuable species.
Commonly known as perlemoen, H. midae is the largest growing of all the endemics, with a
relatively extensive distribution range across the temperate seaboard of South Africa,
stretching from the Western Cape- to the Eastern Cape Province. Haliotis midae is an
intertidal species prefering the rocky, kelp bed habitats up to 10m offshore (Tarr, 1989;
Lindberg, 1992).

0 50 100 150 200
Shell length (mm)

Figure 1.3: Five endemic abalone species of South Africa: Haliotis midae (a), H. spadicea
(b), H. alfredensis (c), H. parva (d) and H. queketti (e). Figure taken from Bester-van der
Merwe et al. (2012).

The adult abalone is for the most part a benthic, sessile animal that will rarely move once
it has established a “home-site” (Tarr, 1995). Abalone are dioecious and broadcast
spawning; as such, coordinated mass release of egg and sperm is generally seasonal
(normally spring and/or autumn) and water temperature dependent (Tarr, 1989). Like many
marine invertebrates, the abalone life cycle is complex. Larval development takes place
through various phases, during which the larvae will undergo the gastropod indicative
process of torsion. Abalone larvae are lecithotrophic and therefore the pelagic larval stages

are short, approximately five to ten days. Larval settlement is poorly understood, but some
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environmental factors such as substrate topology, water temperature and pheromonic
actions of gamma-aminobutyric acid (GABA), secreted by the diatom filaments growing on
the substrate, have been postulated to play a role. Once settled, the spat will continue to
metamorphose into the adult specimen. In the wild, H. midae juveniles mature at about
seven to ten years of age, during which time they progressively wean from grazing micro-
algae to grazing macro-algae, such as sea weeds and kelp (Figure 1.4) (Tarr, 1989; Barkai and

Griffiths, 1986; McShane, 1992; Day and Branch, 2000).

Adult
> 3-7 yrs.

Zygote
t 1h.

Juvenile
+ 2-3 mo.

—>
L)

Embryo
t 5h.
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+11 days.

Veliger Trochophore
larvae larvae
+ 18h. + 12h.

Figure 1.4: Abalone life cycle. Photos (by A. Roux) taken from the Molecular Aquatic
Research Group’s photo archives.

Globally, abalone is an economically important marine living resource, previously only as
fisheries species and now also as an aquaculture species. South Africa’s perlemoen is
particularly revered for it meat quality and taste. With many of the worlds’ fisheries in a dire

state, an intensive research effort was initiated to resolve unknown biological questions in
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aim of management and conservation of fisheries stocks and to find new innovative
strategies to supply the high demand for abalone products. Much of this research was
focused on genetics and using genetics as a tool for conservation and commercial
production. These developments in abalone genetics and genomics are reviewed with

specific reference to the South African abalone, Haliotis midae.

1.2.2. Origin of Abalone: From Fossils to Chromosomes and Genes

Molluscs were among the first animals to appear during the Cambrian explosion,
approximately 570 million years ago (MYA), and are second only to the arthropods in terms
of species diversity. The phylogeny of this phylum remains a matter of debate with the
monophyletic or paraphyletic origins of the Mollusca still unresolved and several
hypotheses being proposed (Bieler, 1992; Winnepenninckx et al., 1996, 1998; Passamaneck
et al., 2004; Giribet et al., 2006; Wilson et al., 2010). The high degree of morphological
diversity, convergent evolution of analogous structures and phenotypic plasticity has made
phylogenetic deductions based on morphology difficult. Furthermore, the lack of strong
phylogenetic signals at many genes has been attributed to the rapid radiation of molluscs
(Rokas et al., 2005). However, a recent phylogenomic study places the Gastropoda and the
Scaphopoda (tustk shells) as sister taxa with a monophyletic origin. Within the Gastropoda
the Vetigastopoda, the order to which Haliotis belongs, forms a distinct clade (Smith et al.,
2011). The early divergence of the Vetigastopoda from other gastropods has also been

established (Winnepenninckx et al., 1998).

Inferring the origins of abalone purely from paleontological evidence is problematic: The
fossil record is incomplete with only a few specimens in a limited number of geographic
regions documented. Furthermore, of the proposed 35 fossil species many are based on the
evaluation of only a single specimen; the loss of soft tissues during the mineralisation
process and known shell morphological plasticity leading to ambiguities and uncertainties in
the accuracy of this estimate (Geiger and Groves, 1999). Nonetheless, the earliest fossils
date back to the late Cretaceous (Maastrichian) providing an estimate of the time of origin

at approximately 70-80 (MYA) (Groves and Alderson, 2008).
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However, a point of contention still exists on the place of origin: Abalone-like fossils from
the Cretaceous were found in California (USA) as well as in Europe (the Netherlands and
Sweden). There are various debates on whether these fossils represent true abalone, but
most are in favour of the Californian fossils representing the ancestral archetype of these
species (Vokes, 1935; Durham, 1979a, b; Sohl, 1987, 1992; Lindberg, 1992; Geiger and
Groves, 1999; Groves and Alderson, 2008). The North American origin of abalone would
support a westward radiation of abalone which is in accord with similar dispersal patterns of

other marine molluscs (Squires, 1987).

Nonetheless, the high number of abalone species in the Indo-Pacific, suggest an
alternative point of origin (Lindberg, 1992). Early cytogenetic studies also suggested a
Mediterranean (the ancient Tethys Sea) origin of at least modern Haliotids, with a
progressive increase in chromosome number from the Mediterranean (n = 14), through the
Indo-Pacific (n = 16) to the North Pacific (n = 18) (Geiger and Groves, 1999) and Southern
Pacific (including South African species; n = 18) (Li et al., 1999; Van der Merwe and Roodt-
Wilding, 2008). Chromosomal aneuploidy or polyploidy is often associated with speciation
events and a progressive increase or decline in chromosome number from a radial centre
frequently correlates with phylogenetic histories of such species or groups of species (Wang
and Lan, 2000; Hipp et al., 2007). These observations lend support to the contrasting,
alternative hypothesis of an eastward radiation of abalone. Under this hypothesis, the most
likely extant species representing the ancestral form would be the European-Mediterranean

abalone, H. tuberculata.

With the advent of molecular genetics this hypothesis gained credence, with molecular
phylogenies based on various gene sequence data (including: lysin, hemocyanin, 16S rRNA,
cytochrome oxidase) supporting the European origin and eastward radiation (Geiger, 2000;
Coleman and Vacquier, 2002; Estes et al., 2005; Degnan et al., 2006; Streit et al., 2006)
(Figure 1.5). Furthermore, the use of molecular genetic data established that there was a
strong correlation between phylogeny and geographical distribution for Haliotids. Two
clades predominate; a Northern Pacific clade (consisting of the North American and
Japanese species) and an European-Australasian clade (consisting of the European,
Australian, New Zealand and southern African species) (Estes et al., 2005; Degnan et al.,

2006). Southern hemisphere species can furthermore be subdivided into two distinct
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groupings, consisting of the southern African species and the Australasian species (Bester-
Van der Merwe et al., 2012). This expanded radiation has been viewed as evidence for the
division of Haliotis into two distinct genera as the extent of the genetic distance between
the divergent clades is generally congruent with the recognition of such a partition (Brown
and Murray, 1992; Lindberg, 1992). However, the matter remains under debate with Geiger

and Poppe (2000) arguing in favour of a single genus with several proposed sub-genera.
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Figure 1.5: The eastward radiation of modern Haliotids from Europe to the major regions
of endemism. This figure was adapted from the original by Streit et al. (2006).

Abalone fossils from South Africa date back to the Pleistocene (1.8 MYA), however it is
suspected that this lineage probably predates these fossils; most likely dating back to the
existence of Gondwana (Geiger and Grooves, 1999, Bester-van der Merwe et al., 2012). The
South African species consists of a monophyletic group (Lee et al., 1995; Bester-Van der
Merwe et al., 2012) with the Australian endemics, H. rubra and H. laevigata forming a sister
grouping that is consistent with the southern geographic distribution (Estes et al., 2005;
Degnan et al., 2006; Streit et al., 2006).

Species radiation of the South African abalone seems to be recent and may be due to
founder dispersal and/or vicariance. Considering the short larval stages of abalone, the lack

of evidence for colonisation via trans-oceanic dispersal and an ancient Gondwanan origin,
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Bester-van der Merwe et al. (2012) argues in favour of bio-geographical vicariance for the
origin of the South African endemics based on a combined NADH-dehydrogenase | and
hemocyanin gene phylogeny. This may explain species radiation as a function of ecological
adaptation to different environments. This is consistent with the three biogeographic
provinces along the South African Coast: cool-temperate on the west-, warm-temperate on
the south- and subtropical on the east coast (Emanuel et al., 1992). As such, the South
African species is further divided into two clades mostly corresponding to niche
requirements of the different species: The mostly intertidal and eurythermal H. midae and
H. spadicea and species with more restricted habitats, H. queketti, H. alfredensis and H.
parva (Figure 1.6). In the case where two species share a recent common ancestor and a
range overlap (e.g. H. midae and H. spadicea), speciation could probably be attributed to
rapidly evolving fertilisation genes, such as, sperm lysin and egg vitelline envelope receptors
that create prezygotic barriers to reproduction. As broadcast spawning animals, the external
fertilisation is highly dependent on chemotactic and recognition molecules on the surface of
the gametes. If these are altered significantly, sperm and egg will no longer recognise
“compatibility”. As a population genetic event this could lead to the development of
sympatric species (Lee et al., 1995; Kresge et al., 2001; Swanson et al., 2001; Galindo et al.,
2003).

1.2.3. Contemporary and Historic Abalone Population Dynamics: The Case of Gene Flow

Within an evolutionary framework, population structure is dependent on the
reproductive isolation of a group of individuals living within a set time and location. The
isolation of groups of animals is directly correlated to the degree of gene flow amongst
groups, which in turn is a function of species’ dispersal capabilities (Waples and Gaggiotti,
2006). Marine species in general are characterised by their mobility. Even animals that are

mostly static as adults often have planktonic larval stages that are easily dispersed by ocean
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Figure 1.6: A Bayesian consensus phylogenetic tree showing the relationship between the
South African- and other Haliotis species. Nodal values: Bayesian posterior probabilities
(bold) and maximum likelihood bootstrap (plain text). Figure taken from Bester-van der

Merwe et al. (2012).
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currents. Furthermore, in marine environments physical barriers to gene flow seem to be
limited and thus individual dispersal probability is assumed to be high. This led to the
generally held belief that marine species consists of large panmictic populations (Hilbish,
1996). This view was initially supported by early studies that found genetic continuity
among individuals sampled across a wide geographic distribution for many species
(Gyllensten, 1985; Waples, 1987; Ward et al., 1994; Hilbish, 1996; Waples, 1998; Kyle and
Boulding, 2000). However, recent investigations are challenging the prediction of universal
panmixia of marine populations (Warner and Cowen, 2002; Gilg and Hilbish, 2003; Veliz et
al., 2006). Furthermore, refined analyses using sophisticated statistical models and whole-
genome data show significant fine-scale population structure (Beheregaray and Sunnucks,
2001;) and population divergence due to adaptation even within species with high gene
flow amongst populations (Knutsen et al., 2003; Pampoulie et al., 2004; Hemmer-Hansen et
al., 2007; Zhan et al., 2009; Nielsen et al., 2009a, b; André et al., 2011; Hoffman et al., 2011,
2012).

Haliotids too seem to contradict the general expectations of panmixia expected of
marine populations. The relatively short larval phase limits the window of opportunity for
dispersal in abalone (Prince et al., 1987; McShane, 1992). It is therefore expected that some
population genetic structuring will be evident due to population “self-recruitment”. This is a
common phenomenon in sedentary marine organisms where the level of population
structure is correlated to the dispersal capabilities of the larvae (Hellberg, 1996; Arndt and
Smith, 1998; Kyle and Boulding, 2000; Gilg and Hilbish, 2003; Levin, 2006; Banks et al.,
2007). As such, population structure has been reported for various abalone species,
including Haliotis rubra (Brown, 1991; Huang et al., 2000; Temby et al., 2007; Miller et al.,
2009), H. coccoradiata (Piggott et al., 2008), H. cracherodii (Hamm and Burton, 2000;
Chambers et al., 2006; Gruenthal and Burton, 2008), H. discuss (Hara and Sekino, 2005;
Sekino et al., 2005), H. asinina (Tang et al., 2004), H. corrugata (Diaz-Viloria et al., 2009), H.

kamtschatkana (Withler et al., 2003), and H. rufescens (Gruenthal et al., 2007).

Molecular genetic data suggests population heterogeneity of H. midae populations on
the west and east coasts of South Africa giving rise to two major reproductive stocks with
Cape Agulhas as the point of transition (Evans et al.,, 2004a; Bester-van der Merwe et al.,

2011). Evans et al. (2004a) found higher levels of genetic diversity as estimated by three

21 |Page



Stellenbosch University http://scholar.sun.ac.za

CHAPTER 1

microsatellite loci and mitochondrial haplotypes on the west coast. They argued that the
reduction of genetic diversity in the east coast population was a consequence of a
population bottleneck. Subsequently, they proposed a eastward range expansion with a
colonisation event from an ancestral population on the west coast, from where the new
east coast population remained isolated from the parent population. The bottleneck was,
therefore, produced by the founder effect, which the authors argued was particularly

supported by the mitochondrial haplotype analysis.

Although founder effects are common (e.g. Brooker et al., 2000; Hundertmark and Van
Daele, 2010; Keller et al., 2010; Tatarenkov et al., 2010) the west-east colonisation
hypothesis of Evans et al. (2004a) contradicts the Mediterranean origin and eastward
(south-eastward to southern Africa) radiation hypothesis for abalone (Geiger, 2000;
Coleman and Vacquier, 2002; Estes et al., 2005; Degnan et al., 2006; Streit et al., 2006) and
the Gondwanan biogeographic vicariance proposed for the origin of the South African
species (Bester-van der Merwe et al., 2012). Furthermore, Bester-van der Merwe et al.
(2011) could not find evidence for a reduction in the effective population size; instead long-
term effective population size seemed to be stable across the species’ range. The
discontinuity of west- and east coast populations were however maintained, although
population differentiation was subtle, with the retroflection of the Agulhas current (Dijkstra
and de Ruijter, 2001) creating the major barrier to gene flow. A secondary barrier could
possibly be caused by a thermal front in the Algoa Bay region, however this was not strongly
supported. It could however explain a possible third distinct population on the south coast
of the country (Bester-van der Merwe et al., 2011) which is in agreement with the three
biogeographical provinces reflected in the population structure of many other offshore
marine species in South Africa. This lends support to the idea that environmental and
oceanographic features of the South African coast might be an important determinant for
population structuring in marine organisms and that population divergence might further be
correlated to adaptation (Ridgway et al., 1998; Teske et al., 2006, 2007, 2008; Zardi et al.,
2007; Von der Heyden et al., 2008; Bester-van der Merwe et al., 2011).

Therefore, based on the evidence from eight microsatellite- and 12 SNP loci, Bester-van
der Merwe et al. (2011) formulated an alternative hypothesis to the west-east colonisation

hypothesis of Evans et al. (2004a). It is postulated that historically H. midae populations on
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the west- and east coast become isolated within refugia during the last glacial maxima.
Following glacial retreat, approximately 20 000 years ago, both populations experienced
range expansion, also evident in other South African marine fauna (e.g. Tolley et al., 2005;
Gopal et al., 2006; Matthee et al., 2006; Von der Heyden et al., 2007; Neethling et al., 2008).
This range expansion ultimately culminated in the formation of a secondary contact zone on
the south coast with contemporary population dynamics being maintained by the bio-

physical characteristics of the biogeographical provinces (Figure 1.7).
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Figure 1.7: A graphical representation of the population structure and barriers to gene
flow of H. midae around the South African coast.

Considering the aforementioned, the marginal decrease in genetic diversity indicated by
the microsatellite loci, as reported by Evans et al. (2004a) is most likely an artefact of using
only three markers and therefore probably also non-significant. The disparity as noted by
the mitochondrial analysis could be attributed to various factors. Firstly, the non-
recombining mitochondrial genome might be more susceptible to selective sweeps than

nuclear loci (Ballard and Whitlock, 2004; Bazin et al., 2006; Peijnenburg et al., 2006;
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Tarnowska et al., 2010). The mitochondrion plays a central role in cellular respiration, in
particular electron transport and oxidative phosphorylation; these biochemical reactions are
oxygen dependent. It is also known that warmer waters have a lower capacity to dissolve
oxygen, whilst the oxygen requirement of ectothermic organisms generally increases under
warmer temperatures due to increased metabolism; thus higher demand for oxygen lower
supply. It is therefore comprehendible that such a selective sweep could have reduced
mitochondrial diversity due to functional constraints on the respiratory mechanism to cope
with the shortage of oxygen in the warmer waters of the east coast — this hypothesis
however remains to be tested. Secondly, because the mitochondrial genome is only
inherited maternally and thus always haploid, the effective population size for
mitochondrial loci is only a quarter of the effective population size for nuclear loci. The
effect of random drift on mitochondrial genetic diversity is therefore more pronounced
(Buonaccorsi et al., 2001; Appleyard et al., 2002; Ballard and Whitlock, 2004; Shaw et al.,
2004; Lukoschek et al., 2008; Larmuseau et al., 2010; Tarnowska et al., 2010). The observed
aberrant pattern of genetic diversity could therefore be explained as a chance event. Lastly,
biases in gender specific dispersal rates could explain this phenomenon; however there are
limited examples of dispersal disparities between the sexes in marine organisms (e.g.
Arnaud-Haond et al., 2003; Diaz-Almela et al., 2004; Consuegra and de Leaniz, 2007). And no
evidence for this has been reported for abalone, therefore this is the most unlikely reason

for the mitochondrial disparity observed in the study of Evans et al. (2004a).

1.2.4. Abalone Mass Production: An Industrial Revolution

Globally, abalone is a sought-after culinary delicacy especially in the Far East where it is
also used in traditional medicine. The South African abalone generally fetches prices of 32
USS to 34 USS per kilogram, but this may reach as high as 1000 USS depending on the
market (UNEP-WCMC, 2010; Department of Agriculture, Forestry and Fisheries, 2012).
There are approximately 14 economically important abalone species distributed across the
major regions of endemism (Roodt-Wilding and Slabbert, 2006). Historically, the abalone
fishery is probably one of the oldest fisheries in world; archaeological evidence suggest that

stone-age-man have been harvesting abalone in South Africa as early as 125 000 years ago
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(Tarr, 1989). The modern fishery in South Africa is reliant on a single species, Haliotis midae,
and was initiated in 1949. The fishery reached a peak in 1965 when a record 2 800 metric
tons of abalone were hauled from the ocean (Tarr, 1989, 1992). Since then the fishery went
into decline with landings reaching an all-time low in 2007/8 at 75 metric tons. Declining
landing raised concerns about the sustainability of harvesting practises and led to the
suspension of commercial fishing activities in 2008 (Troell et al., 2006; Raemeakers et al.,
2011). The fishery was conditionally re-opened in 2010 to allow small-scale fisherman a

means of income (Department of Agriculture, Forestry and Fisheries, 2010).

Declining and collapsing fisheries stocks is a global phenomenon for many species
(McShane et al., 1994; Altstatt et al., 1996; Hobday et al., 2001; Hobday and Tegner, 2002).
Increasing apprehension regarding the sustainability of fisheries and growing demand for
fisheries products created the need to find alternative sources for these commodities;
hence the dawn of aquaculture. Abalone aquaculture coincides, in most of the major
producing countries, with the collapse of fisheries (Ebert, 1992; Garza and Bernal, 1992;
Tong and Moss, 1992; Altstatt et al., 1996; Hobday et al., 2001). In China, research in
abalone aquaculture dates back to the 1950’s and therefore the country most likely has the

oldest history of abalone culture (Nie, 1992; Fleming and Hone, 1996).

Other than declining wild stocks, initial interest in the culture of the local perlemoen was
sparked by the demonstration that this species could be spawned and reared successfully in
a captured environment during the 1980’s (Genade, 1988). Initial success of abalone culture
abroad and more favourable growth rates for H. midae in captivity spurred the
establishment of the first aquaculture ventures in the 1990’s (Troell et al., 2006). During
1996 the first exports were delivered (Cook, 1998); currently South Africa has 14 operating
farms with a total output of 1015.44 metric tons, valued at 355 million ZAR (approximately
44 million USS). Abalone production accounts for just more than half of the total
mariculture tonnage, but produces more than 90% of mariculture revenue (Department of

Agriculture, Forestry and Fisheries, 2012).

In order to maintain market competitiveness, a substantial research effort was initiated
to optimise and refine general husbandry and management of aquaculture stocks, with

advances in animal handling, nutrition, reproduction and disease surveillance and
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biosecurity (e.g. Britz, 1994; Britz et al., 1997; Mackay and Coyne, 2005; Vosloo and Vosloo,
2006; Simon and Booth, 2007; Roux et al., 2008; Simon et al., 2010; Mackay et al., 2011,
Mouton and Gummow, 2011). To further enhance production output, a genetic
improvement programme was initiated in 2006. The main aim of this programme was to
exploit the inherent genetic variation to create a genetically superior domesticated abalone
strain that would outperform the wild progenitor in terms of growth rate (Roodt-Wilding

and Brink, 2011).

Phenotypic selection, where the breeding value of an individual is determined by
phenotypic performance, is the backbone for conventional selective breeding. High
performance individuals are selected to contribute to the next generation; as such the mean
trait value is shifted in a desired direction over successive generations. Much progress has
been made by traditional quantitative genetic approaches to genetically improve
conventional livestock (e.g. cattle, sheep, swine and poultry). Progress has also been made
in some aquaculture species, including: Atlantic salmon (Salmo salar, Gjedrem, 2000;
Kjoglum et al., 2008), rainbow trout (Onchorhynchus mykiss, Pottinger et al., 1994), channel
catfish (Ictalurus punctatus, Dunham and Brummet, 1999; Rezk et al., 2003), Nile tilapia
(Oreochromis niloticus, Betsen et al., 1998; Eknath et al., 2007) and some molluscan species

(Langdon et al., 2003; Toro et al., 2004; Zheng et al., 2006).

Irrespective of the advances made with conventional breeding methods; it remains a
cumbersome process. This is especially applicable for phenotypes that are not readily
measurable or only observed in a particular sex, traits with low heritability and species with
long generation intervals. With the recent rapid development of molecular marker- and
DNA sequence technologies it was decided to implement a dualistic strategy for the genetic
improvement of perlemoen; using conventional- and molecular breeding methods in a
complementary manner. This approach has been advocated for numerous aquaculture
species (Davis and Hetzel, 2000; Hulata, 2001). As such, a base population consisting of
more than a 1000 individuals was established and 426 full- and half-sib family groups were

spawned and a performance recording scheme initiated (Roodt-Wilding and Brink, 2011).

Heritability estimates for growth-related traits (shell length and wet weight) for H. midae

is estimated to be moderate, 0.21-0.25 at 60 months of age. It is interesting to note that
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estimates increased with age, starting at 0.05-0.08 as the initial estimate taken at 6 months
(Roodt-Wilding and Brink, 2011). This is however, not surprising as the effects of additive
genetic variation may be thwart by unknown maternal and/or larval effects at early stages
in development (Kube et al., 2007). These heritability estimates correlate well with
estimates in other Haliotid species, including: H. rufescens (Jonasson et al., 1999), H. rubra
(Li et al., 2005), H. asinina (Lucas et al., 2006), H. discus hannai (Deng et al., 2007), H.
laevigata (Kube et al., 2007) and H. diversicolor (You et al., 2010a, b). It must however be
noted that H. midae is the only species with estimates taken up to 60 months. Based on
these heritability estimates and a selection intensity of 1%, response to selection is
predicted to be 7-17% in accordance with gains achieved or predicted in other Haliotids
(Kawahara et al., 1997; Lucas et al., 2006; Kube et al., 2007; Robinson et al., 2010; You et al.,
2010a; Roodt-Wilding and Brink, 2011).

Hayes et al. (2007a) demonstrated that by using marker assisted selection (MAS) a 13%
advantage might be gained in comparison to using only conventional breeding strategies for
the Australian abalone, H. rubra. The major advantage is that high performance individuals
can be selected based on genotype at an early age, before the phenotype is expressed; thus
the rate of genetic change in response to selection is accelerated due to a reduced
generation interval. Molecular breeding is divided into four key phases: the development of
molecular markers (DNA polymorphisms that segregates in a given population), linkage
mapping, identification of QTL associated to particular phenotypes and the implementation

of MAS (Poompuang and Hallerman, 1997; Collard et al., 2005).

Microsatellite- and SNP markers are the most widely applied molecular genetic markers
in animal genetics at present. Both marker types are co-dominant, however microsatellites
were long favoured due to their multi-allelic nature: thus having a high polymorphism
information content, in comparison to biallelic SNPs. Nonetheless, SNPs are gaining
popularity due to new sequence and genotyping technology advancements that has led to
easy and quick discovery of many markers at reduced costs. The high frequency of SNPs
throughout the genome and their lower genotyping error rate has also contributed to the
use of this marker type (Beuzen et al., 2000; Brumfield et al., 2003; Lui and Cordes, 2004;
Morin and McCarthy, 2007; Pérez-Enciso and Ferretti, 2010; Liu et al., 2011).

27 |Page



Stellenbosch University http://scholar.sun.ac.za

CHAPTER 1

As in other abalone species (e.g. Selvamani, 2000, 2001; Hara and Sekino, 2005, 2007;
Sekino et al., 2005; Baranski et al., 2006a), molecular marker development in H. midae was
initially focused on developing microsatellites. To date more than 250 anonymous- and
gene-linked microsatellites have been developed for perlemoen (Bester et al., 2004;
Slabbert et al., 2008, 2010, 2012; Rhode, 2010]. Rhode and Roodt-Wilding (2011) also
concluded that microsatellite loci are not randomly distributed in the H. midae genome but
rather particular motifs seem to associate to particular genomic regions, mostly genes and
transposable elements. The development of SNP markers in aquaculture species has
increased rapidly, e.g. finfish (He et al., 2003; Smith et al., 2005; Ryynanen and Primmer,
2006; Cenadelli et al., 2007; Hayes et al., 2007b; Wang et al., 2008, 2010; Hubert et al.,
2009), shrimp (Gorbach et al., 2009) and molluscs (Elfstrom et al., 2005; Quilang et al.,
2007). The only other abalone species for which a concerted effort has been made to
develop SNP markers is H. discus hannai (Qi et al., 2008, 2009, 2010; Zhang et al., 2010) and
some recent attempts at comparative SNP analyses across various species (Kang et al.,
2011). Small-scale SNP development studies were initiated in 2006/7 for H. midae (Bester et
al., 2008; Rhode et al., 2008; Rhode, 2010). However, a large-scale endeavour commenced
with the transcriptome sequencing project using the sequence-by-synthesis technology of
lumina® (Franchini et al., 2011). At present the South African abalone has more than 200
validated SNP markers (Bester et al., 2008; Rhode et al., 2008; Rhode, 2010; Blaauw, 2012;
Du Plessis, 2012).

Using these molecular marker resources, the linkage map of H. midae has recently been
completed (Vervalle et al.,, in press). The integrated linkage map comprises of 186
microsatellite- and SNP markers and resolved into 18 linkage groups; corresponding to the
karyotype haploid number (Van der Merwe and Roodt-Wilding, 2008; Franchini et al., 2010).
The estimated genome size based on genetic recombination (Vervalle et al., in press) and
flow cytometry (Franchini et al., 2010) was also in agreement; estimating the H. midae
genome at approximately 1400 cM (diploid genome size in physical basepairs: 2.8 GB).
Average marker spacing was 6.88 cM and thus provides a sufficient framework map for
preliminary QTL analysis. Generally a marker spacing of 20 cM is deemed sufficient for such

crude QTL detection (Massault et al., 2008). Currently linkage maps for only three other
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abalone species are available: H. diversicolor (Shi et al., 2010; Zhan et al., 2012), H. discus

hannai (Liu et al., 2006; Sekino and Hara, 2007) and H. rubra (Baranski et al., 2006b).

Five putative QTL for growth traits, explaining 15% to 33% of genetic variation, were
detected in two families for H. midae. All loci were located on a single chromosome
indicating that this chromosomal region probably harbours a major gene(s) regulating
growth rate (Slabbert, 2010). Saturation of the linkage map and fine-mapping of QTL regions
remains to be done. Baranski et al. (2008) identified nine QTL associated to growth traits in
H. rubra explaining 16% to 47% of phenotypic variation. Various growth QTL were also
found for H. discus hanni accounting for 8% to 18% of phenotypic variation (Liu et al., 2007).
It is not uncommon to detect different QTL or deviations in the percentage of variation
explained by a particular locus, as QTL are highly context dependent, e.g. differing
environmental circumstances may activate different genes or populations with diverse
genetic backgrounds may exhibit different patterns of LD and thus have different functional
gene-networks. It therefore remains vital to validate QTL for particular populations under
specific environmental conditions (Dekkers, 2004; Collard et al., 2005). The implementation
of MAS or genomic selection (where whole genome data is used) in aquaculture species has
been hindered by: (1) the current lack of high density linkage maps and (2) validated LD-QTL
(QTL-marker loci that shows association to a particular trait throughout the population and
not necessarily limited to a particular family). However, with the substantial benefits of
molecular breeding it is envisioned to play an increasingly important role in future

aquaculture genetic improvement programmes (Liu and Cordes, 2004; Wenne et al., 2007).

Molecular marker technology has not only served the aquaculture industry in the
detection of genetic variants associated with economically important traits, but has become
an important tool for management and record keeping of particular commercial
populations/animals. Pedigree records are difficult to maintain for especially broadcast
spawning animals, such as abalone, as individual spawnings are impractical under
commercial settings. Thus, the use of molecular markers for parentage assignments and
subsequent pedigree inference has become important (Evans et al., 2000; Jerry et al., 2004;
Dong et al., 2006; Lucas et al., 2006; Gheyas et al., 2009). This also aids the assessment of
differential parental contributions that are common in highly fecund broadcast spawning

molluscs. This could skew the estimate for heritability (Kube et al.,, 2007), as well as the
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genetic structure of the commercial population leading to exacerbated inbreeding if the
majority of high performance individuals are selected from the same family group
(Selvamani et al., 2001; Bentsen and Olesen, 2002; Park et al., 2006; Horreo et al., 2008;
Lind et al., 2009; Van der Berg and Roodt-Wilding, 2010).

Molecular markers are also routinely used to assess genetic diversity of commercial
stocks. This is particularly important when establishing a base population, where it is
necessary to capture as much of the inherent genetic variation as possible. This will allow
sustainable and long-term genetic gains under variable environments (Rauw et al., 1998;
Elliott, 2000; Gamborg and Sandge, 2005; Jensen and Andersson, 2005; Hayes et al., 2006;
Flint and Woolliams, 2008; Cardellino and Boyazoglu, 2009). As such, it was found that the
wild broodstock collected as the base population for the H. midae breeding programme had
levels of genetic diversity comparable to the general wild population (Roodt-Wilding and
Brink, 2011). It is also important to monitor genetic diversity in the subsequent culture-
reared generations to evaluate the effects of a breeding programme on the genetic
constitution of commercial stocks, e.g. effective population sizes, rate of inbreeding and
relatedness and population differentiation (Brown et al., 2005 Hara and Sekino, 2007; Li et
al., 2007; Dixon et al., 2008; Lind et al., 2009; De la Cruz et al., 2010; Praipue et al., 2010; An
et al., 2011). In the South African abalone, it has been found that even after one generation
of culture the genetic properties of the F;-population could be altered so dramatically that it
was distinct from the wild populations; it is postulated that this may be due to founder
effects, random genetic drift and selection (Evans et al., 2004b; Slabbert et al., 2009).
Similar observations were made for other Haliotids (Hara and Sekino, 2007; Li et al., 2007;

De la Cruz et al., 2010; Praipue et al., 2010; An et al., 2011).

Next-generation sequencing technology is currently revolutionising genetics and
genomics (Mardis, 2008; Shendure and Ji, 2008; Varshney et al., 2009; Pérez-Enciso and
Ferretti, 2010). The technology has already been applied to some aquaculture species for
marker development and transcriptomic profiling of genes (Salem et al., 2010; Tymchuk et
al., 2010; Hohenlohe et al., 2011; Liu et al,, 2011). As mentioned earlier it has also been
used in H. midae (Franchini et al., 2011) and two other abalone species; H. diversicolor (Jiang
et al., 2011) and H. rufescens (De Wit and Palumbi, 2012). What is evident from these

studies is the high number of unique gene transcripts in abalone that has no known
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homologous gene in model species, which are overrepresented in public gene databases
such as NCBI. Van der Merwe et al. (2011) also conducted a differential gene expression
experiment using the lllumina® technology to identify genes with differing expression
profiles between fast- and slow growing South African abalone. Genes involved in growth-
related physiological processes including insulin-related peptide receptors and insulin-like
growth factor binding proteins and genes involved in stress tolerance such as heat shock
proteins were identified. The identification of specific genetic variants in these genes and
their association to the fast growth rate phenotype remains to be done; this will be
necessary if gene expression data is to be readily incorporated into molecular breeding

strategies.

From an evolutionary viewpoint, the industrialised domestication of abalone provides the
opportunity for a unique “genetic experiment”. When animals become subject to
domestication three genetic processes, in particular, are involved: inbreeding, random
genetic drift and selection (Mignon-Grasteau et al., 2005). The founder population, at the
start of domestication, is generally much less than the original wild population. This
consequently leads to a smaller effective population size, which in turn increases the rate of
inbreeding and pronounces the effects of random genetic drift. The effects of selection is
multi-dimensional: Firstly, there is relaxed natural selection on traits for survival in the wild;
secondly there is increased natural selection for adaptation to the new captured
environment and lastly, humans exert artificial selection for desirable traits, such as
production characteristics. The rapid population differentiation of cultured abalone from
their wild progenitor populations (Evans et al., 2004b; Slabbert et al., 2009) begs the
guestion as to what extent each of the evolutionary forces are responsible for the
development of the abalone domestic phenotypes? Furthermore, what is the interplay
between natural selection and artificial selection? Recent studies in cattle and chickens
reported signatures of selection in genomic regions of known QTL for production traits (e.g.
Qanbari et al., 2010; Rubin et al., 2010). From studies on conventional livestock the
importance of regulatory factors in gene expression and pleiotropic effects in the
development of the “domestic syndrome” must also be noted (Schiitz et al., 2002; Kerje et

al., 2003; Dobney and Larson, 2006; Qanbari et al., 2010; Rubin et al., 2010).
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1.2.5. Abalone Conservation: Preservation of Unique Genetic Resources

Due to its high market value, natural populations of H. midae has come under immense
pressure due to overharvesting in the past and presently the illicit activities of poachers are
severely hampering conservation efforts (Hauck and Sweijd, 1999; Tarr, 2000; Dichmont et
al., 2000; Plaganyi et al., 2001; Steinberg, 2005; Plaganyi and Butterworth, 2010;
Raemaekers et al., 2011). Management of the abalone resource was, until recently, mainly
based on modelling ecological demography reliant on various parameters of reproductive
biology and landing statistics, e.g. tonnage harvested per surface area, size distributions of
harvested specimens, and other ecological factors such as predation (Dichmont et al., 2000;
Tarr, 2000; Plaganyi et al., 2001; Plaganyi and Butterworth, 2010). With the promulgation of
the Marine Living Resources Act (Republic of South Africa, 1998) a holistic ecosystems
management approach was adopted for the management of marine biota. At present
approximately 21% of the South Africa coast consists of marine protected areas, but only 9%

are no-take zones (Von der Heyden, 2009).

Von der Heyden (2009) argued that the current marine protected areas are not optimally
designed as to reflect the population genetic structure of marine organisms around the
South African coast and made recommendations on how to incorporate genetic data into
reserve design within the context of ecosystems management. The key is to consider the
genetic connectivity between different populations, i.e. larval dispersal probability and the
directionality of currents and to protect genetically distinct populations to ensure
conservation of all biodiversity (Palumbi, 2003 for a review). What makes genetic
assessment such a powerful tool is that it allows for an understanding of a population’s
historic demography that could be more important in the prediction of a species’ long-term

population dynamics (Moritz, 2002).

Bester-van der Merwe et al. (2011) recommended that the barriers to gene flow around
the South African coast, Cape Agulhas and to a lesser extent Algoa Bay, should be taken into
consideration when delineating management units for perlemoen. What was clear is that
population groups west and east of the Cape Agulhas are distinct reproductive stocks.
However, the transition/admixture zone on the south coast between Cape Agulhas and

Algoa Bay may warrant the recognition of a third management unit. Admixture zones may
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be particularly important in the maintenance of adaptive diversity on either side of the
transition, but may still allow some gene flow between the two extreme ends; thereby
sustaining the evolutionary potential of a species across ecological niches (Riginos and
Cunningham, 2005; Counterman et al., 2010). Various degrees of gene flow between west-
and east coast populations of H. midae is known to occur; it would therefore be sensible to
not conserve management units in isolation, but rather also preserve the connectivity

between populations (Bester-van der Merwe et al., 2011).

A thorough understanding of population structure is also important when considering
stock enhancement or ranching activities. The main concern is that if the genetic
constitution of reseeded animals is not similar to that of the local population where release
is intended, it could lead the erosion of the evolutionary/adaptive potential of the natural
population. This will occur by lowering the fitness of hybrid individuals due to outbreeding
depression (Naylor et al., 2005; Jones et al., 2006; Roodt-Wilding, 2007; Hara et al., 2008;
Camara and Adopalas, 2009; Zhang H et al., 2010). With studies reporting significant
differentiation between cultured and wild populations, concerns on the utility of culture
reared animals for reseeding initiatives are justified, not only in South Africa (Evans et al
2004b; Slabbert et al., 2009) but also world-wide (Hara and Sekino, 2007; Li et al., 2007; De
la Cruz et al., 2010; Praipue et al., 2010; An et al., 2011). Numerous studies have been
conducted on abalone ranching globally and in South Africa with variable results (Gaffney et
al., 1996; Sweijd et al., 1998; De Waal et al., 2003; Gutierrez-Gonzalez and Perez-Enriquez
2005; Dixon et al., 2006; Hamasaki and Kitada, 2008). With the advent of genomic scans for
selection it has become possible to accurately account for adaptive diversity and to explicitly
formulate this in conservation strategies that in the past relied mostly on a small number of
presumably neutral markers. As such, management and evolutionary significant units can be
more accurately determined and individuals for stock enhancement may be adaptively
matched to populations where release is intended (Medugorac et al., 2009; Allendorf et al.,

2010; Ouborg et al., 2010; Tymchuk et al., 2010).
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1.3. Aims and Objectives

Haliotids, as an economically important genus has been subject to much research over
the past years. Genetics and more recently genomics has played an unequivocal role in
elucidating fundamental questions, such as, on the origin of abalone and general biological
phenomena. As a tool for the commercial exploitation of abalone, genetics and genomics
have become irreplaceable. Even though genetic resources such as marker maps and
genome sequence data are rudimentary in comparison to conventional livestock and even
other more industrialised aquaculture species such as salmon, much progress has been
made in the development of such resources especially in the South African abalone. Some
guestions however, remain unanswered. For example, adaptation to environmental
conditions has been hypothesised to be an important driving force for the development of
new species of abalone from the initial point of radiation. But to what extent can the
differential contributions of random genetic drift and selection account for population
divergence in the in natural- and captive populations and which loci are responsible for the
development of complex phenotypes? New experimental and statistical approaches in

genomics may aid in answering such questions.

The aim of this study was thus to elucidate the evolutionary processes that contribute to
the development of divergent ecotypes in wild abalone and to ascertain the effects of
domestication on the genetic constitution of cultured abalone. As such, the occurrence of
signatures of selection was investigated under a population genomics framework, where
genome-wide patterns of genetic diversity was assessed. A standard population genetics
analysis was first conducted to determine the extent of population differentiation within
and between wild- and cultured populations using genomic and EST microsatellite markers.
This microsatellite analysis was then expanded, using a population genomics approach (150
markers ) to validate the initial analysis and identify functionally important loci that may be
under selection and could explain population divergence as a function of adaptation. Lastly,
a newly developed SNP assay was used to conduct a temporal investigation to assess the
fluctuations in genome-wide genetic diversity across space and time of the South African
abalone, Haliotis midae. The obtained results will then be interpreted in terms of general
biological phenomena and applications in abalone conservation and aquaculture in South

Africa.
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A Population Genetic Analysis of Abalone Domestication Events in
South Africa

Abstract

Abalone culture is South Africa’s largest aquaculture sector in terms of revenue.
Nonetheless, the industry is in its formative years with production rarely going beyond the
first generation. Little is known on how aquaculture affects the genetic constitution of
abalone populations now kept under artificial environments. With the implementing of
advanced breeding strategies, for selective breeding for production traits and conservation
efforts, it is important to first elucidate factors that affect patterns of genetic diversity in the
F, generation cultured populations. The present study found no significant decrease in
genetic diversity between wild and cultured populations as based on heterozygosity and
allelic content of genomic- and EST-microsatellite loci. However, estimates for pairwise
genotypic differentiation, F, AMOVA and factorial correspondence analysis suggest the
genetic heterogeneity of cultured populations and their significant differentiation from the
wild progenitor populations. As expected, the cultured population showed reduced effective
population sizes, but relatedness remained low. It is postulated that both neutral and
selective evolutionary forces are responsible for the observed patterns of genetic variability

within and amongst populations.

Keywords: Abalone; Aquaculture; Conservation; Domestication; Genetic Diversity; Haliotis

midae
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2.1. Introduction

South Africa has five endemic abalone species of which Haliotis midae, locally known as
perlemoen is the largest growing and most abundant. Its large size, widespread distribution
and high market value make this abalone a prime target for commercial exploitation.
Growing concerns regarding the sustainability of the abalone fishery lead the South African
government to impose increasingly stricter regulations culminating in the closure of the
fishery in 2008 for fear of a collapse of natural populations (Hauck and Sweijd, 1999; Day
and Branch, 2000; Raemaekers et al., 2011). The fishery has now reopened to allow
subsistence fishers to draw income from the natural resource (Department of Agriculture,
Forestry and Fisheries, 2010). With the rapid decline of the fishery and a steady increase in
the global demand for abalone products, emphasis was placed on aquaculture as an
alternative means to expand the industry in a sustainable manner. Currently, South Africa
has 14 abalone aquaculture facilities operating at various levels of production with a total
output of 1015.44 metric tons, valued at 355 million ZAR (approximately 47.33 million USS)

(2010 estimates, Department of Agriculture, Forestry and Fisheries, 2012).

These aquaculture facilities mostly operate on an open system basis where wild animals
are collected and kept at the facility as broodstock for the production of seed animals that
will enter the market as product. Matings are done, for the most part, at random with mass-
spawning induced (via chemical or physical means) under semi-natural conditions. As the
industry develops, producers will increasingly retain seed animals that demonstrate
favourable production characteristics as potential broodstock in selective breeding
programmes — effectively closing the aquaculture reproductive cycle. The emphasis on
breeding for production traits has left traditional livestock industries reliant on substantial
veterinary interventions to maintain animal health (Rauw et al., 1998). Furthermore,
concerns about limited genetic resources for future adaptability and genetic improvement,
especially in the light of climate change, have been raised in recent years (Notter, 1999;
Gamborg and Sandoe, 2005; Medugorac et al., 2009; Ajmone-Marsan et al., 2010;
Groeneveld et al., 2010; Hoffman, 2010). Reports of effective population sizes for highly
commercialised breeds of cattle and sheep are as little as 50 and consequently these

populations suffer from inbreeding (Taberlet et al., 2008). The aquaculture industry is in a
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favourable position as it can learn from the mistakes of traditional animal breeding, by
carefully monitoring the progress made by domestication and selective breeding from the
beginning. There is also increasing interest in using aquaculture reared animals for
restocking of wild populations with the specific intent of ranching, i.e. recollecting seeded
animals after a period of maturation in the wild. This has raised questions about the impact
of such activities on the conservation of natural populations (Roodt-Wilding, 2007; Bester-

van der Merwe et al., 2011).

The establishment of a comparatively small founder population from an entire wild
population could result in a population bottleneck as it limits the number of individuals that
could effectively contribute to the next generation and may exacerbate the effects of
random genetic drift. These founder effects are intensified by the reproductive strategy of
abalone: Abalone are highly fecund, broadcast spawners and parental contributions are
often unequal (Lind et al., 2009; Slabbert et al., 2009). Thus when retaining F; animals for
broodstock replacement, the probability of inbreeding increases. If not monitored this could
lead to an excessive loss of genetic diversity and a decrease in fitness of the overall
commercial stock. Declines in genetic diversity have been reported for numerous
aquaculture species including abalone (also the South African abalone) (Alarcén et al., 2004;
Evans et al., 2004; Hara and Sekino, 2007; Li et al., 2007; Lind et al., 2009; De la Cruz et al.,
2010). A reduction in genetic diversity due to artificial selection is an expected consequence
of any breeding programme; however it should occur in a controlled manner and a sufficient
level should be maintained that will ensure sustainable breeding and continued genetic
gains in the long run. On the contrary if ranching is considered, the genetic constitution of
the cultured stock should be equivalent to that of the wild population where release is
intended. It is therefore important to evaluate the genetic properties of F; cultured

populations.

The use of molecular or DNA marker estimates of genetic diversity has become common
practise and increasingly, emphasis is placed on the use of gene-associated molecular
markers (Serapion et al., 2004; Kucuktas et al., 2009; Ma et al., 2011). Gene-associated
markers provide an evaluation of genetic diversity at coding regions and may be of greater
value than anonymous markers as it provides information on regions of the genome that are

directly responsible for phenotypic variation. Previously, gene-associated SNP markers were
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developed for H. midae using a traditional EST sequencing protocol (Bester et al., 2008).
Recently, a substantial EST resource, generated via the next generation sequencing platform
of lllumina®, was created for Haliotis midae (Franchini et al., 2011) and used to develop
additional gene-associated molecular markers (Hepple, 2010; Blaauw, 2012; Jansen, 2012).
This study aimed to evaluate the genetic properties of three Fi- generation culture
populations of H. midae, using EST- and genomic-derived microsatellite markers, on three
different aquaculture facilities and to compare estimates with the wild progenitor

populations.

2.2. Materials and Methods

2.2.1. Study Populations and Specimens

All necessary permits to collect and transport abalone for research purposes were
obtained from the Department of Agriculture, Forestry and Fisheries (Republic of South
Africa). Ninety six F; cultured animals were collected from three aquaculture facilities, one
from the west- (CPWC), south- (CPSC) and east- (CPEC) coast of South Africa (32 animals per
facility). These animals were randomly selected, across spawning cohorts, in order to attain
a representative sample of the total F; population on each respective facility. Animals were
aged between three and four years and had gone through the entire production system,

including several grading procedures according to each facility’s specifications.

Muscle and gill tissues were collected from each individual and placed in 70% ethanol
and stored at -20°C until DNA extraction could be performed via the standard CTAB method
(Saghai-Maroof et al., 1984). For comparison, 96 wild animals previously collected from the
west- (Saldanha Bay, WPWC), south- (Witsand, WPSC) and east- (Riet Point, WPEC) coast of
South Africa (32 animals each) were also used (populations are described in Bester-van der
Merwe et al., 2011). These populations represent the ancestral progenitor populations for

each of the respective cultured populations corresponding to the geographic region.
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2.2.2. Population Genetic Analysis of Study Populations

To evaluate genetic diversity amongst the study populations, eight tetranucleotide
genomic-microsatellites previously developed via the FIASCO protocol (Bester et al., 2004;
Slabbert et al., 2008) and eight tetranucleotide EST-microsatellites (Hepple, 2010; Jansen,
2012) were used. All PCR reactions were conducted in a final volume of 10ul and according
to the specifications of the authors. Allele scoring was done using GeneMapper® v.4
(Applied Biosystems). Tetranucleotide repeats are mutationally more stable and generally
allows for easy and more reliable allele scoring. In addition, to minimise biases and in order
to make direct comparisons between genomic and EST-microsatellites, similar repeat motifs
were used across the molecular marker classes. Micro-checker v.2.2.3 (Van Oosterhout et
al., 2004) was used to test for possible genotyping errors, and the presence of null alleles

(null allele estimates as per the method of Brookfield, 1996).

Hardy-Weinberg equilibrium (exact probability test, 500 batches, 10 000 iterations),
expected and observed heterozygosity and locus-specific Fis was calculated using Genepop
v.4.0 (Rousset, 2008). The number of alleles and allelic richness was computed using FStat
v.2.9.3.2 (Goudet, 1995) and a Kruskal-Wallis test was performed to evaluate significant
differences in number of alleles, allele richness and observed and expected heterozygosity
amongst populations and molecular marker classes. Furthermore, the probability of linkage
disequilibrium between all pairs of loci was calculated via an exact test using Genepop.
Neutrality was tested using the Slatkin exact test (10 000 permutations) based on the Ewens
sampling theory (Slatkin, 1994) in Arlequin v.3.5.1.2 (Excoffier and Lischer, 2010) as well as
the Fy-outlier procedure as implemented in Lositan v.1.44 (10 000 permutations assuming

the infinite alleles model) (Antao et al., 2008).

To evaluate population differentiation, pairwise Fs between populations (with
Bonferonni correction at the 5% nominal level), was calculated in FStat and an exact test for
pairwise genotypic differentiation was done in Genepop. Both methods were used in order
to distinguish whether population differentiation was a consequence of unique allelic
combinations, as it has been argued that the exact test may provide a more powerful
estimate in such cases (Goudet et al., 1996; Balloux and Lugon-Moulin, 2002). A locus by

locus molecular analysis of variance (AMOVA, 10 000 permutations) was also computed in
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Arlequin; populations were grouped as either cultured or wild and to visualise population
distinctness, a factorial correspondence analysis plot was drawn in Genetix v.4.05.2 (Belkhir

et al., 2004).

Effective population sizes were calculated using the heterozygous excess test and the
moment-based temporal test (using progenitor wild populations as generation zero) in
NeEstimator v.1.3 (Peel et al., 2004); as well as a linkage disequilibrium test (minimum allele
frequency, 0.02) in LDNe v.1.0 (Waples, 2006). To further investigate the occurrence of
recent bottlenecks, the Wilcoxon signed rank test (Luikart et al., 1998), assuming the infinite
alleles model, in Bottleneck v.1.2.02 (Piry et al., 1999) was used. Finally, mean relatedness
was calculated for each population using the method of Queller and Goodnight (1989) in

Kinship v.2.0 (Konovalov et al., 2004).

2.3. Results

2.3.1. Genetic Diversity within and between Wild and Cultured Populations

Micro-checker indicated no significant genotyping errors while evidence of null alleles at
few loci for particular populations was present. There were no significant differences (P >
0.05) in number of alleles, allelic richness, observed- and expected heterozygosity across all
populations, cultured and wild (Kruskal-Wallis test results: A,: P =0.992; Rs: P = 0.641; H,: P
= 0.907; He: P = 0.427), but significant differences (P < 0.05) in estimates were detected
between genomic-microsatellites and EST-microsatellites except for observed
heterozygosity (Ho) [An: P = 8.450e'5; Rs: P = 1.784e'5; Ho: P=0.093; He: P = 2.957e'5]. Over all
populations, the number of observed alleles were more than the number of alleles in
individual populations (e.g. locus HmRS27T: amongst populations A, ranged between 23 and
32, total number of observed alleles across all populations was 52). Average Fis-values
ranged from -0.001 to 0.236 and most loci conformed to Hardy-Weinberg expectations
within populations. However, over all populations 11 of the 16 loci showed deviations from
HWE (Appendix A: Table S2.1, S2.2, S2.3). Lositan and Slatkin’s exact test showed evidence

of non-neutral behaviour at particular loci, with candidates for both balancing and
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directional selection (Appendix A: Table S2.1, S2.2; Figure 2.1). Only five of the 120 pairs of
loci demonstrated significant (P < 0.05) linkage disequilibrium: HmAD102T — HmLCSIT (P =
0.0101); HMAD102T — HmNS6T (P = 0.0); HmidILL-128551T — HmidILL-006622T (P = 0.0061);

HmM128551T — HmidILL-071359P (P = 0.0); HmMLCS67T — HmidILL-084787T (P = 0.0032).
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Figure 2.1: Lositan results indicating outlier loci as candidate loci under positive and balancing selection.

2.3.2. Population Differentiation, Effective Population Size and Relatedness

Pairwise genotypic differentiation as estimated by the exact test for genomic- and EST-
markers suggests highly significant population differentiation between cultured and wild
populations as well as significant differentiation amongst cultured populations from
different facilities, with many of the P-values reaching the 0.01 statistically significant level
(Table 2.1). Pairwise Fg estimates, calculated using genomic markers, ranged from 0.000-
0.046, with values showing less genetic differentiation amongst wild populations and
between cultured populations and wild progenitors. However, EST-marker estimates of
pairwise Fg; were more congruent with the results found for the exact test for genotypic
differentiation (range: 0.014-0.200; Table 2.2) showing significant differentiation between

most populations. Population differentiation was also supported by the AMOVA results,
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with significant differentiation amongst groups (Fcr = 0.045, P = 0.001), within groups (Fsc =
0.026, P = 0.000) and over all groups and populations (Fsr = 0.070, P = 0.000) (Table 2.3).
Factorial correspondence analysis clearly showed two clusters, one consisting of the wild

populations and one containing the cultured populations (Figure 2.2).

Table 2.1: Exact test P-values for pairwise genotypic differentiation as implemented in
Genepop v.4, using genomic-microsatellites (shaded area) and EST-microsatellites
(unshaded area).

CPWC CPSC WPEC WPWC CPEC WPSC

CPWC - 0.004** 0.000** 0.000** 0.000** 0.000**

CPSC - 0.000** 0.000** 0.000** 0.000**
WPEC - 0.000** 0.000** 0.000**
WPWC - 0.000** 0.000**

0.000**

*statistical significance at the 5% nominal level; ** statistical significance at the 1% nominal

level.

Table 2.2: Pairwise Fg-values for populations as calculated in Fstat v.2.9.3.2. using
genomic-microsatellites (shaded area) and EST-microsatellites (unshaded area).

CPWC CPSC WPEC WPWC CPEC WPSC
CPWC - 0.014 0.083* 0.093* 0.069* 0.114*
CPSC - 0.097* 0.104* 0.086* 0.140*
WPEC - 0.018* 0.176* 0.019

0.143*

*statistical significance at the 5% nominal level.
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Effective population sizes, as estimated by the temporal method, were generally low; as
little as 4.1 for the CPSC data (based on EST-markers only). The point estimate calculated by
the Heterozygosity excess test postulated a large (infinite) effective population for all
populations with the exception of the WPEC population. The LD estimates of effective
population size conformed to what was expected: generally high effective population sizes
in the wild populations with a reduction in effective population sizes amongst cultured
populations. This population bottleneck was further supported by the Wilcoxon rank test
that detected heterozygous excess in comparison to the expected heterozygosity under
mutation-drift equilibrium. There was also evidence that the WPEC population had
undergone a recent bottleneck (Table 2.4). There was no evidence for extensive relatedness

within or between populations (Table 2.5).

Table 2.3: Locus by locus AMOVA results over all 16 loci, with populations clustered in two
groups, cultured and wild progenitor.

Source of Variation Sum of Squares Variance components % of variation
Amongst groups 61.160 0.260 4,518
Amongst populations
57.380 0.144 2.505
within groups
Within populations 1963.456 5.356 92.977
Total 2081.996 5.7610

Fsr: 0.070 P: 0.000**

Fsc: 0.026 P: 0.000**

Fcr: 0.045 P: 0.001**

** statistical significance at the 1% nominal level.
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Figure 2.2: Factorial correspondence analysis, using 16 loci, showing two distinct population clusters grouped into wild and cultured

populations.
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Table 2.4: Various point estimates for effective population size (N.) and a test for recent population bottleneck based on genomic-, EST-

microsatellites and combined datasets.

LD test for N, . Two temporal samples test for N,  Wilcoxon’s P-value for heterozygous
Heterozygosity excess test for N, .
(95% Cl) (95% Cl) excess in recent bottleneck
Genomic EST Combined Genomic EST Combined Genomic EST Combined Genomic EST Combined
6.1
288.4 201.1 185.1 (99.7- 45.2 (21.4- 159 (10.8-
CPWC oo oo oo (3.6- 0.001%** 0.273 0.019*
(113-00) (56.9->0) 889.3) 212.3) 24.4)
10.2)
617.7
WPWC (1130.6- (123.4- (179.7-00) oo oo oo A A A 0.231 0.273 0.126
) o) '
4.1
199.3 o (65.9- 160.8 (87.3- 42.6 (19.8- 109 (7.7-
CPSC o oo o (2.5- 0.002** 0.006** 0.000**
(75.1-0) o) 737.3) 203.1) 10.6)
6.5)
e (500.1- oo (719.9-
WPSC ) (273.3- ) oo oo oo A A A 0.098 0.680 0.281
)
374 4.9
41.9 (27.9- 57.9 (43.2- 32.3 (16.9- 119 (8.4-
CPEC (22.1- oo oo oo (3.0- 0.027* 0.231 0.029*
73.9) 84.2) 87.2) 17.3)
82.1) 7.8)
78.5 (46.7- 96.7 932  (63-
WPEC oo 21344 oo A A A 0.014* 0.273 0.047*
193.2) (37.6-00) 162.8)
*statistical  significance at the 5% nominal level, **  statistical  significance at the 1%  nominal level.
2Note: Temporal estimate for wild populations could not be calculated, because temporal samples were not available.
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Table 2.5: Mean relatedness within and amongst populations, as estimated using
genomic- and EST-microsatellites

Genomic EST
r P-value r P-value
CPWC 0.032 0.497 0.024 0.493
WPWC 0.034 0.499 0.031 0.488
CPSC 0.033 0.509 0.034 0.538
WPSC 0.033 0.477 0.032 0.414
CPEC 0.033 0.506 0.028 0.470
WPEC 0.033 0.504 0.030 0.446
Over All 0.005 0.480 0.003 0.470

2.4. Discussion

2.4.1. Genetic Diversity: Genomic- vs. EST-Markers

Genetic diversity estimates revealed statistically significant differences between marker
classes (genomic- and EST-microsatellites) in terms of number of alleles, allelic richness and
expected heterozygosity. This is not a surprising result and conforms to previous studies
demonstrating moderate EST-microsatellite polymorphism across various animal taxa (Zhan
et al., 2005; Wang et al., 2007; Wang et al., 2008; Zhan et al., 2008; Kim et al., 2009; Wang
et al., 2009). Because of the close proximity to coding regions, EST-microsatellites are often
in linkage disequilibrium with functional genetic variants or may be itself a functional
sequence. Therefore, EST-microsatellites are often under selective pressure, which in turn
suppresses allelic variation (Li et al., 2004). Evidence for this is present in the current
marker-set, with three EST-microsatellites under possible positive differential selection
between populations (Figure 2.1). It is therefore noteworthy that genomic- and EST-
microsatellites might in fact represent two different sets of genetic diversity: neutral and

adaptive genetic diversity, respectively (Sgro et al., 2011). A parallel analysis using sets of
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both marker-types may therefore provide a more complete understanding of the

evolutionary forces driving genetic diversity within and between populations.

2.4.2. Genetic Diversity: Wild vs. Cultured populations

Results indicated no significant loss of genetic diversity between wild and cultured
populations of abalone based on estimates such as number of alleles, allelic richness or
heterozygosity and in general were comparable amongst populations (Table S2.1, S2.2). This
is in accord with previous findings for Haliotis midae (Slabbert et al., 2009), estimates for the
Pacific abalone (H. discus hannai; An et al., 2011) and the blue abalone (H. fulgens;
Gutierrez-Gonzalez and Perez-Enriquez, 2005) but contradicts findings for other studies on
aquaculture species including abalone (Alarcén et al., 2004; Evans et al., 2004; Hara and
Sekino 2007; Li et al., 2007; Lind et al., 2009; De la Cruz et al., 2010). A similar investigation,
comparing Fi-animals to wild populations, for Haliotis midae by Evans et al. (2004) was
based on a single spawning event, with a particular spawning cohort; thus the population
sample, in that study, was not representative of the total production population. The
reported loss of genetic diversity could, therefore be considered an artefact of a specific
spawning event in an isolated breeding group: Differential parental contributions are well
documented for broadcast spawning molluscs including South African abalone (Slabbert et
al., 2009; Van den Berg and Roodt-Wilding, 2010). This may be for a number of reasons,
including genetic fitness of particular individuals, but also stochastic variables, such as the
condition (e.g. physiological stress because of disease) of an individual animal at any given
spawning event. Contrary to previous studies, the present investigation sampled individuals
across spawning events and groups and therefore provides population-wide estimates that
can account for the observed maintenance of genetic diversity. Furthermore, the high levels
of genetic diversity in cultured populations may be attributed to good management
practice, by optimising the effective number of breeding individuals. It is noted that the
cultured populations (in the present study) maintain comparatively large effective
population sizes (57.9 — 185.1; combined LD estimate of N, Table 2.4). In comparison,
estimates for, for example, cultured seabream (Sparus aurata; maximum N = 18; Brown et

al., 2005) and pearl oyster (Pinctada maxima; maximum N, = 9.2; Lind et al., 2009), reported
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losses in genetic diversity. This is noteworthy, especially considering that mass-spawning is

the primary means of production in all the aforementioned species.

The number of alleles observed per locus was significantly higher over all populations
than within individual populations (Table S2.1, S2.2, S2.3) suggesting a number of
population-specific alleles across these loci. Although this observation must be treated with
caution due to the relatively small sample size used in the current study, a similar
observation was made by An et al. (2011) for the Pacific abalone: This could be a result of
founder effects that lead to a loss of rare alleles in cultured populations (Skaala et al., 2004),
noting that wild populations show the largest number of unique alleles, e.g. locus
HmMAD102T, HmRS27T and HmRS80T (Table S2.3). However, unique alleles also persists in
the cultured population. This can be explained by random genetic drift or, alternatively, by
selection of differentially favoured alleles in diverse heterogeneous environments. This
holds particular reference to locus Hm140858T with unique alleles only in two cultured
populations (CPSC and CPEC, Table S2.3) and evidence of differential selection between

populations (Figure 2.1).

Within respective populations several loci demonstrated violation of Hardy-Weinberg
equilibrium (Table S2.1, S2.2). This was mostly due to homozygous excess, based on Fjs-
estimates. Homozygous excess could be caused by a number of factors including the
presence of null alleles and directional selection, with significant evidence for both at loci
HmMAD102T and HmLCS72M, therefore these markers were not excluded from analysis. A
global analysis of Hardy-Weinberg equilibrium showed 11 of the 16 loci deviated from
equilibrium expectations, as expected from mixing individual populations that differ

significantly in allele frequencies (Table 2.1, 2.2).

2.4.3. Population Differentiation, Effective Population Size and Relatedness

The exact test for genotypic differentiation is often regarded as a more sensitive test for
population differentiation if unique alleles persist in said populations (Goudet et al., 1996;
Balloux and Lugon-Moulin, 2002). The presence of such unique alleles could, in part, explain

the significant genotypic differentiation of cultured populations from the wild progenitor
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populations and amongst cultured populations (Table 2.1, S2.3) for the present abalone
cohorts. A similar observation was made for captive bred Pére David’s deer (Zeng et al.,

2007).

Pairwise Fg estimates were generally highest between cultured and the wild progenitor
populations (Table 2.2) and this agrees with the two distinct (cultured and wild) clusters
obtained with the factorial correspondence analysis plot (Figure 2.2). However, there is
evidence for further population differentiation within each cluster as demonstrated by the
AMOVA and pairwise Fg results (Table 2.3). It is interesting to note that Fy estimates, based
on EST-microsatellites were significant for almost all population pairs, whereas genomic
estimates only reached significance for cultured populations (Table 2.2). As mentioned
earlier, this is possibly an indication that selection is the major evolutionary force driving
genetic differentiation at EST-loci (Figure 2.1). Population differentiation linked to
adaptation to ecological niches or other environmental conditions is well documented in
wild populations, even in high gene flow marine environments (Hemmer-Hansen et al.,

2007; Nielsen et al., 2009).

Recently, Bester-van der Merwe et al. (2011) reported low, yet significant differentiation
between wild Haliotis midae populations residing on the west and east coasts of South
Africa, with a possible secondary contact zone around the Cape Agulhas region on the south
coast. The present study also shows evidence of population heterogeneity between the
west and east coasts and further indicates that population differentiation may be facilitated
by adaptive processes. The development of ecotypes is known to occur in marine
environments where environmental clines persist (Schmidt et al.,, 2008). Such an
environmental cline is consistent with the temperature gradient along the South African

coast.

Differentiation of cultured populations from their progenitor populations and from one
another is a common occurrence in aquaculture species with reports for salmon (Skaala et
al., 2004; Withler et al., 2007), carp (Murakaeva et al., 2003), shrimp (Dixon et al., 2008),
pearl oysters (Lind et al., 2009) and various abalone species (Hara and Sekino, 2007; Li et al.,
2007; De la Cruz et al., 2010; Praipue et al., 2010; An et al., 2011). Again it would seem as if

selective pressures may be in part responsible for the observed patterns of genetic diversity;
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considering that these cultured populations have been through the entire production
system as well as grading procedures where inferior specimens were culled. The only
pairwise Fy estimates based on EST-microsatellites that did not reach statistical significance
was between the CPWC and CPSC as well as between the WPSC and WPEC populations and
could be a result of possible convergent evolution. For the cultured populations this may be
due to artificial selection of favourable production phenotypes or adaptation to similar
aquaculture practices. Whereas for the wild populations this could be adaptation to similar
environmental conditions, noting that both populations are located eastward from the
major barrier to gene flow in the warm-temperate coastal regions (Bester-van der Merwe et
al., 2011). Convergent evolution has been described for scallops that inhabit analogous
ecological niches and subsequently develop similar phenotypic characters (Alejandrino et

al., 2011).

Effective population size is an important parameter as it provides an indication of the
rate of inbreeding and subsequent loss of genetic diversity over successive generations;
however it is often difficult to estimate (Doyle and Talbot, 1986; Ryman and Laikre, 1991;
Waples and Do, 2010). Waples and Do (2010) argued that the LD estimate of effective
population size should provide greater precision than the temporal or heterozygous excess
estimates, especially within a limited generational interval and small sample size. Based on
the present data the temporal method suggests relatively low effective population sizes for
the cultured populations (Table 2.4). Lind et al. (2009) reported effective population sizes to
the same order for cultured pearl oysters, but the authors reported significant relatedness
within the cultured populations. This is not the case for the current H. midae cultured
populations that demonstrates no significant relatedness of individuals in respective
populations and similar estimates across both wild and cultured populations (Table 2.5). The
LD estimates are therefore a more reliable measure, considering that the Wilcoxon test
results demonstrates evidence for a bottleneck event in the cultured populations. This result

is mirrored by the linkage disequilibrium estimates and in accord with what is expected.

Previous estimates for long-term (Ne = 7 247.64 — 29 104.14) and contemporary (Ne = 62
496.875) effective population sizes, for the total wild population, as calculated by Bester-
van der Merwe (2009) fall well within the confidence boundaries (as calculated by LDN,) for

the currently reported estimates of effective population size in the wild populations, WPWC
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and WPSC (Table 2.4). Interestingly the WPEC population is the only wild population to show
evidence of a possible recent bottleneck; further investigation is however needed before

final conclusions can be drawn.

2.5. Conclusions

The presented data suggests that even though there is evidence of a population
bottleneck, there is a sufficient number of breeding animals on respective aquaculture
facilities to maintain levels of genetic diversity comparable with their wild progenitor
populations. However, it is clear that the exact constitution of this genetic diversity is
distinct from the wild populations and differs significantly between cultured populations
from different facilities. On this account, it is therefore argued that there is evidence for
genetically unique domesticated abalone strains produced by independent domestication
events on respective aquaculture facilities. This initial phases of the domestication process
seems to primarily driven by random genetic drift and possibly selection. Abalone and many
other aquaculture species are in a unique position in that efforts to domesticate and
conserve natural stocks will run in parallel. A thorough understanding of underlying genetic
elements that contribute to the development of wild and aquaculture phenotypes is thus

warranted for the effective management of the abalone resource.
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Detection of Molecular Signatures of Selection at Microsatellite Loci in
the South African Abalone (Haliotis midae)

Abstract

Identifying genomic regions that may be under selection is important for elucidating the
genetic architecture of complex phenotypes underlying adaptation to heterogeneous
environments. A population genomics approach, using a classical neutrality test and various
Fs-outlier detection methods was employed to evaluate genome-wide polymorphism data
in order to identify loci that may be candidates for selection amongst six populations (three
cultured and three wild) of the South African abalone, Haliotis midae. Approximately 9% of
the genome-wide microsatellite markers were subject to directional selection, whilst 6% to
18% of the genome is thought to be influenced by balancing selection. Genetic diversity
estimates for candidate loci under directional selection was significantly reduced in
comparison to candidate neutral loci, whilst candidate balancing selection loci
demonstrated significantly higher levels of genetic diversity (Kruskal-Wallis test, P < 0.05).
Pairwise F estimates based on candidate directional selection loci also demonstrated
increased levels of differentiation between study populations. Various candidate loci under
selection showed significant inter-chromosomal LD, suggesting possible gene-networks
underling adaptive phenotypes. Furthermore, several loci had significant hits to known
genes when performing BLAST searches to NCBI’s non-redundant databases, whilst others
are known to be derived from expressed sequences even though homology to a known gene
could not be established. A number of loci also demonstrated relatively high similarity to
transposable elements. The association of these loci to functional and genomically active

sequences could in part explain the observed signatures of selection.

Keywords: Adaptation; Fg-outlier; Linkage Disequilibrium; Neutrality; Population Genomics;

Selection
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3.1. Introduction

The neutral theory predicts that most molecular genetic variation will not have any
fitness advantage and thus will be selectively neutral. However, in recent years increasing
evidence suggests that a strict neutral model for molecular evolution is not tenable and it is
now commonly accepted that evolutionary change is both a function of stochastic events
and selection (Nielsen, 2005; Mitchell-Olds et al., 2007; Nadeau and lJiggins, 2010).
Understanding how selection shapes molecular diversity and how this diversity in turn
facilitates the development of adaptive phenotypes, in heterogeneous environments, has
thus become a key endeavour of modern evolutionary biology. Recently population
genomics scans have become increasingly popular for detecting population divergence as a
consequence of adaptation and identifying the underlying genetic architecture of complex
divergent phenotypes (Black et al., 2001; Luikart et al., 2003; Storz, 2005; Biwas and Akey,
2006; Pavlidis et al., 2008; Stinchcombe and Hoekstra, 2008; Nielsen et al., 2009a; Nosil et
al., 2009).

The use of genome-wide polymorphism data allows for the partitioning of locus-specific
effects such as recombination, mutation and selection from demographic effects (including:
bottlenecks, founder effects, population stratification and migration etc.) (Luikart et al.,
2003; Stinchcombe and Hoekstra, 2008) and also provides for functional analyses of genetic
polymorphisms to be extrapolated to a population level (Bonin, 2008). Unlike the more
conventional linkage-based QTL analysis, population genomic scans do not rely on
structured pedigree information and controlled breeding experiments, often impractical
when working with natural populations or organisms with long generation times (Storz,
2005; Stinchcombe and Hoekstra, 2008). Furthermore, there is no dependence on a priori
phenotypic information as is the case for association and conventional linkage-based
studies. This is particularly advantageous when phenotypic traits are not readily observable
or unknown, such as biochemical or physiological traits (Storz, 2005; Walsh, 2008).

A number of classical neutrality tests have been developed over the years, including the
Ewens-Watterson test (Ewens, 1972; Watterson, 1978), Tajima’s D test (Tajima, 1989),
McDonald-Kreitman test (McDonald and Kreitman, 1991) and tests based on the

relationship of synonymous and non-synonymous substitutions (Li et al.,, 1985; Nei and
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Gojobori, 1986). Although these tests are popular they are sensitive to demographic effects
(e.g. Ewens-Watterson test, Tajima’s D test) or rely on extensive gene sequence data that is
not necessarily available for non-model species. Recently, Fg-outlier tests, first developed by
Beaumont and Nichols (1996), became popular because it allowed for the simultaneous
analysis of a large number of loci and both dominant and co-dominant marker data could be
employed. This method assumes a simple island model, but Excoffier et al. (2009) argued
that this simple model may not accurately reflect more multifaceted migration patterns and
subsequently implemented a hierarchical island model in their execution of the method.
Irrespectively, both of these frequentist methods are criticised for its inability to
compensate for population and locus-specific effects. Pérez-Figueroa et al. (2010) and
Narum and Hess (2011) for this reason argue that the reimplementation of the Fg-outlier
method under a Bayesian statistical framework as in Foll and Gaggioti (2008) may provide
more reliable results.

Fi-outlier tests have been used in a number of studies in order to detect loci that might
be under selection (e.g. Bonin et al., 2006; Paris et al., 2010; Nunes et al., 2011) including
those for aquatic species such as Atlantic salmon (Salmo salar; Vasemagi et al., 2005), lake
whitefish (Coregonus clupeaformis; Campbell and Bernatchez, 2004), cod (Gadus morhua;
Nielsen et al., 2009b), Eastern oyster (Crassostrea virginica; Murry and Hare, 2006) and
periwinkle snail (Littorina saxatilis; Wilding et al., 2001) (for a review: Nielsen et al., 2009a).
Many of these studies used dominant AFLP markers due to the lack of genomic resources in
non-model species. However, the use of microsatellite- and SNP-markers are now increasing
(e.g. Vasemagi et al., 2005; Nielsen et al., 2009b; Willing et al., 2010; Whiteley et al., 2011).

The South African abalone, locally known as perlemoen (Haliotis midae Linnaeus,
Gastropoda; Haliotidae), is an economically important marine mollusc. The species has a
wide distribution along the cool to warm temperate regions of the South African coast
ranging from west- (the Western Cape Province) through to the east coast (on the Eastern
Cape Provincial seaboard). Although historically an important fisheries species, the
commercial sector currently relies mainly on aquaculture due to the suspension of
commercial fishery operations in 2008 for conservation purposes.

Previous studies, based mainly on neutral marker analysis, identified subtle population
differentiation between wild populations on the west- and east coasts of South Africa

coinciding with the major oceanographic characteristics of the South African coastline
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(Evans et al., 2004a; Bester-van der Merwe et al., 2011). The current hypothesis suggests
that an ancestral population was divided into two isolated populations during the last glacial
maxima, approximately 20 000 years ago and a secondary contact zone was established on
the south coast after glacial retreat (Bester-van der Merwe et al., 2011). Furthermore,
significant population differentiation has been reported between cultured and wild
populations of H. midae after only one generation of breeding under artificial aquaculture
settings. This population differentiation between wild and cultured populations is thought
be a result of founder effects and selection for the new artificial aquaculture environment
[Evans et al., 2004b; Slabbert et al., 2009; Rhode et al., 2012 (Chapter 2)].

Demographic events that could lead to the observed patterns of population
differentiation amongst various H. midae populations have been well studied. However,
little is known about the contribution made by selection and the underlying genetic
variation responsible for adaptation to particular environments. Aberrant patterns of
genetic diversity at various loci in both wild (Evans et al., 2004a) and cultured (Rhode et al.,
2012) populations have been ascribed to possible selection and it is therefore hypothesised
that selection may play an important role in population divergence. ldentifying adaptive
genetic diversity may aid in defining management units in conservation and fisheries
management. This has particular relevance for marine environments where populations
often show little differentiation, based on neutral genetic diversity, because of few
restrictions to migration and large effective population sizes. Thus the assumption of
panmixia is often made. However, recent studies suggest population divergence due to
adaptation even in cases where gene flow is prevalent (Hemmer-Hansen et al., 2007;
Nielsen et al., 2009a, b; André et al., 2011). These adaptations, leading to the development
of ecotypes, are often correlated to heterogeneous or clinal environments across the
species’ natural distribution range (Schmidt et al., 2008; Mariac et al., 2011). In the case of
the South African coast, such environmental heterogeneity is consistent with the
temperature gradient along the cool temperate Atlantic Ocean on the west and the warm
temperate Indian Ocean on the eastern seaboard of the country.

Furthermore, the domestication process of abalone in South Africa is in its initial stages,
with some farms only now starting to retain F;-generation animals for broodstock
replacement. In other abalone species aquaculture has already produced the third and up to

the sixth generation of animals in captivity (e.g. Li Q et al., 2004; Praipue et al., 2010).
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Regardless of this initial phase of domestication, the elevated levels of population
differentiation between wild and cultured populations of H. midae raise some questions:
Which evolutionary forces are driving the domestication of abalone? What are the effects of
different husbandry practises? What genes or loci are affected and how does this relate to
the genetic constitution of cultured abalone? Are there any conservational concerns,
implications for ranching or stock enhancement initiatives? Will this impact the future
prospects for genetic improvement and management of commercial stocks in relation to
conservation of wild populations?

The aim of this study, therefore, was to conduct a population genomic analysis of
genome-wide microsatellite markers to identify candidate loci that may be under selection
and that could elucidate the underlying adaptive genetic variation responsible for

phenotypes (often cryptic) in wild and cultured abalone.

3.2. Materials and Methods

3.2.1. Study Populations, Specimens and Microsatellite Markers

Permits to collect and transport abalone for the purpose of research were obtained from
the Department of Agriculture, Forestry and Fisheries of the Republic of South Africa. Thirty
two wild animals from three localities (96 animals in total) representing the major
geographical regions of the natural distribution of H. midae in South Africa were included:
Saldanha Bay (geographic coordinates: 33°02'40.64"S; 17°56'00.53"E) on the west coast
(WPWC); Witsand (geographic coordinates: 34°20'53.37"S; 19°01'39.75"E) on the south
coast (WPSC) and Riet Point (geographic coordinates: 33°31'29.31"S; 27°06'51.18"E) on the
east coast (WPEC) (populations as described in Bester-van der Merwe et al., 2011). In total
96 F; cultured animals were collected from three aquaculture facilities (32 animals per
facility), one each from the west- (CPWC) (geographic coordinates: 32°45'30.00"S;
18°01'40.00"E), south- (CPSC) (geographic coordinates: 34°35'04.00"S; 19°19'45.63"E) and
east- (CPEC) (geographic coordinates: 32°45'43.20"S; 28°15'0.00"E) coast of South Africa.
The respective aquaculture populations originated from wild broodstock animals collected

from the corresponding geographic regions. Cultured animals were randomly selected,
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across spawning cohorts, in order to attain a representative sample of the total F;
population on each respective facility. All the wild abalone were adult, reproductively active
animals. Cultured animals were juveniles of ages between three and four years and had
gone through the entire production system, including several grading procedures according
to each facility’s specifications.

Muscle and/or gill tissues were collected from each individual and placed in 70% ethanol
and stored at -20°C. DNA extraction was performed using the standard CTAB method of
Saghai-Maroof et al. (1984). One-hundred-and-fifty microsatellite markers previously
developed for Haliotis midae (Bester et al., 2004; Slabbert et al., 2008, 2010; Rhode et al.,
2012; Slabbert et al., 2012) were selected providing an estimated average marker density of
approximately 10 cM across the genome (estimated genome size: ~1400 cM; Franchini et
al., 2010). All individuals were genotyped for all markers. Polymerase chain reactions were
done in a total volume of 10 pl using the Qiagen® multiplex kit, with all other conditions as
described by the authors. This was followed by capillary electrophoreses and allele size

scoring using GeneMapper® v.4 (Applied Biosystems) software.

3.2.2. Identifying Candidate Loci Under Selection

In order to identify candidate markers under selection, three Fy-outlier detection
methods, as implemented in Lositan v.1.44 (Antao et al., 2008), BayeScan v.2.01 (Foll and
Gaggiotti, 2008) and Arlequin v.3.5.1.2 (Excoffier and Lischer, 2010) was used as well as the
classical Ewens-Watterson homozygosity test for neutrality via the exact test
implementation of Slatkin (1994) in PyPop v.0.7 (Lancaster et al., 2007). Separate analyses
were run on wild and cultured population cohorts as well as a combined dataset containing
all populations (wild and cultured) for computations in Lositan, BayesScan, and the Ewens-
Watterson test in order to allow comparison with the Arlequin hierarchical results. Lositan
parameters were as follow: 50 000 simulations, with a 95% confidence interval and a false
discovery rate of 0.1, assuming the infinite alleles model. For BayeScan default parameters
as set for co-dominant markers were used; statistical confidence levels were set according
to the Jeffreys’ scale: a Bayes factor (BF) greater than 10 [logio(BF) > 1] was interpreted as
sufficient evidence for selection. The Ewens-Watterson test was run with 10 000 replicates

and significance was set at P < 0.05. Outlier detection in Arlequin assumed the hierarchical
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island model, populations were grouped as either wild or cultured, with 10 000 simulations
(number of demes: 100, number of groups: 10), significance cut-off was set at P < 0.05.

For a locus to qualify as a candidate for selection it should have demonstrated congruent
evidence for either directional or balancing selection in at least two of the tests done across
any of the population cohorts investigated. The loci were then subdivided into three
datasets: candidate neutral-, candidate directional selection-, and candidate balancing

selection markers.

3.2.3. Genetic Diversity, Linkage Disequilibrium and Population Differentiation

Hardy-Weinberg equilibrium (exact probability test, 10 000 dememorisation, 500
batches, and 5000 iterations per batch) was computed using Genepop v.4.0 (Rousset, 2008).
The following diversity statistics was calculated in GenAlLex v.6.41 (Peakall and Smouse,
2006): number of alleles, effective number of alleles, information index and heterozygosity.
A Kruskal-Wallis test was performed to evaluate significant differences in number of alleles,
effective number of alleles and heterozygosity between candidate markers under selection
and neutral markers as well as between cultured and wild populations. To evaluate the
relationship between LD and genetic distance (cM) two statistics were calculated: the LD
parameter, D' [as defined by Hedrick (1987) for multi-allelic loci] and the standardised x'2
statistic (Zhao et al., 2005) for each syntenic locus pair (pairs of loci on the same linkage
group) of H. midae (linkage map, Vervalle et al., in press). Furthermore, to test the LD due to
functional associations, both statistics were calculated for each pair of candidate loci under
selection. All pairwise LD statistics were computed using Pypop with significance testing by
permutation (1000, P < 0.05 [for the X'* Pypop calculates Cramer’s V statistic (Cramer, 1946)
equivalent to the square root of x'z]. In order to investigate the LD patterns that arise due to
the domestication effect, but to maintain a cross-population comparison to better reflect
the manner in which outlier loci were identified, the analyses were done for wild and
cultured population respectively. To test whether LD amongst candidate selection loci was
significantly different to the base LD, a Kruskal-Wallis test was performed.

Pairwise Fg (10 000 permutations at 5% significance level) between populations was
estimated and a locus by locus molecular analysis of variance (AMOVA; 10 000

permutations) was also computed in Arlequin; populations were grouped as either cultured
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or wild. Finally, dendrograms were constructed based on Nei’s genetic distance (Nei, 1972)
using the neighbour joining clustering algorithm in PowerMarker v.3.25, with 1000

bootstrap replicates (Liu and Muse, 2005).

3.2.4. Analyses for Possible Cause for Outlier Behaviour of Loci

Outlier loci were subjected to bioinformatic analysis, in order to identify possible
association to known functional sequences. The bioinformatics protocol of Faber and
Medrano (2003, 2004) was followed. In brief: repeat regions were masked using
RepeatMasker v.3.3.0 (Smit et al., 2011) to prevent superfluous hits due to microsatellite
repeat motifs. The masked sequences were then used to conduct BLASTx and BLASTn
(Altschul et al., 1990) searches against the nr-protein and nr-nucleotide databases of NCBI.
Masked sequences were also screened against the Repbase database (Jurka et al., 2005) via
the CENSOR v.4.2.27 program (Kohany et al., 2006) to identify possible associations to
dispersed repetitive elements. Hits with the smallest e-value (cut-off: e-value < 1), the
highest similarity and/or score were assumed to be the most likely homologue.

A case-control study design using a permutation-based distance test for genotypic
differentiation (Prevosti distance, 10 000 permutations in PowerMarker) was used to
evaluate the association of candidate loci under selection with domestication (wild vs.
cultured) and a particular population (WPWC vs. WPSC vs. WPEC vs. CPWC vs. CPSC vs.
CPEC). First significant genotypic differentiation at particular loci was tested between wild
and cultured population cohorts; then each population in turn was compared to all other
populations. Significance threshold was set to P < 0.05.

Environmental data from each geographic region was obtained from the South African
Weather Service and the South African Data Centre for Oceanography. The average winter
(SST-WinAve) and summer (SST-SumAve) sea surface temperatures, the average maximum
summer (SST-SumMax) and minimum winter (SST-WinMin) sea surface temperatures as
well as the average difference in the summer maximum and winter minimum sea surface
temperature (ASST-SumWin) was calculated using data from the years 2000 to 2010.
Average oxygenation and salinity levels were also calculated for the years 1992 to 2007
(Table 3.1). To evaluate the effect of these variables on population differentiation a

regression analysis was performed with GESTE v.2.0 (Foll and Gaggiotti, 2006).
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Table 3.1: Summary of environmental variables for each geographic region.

Environmental West Coast South Coast East Coast
Variable

SST-SumMax (°C) 22.10 27.00 24.90
SST-SumAve (°C) 18.90 21.82 20.46
SST-WinMin (°C) 9.50 12.00 13.00
SST-WinAve (°C) 14.16 14.87 15.87
ASST-SumWin (°C) 12.60 15.00 11.90
Dissolved O, (PPT) 4.16 4.66 4.59
Salinity (PPT) 35.00 35.17 35.04

°C — degrees Celsius
PPT — parts per thousand
SST —sea surface temperature

3.3. Results

3.3.1. Candidate Loci Under Selection

The highest number of candidate loci for selection was identified with Lositan, resulting
in 48 candidate loci (14 under directional selection and 34 under balancing selection) across
all populations. On the contrary, analysis with BayeScan resulted in the lowest number of
candidate loci: 26 (across all populations), with 16 candidates for directional selection and
10 candidates for balancing selection. When considering wild- and cultured population
cohorts separately, the number of loci identified by Lositan and BayeScan was reduced by
almost half: total number of loci identified by Lositan across wild populations (23) and
across cultured populations (26); total number of loci identified by BayeScan across wild
populations (9) and across cultured populations (10). This reduction was not mirrored by the
F& (among populations) and F. (among groups of populations) estimates of Arlequin’s

hierarchical analysis or the Ewans-Watterson test. There were varying degrees of overlap in
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the loci detected between the different methods, but overall 41 loci had congruent results
with at least two of the detection methods employed: Fourteen loci were candidates for
directional selection and 27 were candidates for balancing selection (Appendix B: Table

$3.1).

3.3.2. Genetic Diversity, Linkage Disequilibrium and Population Differentiation

A summary of Hardy-Weinberg test statistics per locus per population are shown in the
supplementary information (Appendix B: Table S3.2). A number of loci seem to violate the
Hardy-Weinberg assumptions and demonstrate high Fi; values indicating heterozygous
deficiency. This is most likely due to the presence of null alleles, commonly found at
microsatellite loci in abalone (e.g. Slabbert et al., 2008, 2010, 2012.). For the most part null
alleles affect loci at random and across populations; because the population genomics
approach takes into account stochastic genome-wide effects it is not anticipated to
influence the results significantly. Therefore, these loci were not excluded from the
analyses. Loci under selection are, also, expected to deviate from Hardy-Weinberg
expectations. There were no overall significant differences (P > 0.05) in genetic diversity
between wild and cultured populations, even though cultured populations demonstrated
slightly reduced diversity across most measures. Diversity estimates across the three locus
sets (for directional selection, balancing selection and neutral loci) however did reach
significance (P < 0.05): Heterozygosity, number of alleles, effective number of alleles and the
information index for candidate loci for balancing selection was significantly greater than
that for neutral loci. On the contrary, candidate loci for directional selection demonstrated
significantly less diversity as measured by number of alleles, effective number of alleles and
the information index compared to neutral loci; heterozygosity between candidate
directional selection loci and neutral loci failed to reach significance. Figure 3.1 summarises

the various statistics across the six populations.
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Diversity estimates across populations for loci under directional selection
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Figure 3.1: Summary statistics for mean diversity estimates, including number of alleles
(A,), effective number of alleles (A.), information index (I), number of private alleles and
heterozygosity (H.) for candidate loci under selection and neutral loci per population.

Across wild populations approximately 10% of the syntenic locus pairs were in significant

LD (P < 0.05); whilst across cultured populations this was more than double, at

approximately 23% (Appendix B: Table S3.3). Genome-wide LD was relatively high, with

similar mean D' and )('2 estimates for wild and cultured populations, although estimates for

cultured populations were slightly elevated — D": 0.467 (+ 0.0128) and x'%: 0.188 (+ 0.0088)

for wild populations and D': 0.473 (+ 0.0147) and x'zz 0.2102 (+ 0.0122) for cultured

populations. D' estimates were inflated in comparison to the x'? estimate; however both
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statistics provided similar trends for LD. Wild populations seem to have reached the base
level of LD among populations (noting the almost zero slope), whilst for cultured
populations LD decayed as a function of genetic distance (cM) (Figure 3.2). For candidate
loci under selection, 72 locus pairs reached statistically significant levels of LD (P < 0.05) for
cultured populations and 63 locus pairs for wild populations (Appendix B: Table S3.4). The
mean D'- and the x'? statistic for pairs of candidate loci under selection was significantly
higher (Kruskal-Wallis test, P < 0.001) than the corresponding estimate for pairs of syntenic
loci: wild (D': 0.657+0.0189; x'’: 0.303+0.0167) and cultured (D' 0.689+0.0158; X'*:
0.317+0.0135). Linkage disequilibrium for these loci was not constrained to individual

linkage groups, with significant LD spanning across putative chromosomes.

With the exception of the pairwise Fg estimates based on candidate loci for balancing
selection, pairwise Fg estimates demonstrated evidence for population differentiation
amongst almost all populations (Table 3.2). Interestingly, the pairwise F estimate based on
directional selection loci failed to reach statistical significance for CPWC and CPSC.
Furthermore, the only pairwise Fy estimate based on balancing selection loci to
demonstrate significant population differentiation was between CPEC and CPSC. Similarly,
the AMOVA results reflected the significant population differentiation as measured using
the neutral and directional selection loci. For balancing selection loci average F-statistics
remained low, but was significant for the F¢.- and F; estimates (Table 3.3). The dendrograms
corroborated the F-statistics, showing the close relationship between the CPWC and CPSC.
Furthermore, the dendrograms also showed that selection is a major driving force for the
development of the domestic phenotype as illustrated by the large genetic distance
between the wild and cultured population clusters when using loci under positive selection

(Figure 3.3).
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Linkage disequilibrium (LD) as a function of genetic distance across the wild populations
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Figure 3.2: Linkage disequilibrium as measured by the D’- and x’” statistic for each syntenic locus pair as a function of genetic distance (cM).
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Table 3.2: Pairwise F; estimates based on candidate loci for directional-, balancing
selection and neutral loci.

Pairwise F, estimates for candidate loci under directional selection

CPWC CPSC CPEC WPWC WPSC WPEC
CPWC -
CPSC -0.00566 -
CPEC 0.09226* 0.14871* -
WPWC 0.21142* 0.23455%* 0.25499* -
WPSC 0.21227* 0.24076* 0.29459* 0.04775* -
WPEC 0.21724* 0.23716* 0.30736* 0.02501* 0.05640* -
Pairwise F,; estimates for candidate loci under balancing selection
CPWC CPSC CPEC WPWC WPSC WPEC
CPWC -
CPSC 0.00313 -
CPEC 0.00449 0.00722* -
WPWC 0.00001 -0.00054 0.00159 -
WPSC -0.00372 -0.00269 0.00035 -0.00188 -
WPEC 0.00203 0.00031 0.00248 0.00056 -0.00266 -
Pairwise F estimates for candidate neutral loci
CPWC CPSC CPEC WPWC WPSC WPEC
CPWC -
CPSC 0.00851* -
CPEC 0.01815* 0.01476* -
WPWC 0.01486* 0.01131* 0.02012* -
WPSC 0.01459* 0.01889* 0.02194* 0.01627* -
WPEC 0.01443* 0.01428* 0.01332* 0.01005* 0.00809* -

* Significant P-value at the 1% nominal level
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Table 3.3: AMOVA results based on candidate loci for directional-, balancing selection and neutral loci, populations grouped as cultured or

wild.

Candidate loci for directional selection

Source of Variation

Sum of Squares Variance Components % Variation

Average F-statistic
(* P<0.05)

Among groups

Among populations
within groups

Within populations

121.103 0.6634 17.70666
49.664 0.16054 4.28501
951.015 2.92267 78.00834

Fer:0.17707*
Fsc : 0.05207*

Fsr:0.21992*

Candidate loci for balancing selection

Source of Variation

Sum of Squares Variance Components % Variation

Average F-statistic

(* P<0.05)

Among groups 15.329 0.0067 0.06191 Fcr:0.00062

Among populations 56.692 0.06123 0.56597 Fsc : 0.00566*
within groups

Within populations 3620.499 10.75047 99.37212 Fsr: 0.00628*

Candidate neutral loci

Source of Variation

Sum of Squares Variance Components % Variation

Average F-statistic
(* P<0.05)

Among groups

Among populations
within groups

Within populations

89.638 0.15119 0.44726
249.302 0.54005 1.59758
11092.658 33.1129 97.95516

FCT :0.00447*
FSC :0.01605*

FST :0.02045*
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Figure 3.3: A: Dendrogram based on genetic distance (Nei, 1972) as calculated using candidate loci for
directional selection and clustered via the Neighbour Joining algorithm. B: Dendrogram based on
genetic distance (Nei, 1972) as calculated using candidate neutral loci and clustered via the
Neighbour Joining algorithm. Nodal values: bootstrap replicates (in percentage) that supported the
partitioning of branches.

3.3.3. Cause of Outlier Behaviour of Loci

No association between the environmental data and population differentiation could be
found (highest probability model with P = 0.081, excluded all environmental variables as
causative to population differentiation). However, a number of loci were associated with
particular populations. Twelve of the 14 loci, suggested being under directional selection,
demonstrated association with domestication. A few loci under balancing selection also
demonstrated association to particular populations and domestication (Appendix B: Table
S3.5). Seven loci had significant hits to known genic sequences (Table 3.4) and three
additional loci (HmidILL-146360, HmidILL-87955, HmidILL-118779) that are known to be
derived from expressed sequences were therefore de facto gene associated. Five loci had

significant similarity to known transposable elements (Table 3.5).
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Table 3.4: Candidate loci under selection with significant similarity to known genes.

Locus name BLAST hit e-Value Identity/Positive (%) Gene function

HmNR120 SH2 domain containing 3.0e-05 74 Signal transduction
protein (Danio rerio)
XP_687225.1

HmLCS5 ATPase a-subunit (Haliotis 7.0e-19 89 Energy metabolism
rubra)
AY04305.1

HmidILL-2192 14-3-3 protein zeta 3.0e-102 78 Signal transduction
(Bombyx mori)
NP_001040164.1

HmidILL-37506 Ras-related protein Rab-1a 100 Regulation of cellular
(Haliotis discus) vesicular transport
ABO26625.1

HmidILL-088398 LIM domain containing 3.0e-25 96 Cytoskeletal organisation
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HmidILL-64129

HmidILL-070036

HmidILL-076149

protein  2-like  (Anolis
carolinensis)

XP_003222427.1

D-Lactate dehydrogenase 1.0e-75
(Octopus vulgaris)
BAB33312.1

Transaldolase 3.0e-24
(Strongylocentrotus

purpuratus)

XP_792583.2
Adenosylhomocysteinase  3.0e-129
(Pediculus humanus)

XP_002427522.1

79

77

66

and gene expression

Pyruvate metabolism

Reductive biosynthesis

Methylation of
biomolecules, including:
phospholipids, proteins,

DNA and RNA.
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Table 3.5: Candidate loci under selection with significant similarity to known transposable

elements.
Locus Name Hit Similarity (%) Score
DNA transposon
HmRS129 80.0 253
(EnSpm)
DNA transposon
HmLCS48 74.4 291
(Polinton)
DNA transposon
Hmid65 68.3 323
(Polinton)
HmidPS1.549 DNA transposon (hAT) 77.3 349
Non-LTR
HmidPS1.559 80.2 327
retrotransposon

3.4. Discussion

This study investigated the effects of selection on genome-wide genetic diversity in the
South African abalone, Haliotis midae. Several loci were identified as candidate regions
under directional- or balancing selection. Although, the environmental variables
investigated in this study could not explain the observed population differentiation, a
number of candidate loci under selection were significantly associated to particular
populations. The majority of loci under possible directional selection were also significantly
associated to the domestication of abalone, i.e. loci that showed the most divergent

genotypes between wild and cultured populations.
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3.4.1. Candidate Loci Under Selection

This study employed four methods to identify candidate loci under selection. Three of
these were based on detecting loci with excessively high or low estimates of locus-specific
F&« among populations — F-outlier tests. Lositan implements the procedure based on FDist
(Beaumont and Nichols, 1996). This is a frequentist method that uses coalescent simulations
to determine the null distribution of Fy estimates under the neutral theory, assuming an
island model — implicitly, assuming equal population sizes, -migration rates and -Fy
variances amongst populations (Wright, 1931). Excoffier et al. (2009) proposed expanding
this method by assuming a hierarchical island model (implemented in Arlequin) to
compensate for more complex demographic scenarios, where migration rates may typically
be higher amongst smaller sub-populations within a group than migration rates between
groups. The third method used, as implemented in BayeScan, functions under a Bayesian
statistical framework as described in Foll and Gaggioti (2008). This method makes no
assumption on the equivalence of Fg variances amongst populations and allows for locus-
and population-specific effects, but assumes a Dirichlet distribution for allele frequencies.
Lastly, the Ewens-Watterson test assumes panmixia, whereby an excess or deficit of

homozygotes could be explained by selection (Ewens, 1972; Watterson, 1977, 1978).

All these tests differ in the fundamental assumptions; albeit subtle in some cases, these
varying assumptions lead to significant disparity in the resulting loci being detected as
possible candidates for selection. This is reflected in the current data where the number of
loci detected by each test differs. There is a fairly high degree of overlap in loci detected by
the three Fy-outlier tests, but to a lesser extent with the results obtained by the Ewens-
Watterson test (Appendix B: Table S3.1). A number of studies, comparing the Beaumont and
Nichols (1996) method to a Bayesian method (BayeScan or analogous program), reported on
the disparity in number of loci identified, with the latter method always resulting in a
smaller set of candidate loci (Vasemagi et al., 2005; Namroud et al., 2008; Paris et al., 2010;
Nunes et al., 2011). Two recent theoretical-simulation studies testing the robustness of
various outlier detection methods, using dominant- (Pérez-Figueroa et al., 2010) and co-
dominant markers (Narum and Hess, 2011) concluded that the inability of the Beaumont
and Nichols (1996) method to compensate for differing variances in Fg amongst

populations, under a simple island model, may result in an increased type | error rate (false
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positive) - especially with the detection of loci under balancing selection. Narum and Hess
(2011) further argued that the hierarchical island model, as proposed by Excoffier et al.
(2009), may further inflate both type | and type Il error rates (false negative) if neutral

genetic diversity contrasts adaptive genetic diversity.

The current data for H. midae, suggests a similar trend in results for the different outlier
detection methods as do aforementioned investigations. Noting that BayeScan consistently
showed the smallest set of loci as candidates for selection. In particularly, the inequality in
the number of candidate balancing selection loci identified: 10 candidate balancing
selection loci by BayeScan versus the 34 and 23 by Lositan and the Arlequin (hierarchical
method) respectively, across all populations (Appendix B: Table S3.1). It is reasonable to
suggest that many of these candidate balancing selection loci may thus be false positives.
The apparent lack of congruence of the Ewens-Watterson test results to that of the outlier
tests could be attributed to the rigidness of the panmixa assumption; it is known that this
test may fail under complex demographic scenarios (Slatkin, 1982). Furthermore this test
may have reduced power if high recombination rates persist in a population or samples sizes

are small (Zhai et al., 2009).

Based on the defined set of candidate loci under selection, 9.3% (14/150) of the H. midae
genome maybe affected by divergent selection, whilst 18% (27/150) could be influenced by
balancing selection; in total approximately 27% of genetic variation in the genome is
presumably influenced by selection. This is an relatively large proportion with estimates
from other organisms, including various species of plants (Scotti-Saintagne et al., 2004;
Herrera and Bazaga, 2008; Namroud et al., 2008), a mosquito (Paris et al., 2010), the
common frog (Bonin et al., 2006), the ocellated lizard (Nunes et al., 2011), a number of fish
species (Campbell and Bernatchez, 2004; Williams et al., 2008; Nielsen et al., 2009; Nielsen
et al., 2009b; Willing et al., 2010; Whiteley et al., 2011), wolves (Hagenblad et al., 2009) and
Holstein cattle (Qanbari et al., 2010) ranging between 2.6% and 12%. In a bivalve mollusc
(Crassostrea virginica), the estimate was even lower at 1.86% (Murray and Hare, 2006);
however, for Littorina saxatilis (periwinkle snail; a gastropod mollusc) the estimate was

slightly higher at 5% (Wilding et al., 2001).
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A more recent estimate for L. saxatilis, found that approximately 12% of the genome was
putatively influenced by selection based on gene associated loci (Galindo et al., 2010). This
result is contrary to the previous molluscan and other aforementioned studies which used
anonymous AFLP markers. A fairly high estimation was made for Atlantic salmon (24%,
Salmo salar) based on 75 EST-associated microsatellites (Vasemagi et al., 2005). Although it
is known that many of the microsatellites used in the current study for H. midae were
derived from expressed sequences, the majority are anonymous, derived from genomic
fragments. However, a recent study by Rhode and Roodt-Wilding (2011) found that a
significant number of H. midae microsatellites are located in/or close to genic sequences.
Considering the high type | error rate of frequentist Fi-outlier methods (especially with the
estimation of loci under balancing selection, which are particulary difficult to detect in
general) using the more conservative BayeScan estimate for number of loci under balancing
selection (10 loci) the percentage of loci under selection could be reduced from 27% to 16%
(14 loci under directional selection, 10 loci under balancing selection out of 150 loci).
Assuming a substantial proportion of these loci are gene-linked, 16% may therefore be a

more realistic estimate.

Furthermore, the elevated level of directional selection could be explained by the use of
aquaculture populations. These populations are F; generation animals; it is therefore
expected that these animals will be under great selective pressure to adapt to the new
artificial environment and may also be affected by artificial selection, noting that animals
are subjected to various grade-and-cull procedures during production. Innan and Kim (2004)
argued that comparisons of genetic polymorphism between domestic and wild populations
could significantly increase the power for detecting loci underlying domestication. This
observation is supported in the current study by the separate estimates for number of loci
under selection for wild (6%) and cultured (6.67%) populations, as well as the association
analysis that found all, but two, candidate loci for positive selection associated with
domestication (Appendix B: Table S3.5). The estimates for genetic distance, as calculated
using said marker cohort, in the dendrogram also provide evidence for this (Figure. 3.3).
Similar estimates for genome-wide directional selection were also found for the domestic
dog (+8.0%, Akey et al., 2010) and European cattle (¥9.5%, Medugorac et al., 2009). Some

caution with regards to the interpretation of the number of candidate loci for selection is,
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however, warranted. The many loci deviating from Hardy-Weinberg expectations due to
homozygous excess could inflate the number of candidate loci for directional selection. This
abundance of homozygous excess could be attributed to the presence of null alleles,
common for microsatellite loci (Campagne et al., 2012); however, a locus under directional
will demonstrate a similar pattern of genetic diversity. Nonetheless, using a population
genomics approach may compensate for possible overestimates if null alleles occur at
random and affects all populations equally. If null alleles are, however, population specific it
could cause a false positive result. Generally, population genetics approaches to detect null
alleles use homozygous excess to estimate null allele frequencies, but this approach will
assume all homozygous excess as a result of null alleles, despite the possibility of directional
selection. Ideally, investigating patterns of allelic segregation using extensive pedigree data
will provide an indication of the presence of null alleles, but is difficult to conduct in natural

populations (Pompanon et al., 2005).

However, it is not always possible to draw direct comparisons among studies, because
different studies use different cut-off values for significance, differing marker types and
species biology must also be taken into account. It is expected, as demonstrated in the
aforementioned comparisons that anonymous markers (such as AFLPs) will demonstrate
lower number of loci under selection in comparison to EST-derived microsatellite- or SNP
markers. Anonymous microsatellites in H. midae may show higher percentage of loci under
selection than other studies, because species-specific dynamics of microsatellites allows for

possible gene association - even if the gene is not known.

3.4.2. Patterns of Genetic Diversity, Population Differentiation and Linkage Disequilibrium

Previous investigations comparing genetic diversity between cultured and wild
populations of the South African abalone were conducted using a limited number of
molecular markers (Evans et al., 2004b; Slabbert et al., 2009; Rhode et al., 2012). Results
were often contradicting, with some cultured populations demonstrating reduced genetic
diversity, whilst in others no significant decrease could be detected. There are various
factors, including experimental design, biological processes, and mode of stock

management that could explain such contradictory findings (Taniguchi, 2003; Slabbert et al.,
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2009; Rhode et al., 2012). The present genome-wide polymorphism data suggests that
cultured populations have slightly decreased genetic diversity estimates based on allelic
content at loci and/or heterozygosity levels. The noticeable decrease in genetic diversity is
an expected consequence of the founder event, when breeding populations were
established on respective aquaculture facilities, with some influence of stochastic factors

(Taniguchi, 2003; Roodt-Wilding, 2007; Rhode et al., 2012).

Expectantly, patterns of genetic diversity amongst the candidate loci under selection
were in contrast to that of neutral loci. Candidates for balancing selection demonstrated a
diversity excess as result of heterozygote advantage. Candidates for directional selection
demonstrated significantly reduced diversity, most likely due to functional constraints (Li Y-C
et al., 2004). Interestingly, the candidate directional selection loci had similar heterozygosity
estimates as neutral loci and could be explained as an artefact of the multi-allele
microsatellite loci used in the current study. It is well-known that microsatellite-derived
heterozygosity estimates are insensitive to the loss of low frequency alleles (Evans et al.,

2004b).

Pairwise F estimates based on both candidate neutral and -directional selection loci
supported population differentiation. However, directional selection loci showed evidence
for moderate to strong differentiation; indicating the effect of divergent selection, especially
between population pairs with cultured populations. Candidate neutral loci, on the other
hand supported subtle differentiation, by means of random genetic drift, in accord with
previous estimates for wild populations (Bester-van der Merwe et al., 2011). Pairwise Fg
estimates based on candidate balancing selection loci showed, for the most part, a lack of
population differentiation; demonstrating the maintenance of similar diversity across
populations. The CPSC vs. CPWC pairwise F estimate (based on directional selection) failed
to reach statistical significance; this could be explained by convergent evolution, i.e.
adaptation to similar aquaculture environment/practices or artificial selection for favourable
production traits. Such convergent evolution under domestication is well-known amongst
crop and livestock species (Glémin and Bataillon, 2009; Wright et al., 2010). Interestingly,
the only pairwise Fy estimate based on candidate balancing selection loci that was
significant was for CPSC vs. CPEC. Noting that these two populations show association to

different balancing selection loci, this could explain the significant differentiation. It may be
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that heterozygotes at these loci are favoured, but there could also be differential selection
on particular alleles (allelic combinations within the heterozygous genotype) within each
population. Other populations also show association with particular candidate loci under
balancing selection and could in part explain the AMOVA result (based on balancing
selection) showing significant differentiation amongst populations within groups and within

populations (Table 3.3).

Amongst the wild populations it is noteworthy that the south coast (WPSC) population
seems to be more distinct than the other wild population based on the adaptive diversity
pairwise Fg values. Considering that this population represents a secondary contact zone
between the west- and east coast populations (Bester-van der Merwe et al., 2011), it may
be that WPSC represents a unique arrangement of adaptive diversity. It has long been
recognised that such hybridisation zones may represent “evolutionary test laboratories”
where novel allelic combinations (within and across loci) may facilitate the development of
new adaptations. Furthermore, Counterman et al. (2010) argued that these contact areas
may be important as “population sieves” for adaptive variation, by allowing a degree of
gene flow without compromising adaptability to local environmental conditions. Such gene
flow between west- and east coast South African abalone populations has previously been
reported with the south coast probably acting as a filtering corridor (Evans et al., 2004a;

Bester-van der Merwe et al., 2011).

Linkage disequilibrium across wild and cultured populations of the South African abalone
seem to be extensive, with relatively high D' and x'? values. As expected the D' estimate was
inflated in comparison to the )('2 estimate - it has been reported that D' may be sensitive to
small sample size and the presence of low frequency alleles at highly polymorphic loci;
leading to an overestimation of the level of LD (Slate and Pemberton, 2007). Nonetheless,
both statistics provided similar trends for LD (Figure 3.2). The high estimates for LD would
suggest inbred populations as found for the endangered Scandinavian wolf (Hagenbald et
al., 2009). However, the high diversity and previous estimates for relatedness for these
populations [Rhode et al., 2012 (Chapetr 2)] suggests the contrary. The significant
population differentiation is more likely the cause of this significant LD. Populations sub-
structuring results in a heterozygous deficit over the total population due to the Wahlund

effect (Wahlund, 1928). Consequently the lack of recombinant genotypes leads to a
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significant decrease in the rate of LD decay. The observation made for H. midae is supported
by similar observations in other outbred structured populations (Slate and Pemberton,

2007; Meadows et al., 2008; Li and Merila, 2010, 2011).

The apparent lack of LD decay (given by the slope of trend line, Figure 3.2), low R? value
and small number of pairs of syntenic loci in significant linkage disequilibrium amongst the
wild populations is probably because the populations have reached the base level of LD
maintained by the population sub-division. The slightly increased level of LD amongst the
cultured populations is likely due to the recent founder event (with the establishment of
commercial broodstock populations) and most possibly also a result of the selective sweep
due to the domestication effect: Noting that many of the locus pairs that demonstrated
significant LD are with candidate loci under selection. As a result the cultured populations
have not yet reached the base level of LD and thus explaining the more significant

correlation between LD and distance (cM) (Figure 3.2).

3.4.3. Biological and Functional Interpretation of Outlier Loci

Locus pair HmAD102 - HmRS129 (inter-locus distance: 12.6 cM) on linkage group 6 and
locus pair HmAD102 - HmRS129 (inter-locus distance: 0.6 cM) on linkage group 1 has a
comparatively small inter-locus genetic distances on the respective chromosomes (Appendix
B: Table S3.4). It is therefore not possible to discern at present whether the significant LD is
due to functional linkage or because of hitch-hiking as a result of a recent selective sweep
(Karasov et al., 2010). Nonetheless, the significant increase in LD between pairs of loci under
selection, even beyond intra-chromosomal associations, would suggest functional linkages
amongst these loci and selection on multiple genes in a network that may contribute to the
development of complex phenotypes. The higher number of significant locus pairs amongst
cultured populations probably reflect new selection pressures due to domestication. It is
noteworthy that many of the loci that showed significant similarity to known genes were
genes involved in regulatory processes, such as signal transduction and gene expression
(Table 3.4). This lends support to the idea of gene-networks being under selection; in fact
@stman et al. (2012) argued that pleiotropic effects and epistasis play a vital role in

adaptation. Furthermore, it has been suggested that only a few regulatory loci with
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pleiotropic effects might be involved in the development of, for example, the domestic
syndrome in traditional livestock species (Andersson and Georges, 2004; Mignon-Grasteau
et al., 2005; Dobney and Larson, 2006). As such, for example, locus HmNR120 (on linkage
group 10) may have a regulatory role in a signal transduction pathway with genes on linkage

group 7,9 and 18 (Table 3.4, Appendix B: S3.4).

A few loci also demonstrated similarity to transposable elements (Table 3.5). It is well-
known that mobile elements, such as DNA transposons and LTR retrotransposons, are
regularly found in genic regions, particularly in promoter areas and other regulatory motifs.
In these sites, they have been found to actively alter gene expression by means of up-
regulation and silencing (Bennetzen, 2000; Medstrand et al., 2005; Feschotte and Pritham,

2007).

Nonetheless, as noted by Nikinmaa and Rytkdnen (2012), the lack of genomic sequence
information for many marine species, may hamper functional characterisation. It is
therefore necessary for future supplementary studies to focus on correlating genotypes of
outlier loci with particular phenotypes in association and/or QTL studies. This may be
particularly useful in aquaculture populations to find loci that might be associated to
particular economically important traits (e.g. Goddard and Hayes, 2009; Massault et al.,
2009; Lu et al., 2012). Gene-expression analyses and protein functional assay investigations
may also elucidate the functional roles of candidate loci under selection (e.g. Van der
Merwe et al., 2011). The present study could not find evidence for the association of
particular environmental variables to the divergence of populations; however it should be
noted that obtaining appropriate environmental data is not as simple. For example,
regularly measured sea surface temperatures might provide a good estimate of sea surface
temperature, but sea surface temperature does not necessarily reflect water temperature in
lower strata where animals will be subject to selection. Furthermore, the data obtained
reflects relatively stable climatic characteristics over large geographic regions that may not
take into account local environmental fluctuations, such as an exceptionally warm year that
may trigger a selective event. Nonetheless, clear evidence persists that particular loci are
associated to particular populations; suggesting local environmental factors are probably

driving diversity at these loci (Appendix B: Table S3.5).
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3.5. Conclusions

This study identified several loci and genes in H. midae, where the patterns of genetic
diversity could be explained by the effects of selection. It is postulated that these loci
underlie the development of ecotypes in the wild and may contribute to the abalone
domestic phenotype. There is evidence that these loci do not act singularly but form part of
gene-networks, with significant LD amongst candidate loci beyond physical chromosomal
constraints. The current data suggest that a substantial portion of the H. midae genome may
be influenced by both directional and balancing selection. However, it is noted that these
estimates may vary depending on the type of marker used (e.g. anonymous AFLP markers
vs. EST-derived SNPs or -microsatellites) as seen when compared to other studies. And
although the current analyses are based on the most extensive set of markers to date for
abalone in terms of population genomics investigations, 150 markers do not necessarily
provide complete genome coverage. Furthermore, this study supports previous finding of
population differentiation between wild populations on the west-, south- and east coasts of
South Africa and that this differentiation is, in part, due to adaptation. This result must be
taken into consideration with regards to the management of wild populations. It has also
been demonstrated that one generation of culture is sufficient to alter the genetic
constitution of abalone significantly and that populations derived from independent
domestication events will converge due to adaptation to an artificial environment or

artificial selection.
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Spatio-Temporal Assessment of Genetic Variation in the South African
Abalone (Haliotis midae) using SNP Loci.

Abstract

Organisms live in dynamic environments that are subject to change and generally
respond to such environmental stressors by means of genetic adaptation in the long-term.
The South African abalone is a gastropod mollusc of economic importance. In recent years
natural populations have come under considerable pressure due to overharvesting and
ecological shifts. The spatial genetic structure of abalone has been determined; however the
degree to which adaptive evolutionary forces in contrast to neutral mechanisms maintain
this population subdivision has not yet been established. Furthermore, to date there has not
been a temporal assessment of abalone population dynamics. Using a population genomics
approach this study aimed to assess fluctuations in genetic diversity among wild and
cultured abalone populations through time and space. Various estimates of genetic diversity
and population differentiation were calculated using EST-derived SNP markers. All
populations seemed to possess comparable levels of genetic diversity and long-term
effective population size appears to be sufficiently large for the wild populations, despite
evidence for recent bottlenecks. Population differentiation was for the most part
geographically correlated, with spatial genetic structure maintained across temporal
samples. Significant genetic differentiation was however detected among temporal samples
taken from the same locality. This temporal heterogeneity could be caused by changes in
selection pressures over time. There was also evidence for comparatively small short-term
effective population sizes that could explain large changes in allele frequencies due to

stochastic effects.

Keywords: Effective Population Size; Haliotis midae; Spatio-temporal Genetic Variation;

Selection; Population Differentiation; SNPs
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4.1. Introduction

Organisms function in dynamic environments where a number of variables often
fluctuate through time and space, for example, the emergence of new pathogens (Parker
and Gillbert, 2004; Antunes et al., 2008) or the introduction of new species that may alter
the dynamics of predator-prey interactions or inter-species competition for available
resources (Mack et al., 2000) and changes in climatic conditions (Bradshaw and Holzapfel,
2008; Karell et al., 2011). Recently, however, environmental changes due to anthropogenic
effects have received considerable attention (Smith and Bernatchez, 2008): Organisms are
faced with increasing levels of pollution (Anderson et al., 1994; Williams and Olecksiak,
2008), overharvesting (fishing and hunting) of wild populations (Allendorf et al., 2008;
Coltman, 2008) and arguably the most topical issue; global warming and the emission of

greenhouse gasses (Kerr, 2007; Visser, 2008; Moss, 2010).

Changes in the environment subject organisms to novel selection regimes, and as such,
they can respond to these pressures in three ways (Davis et al., 2005; Hansen et al., 2012):
Firstly, by means of range-shifting, whereby a population’s distribution range changes
through the gradual migration of individuals to more suitable habitats (Walther et al., 2002;
Karban and Strauss, 2004; Perry et al.,, 2005; Parmesan, 2006). Secondly, phenotypic
plasticity allows for physiological acclimation, by means of genotype-environmental
interactions (Przybylo et al., 2000; De Jong, 2005; Cheviron et al., 2008) and lastly by means
of genetic (micro-evolutionary) adaptation (Stockwell et al., 2003; Davis et al., 2005). How
important these coping mechanisms are, relative to one another, is a function of many
factors, including: life-history and dispersal ability of the particular species, timescale and
extent of the environmental permutation and the availability of suitable habitats (Gienapp
et al., 2008). In reality it is more likely that more than one mechanism is at work
simultaneously (Davis and Shaw, 2001). Nonetheless, in the short-term organisms will
generally rely on phenotypic plasticity for a rapid response to any environmental alteration
that might subsequently allow for a sufficient period of time to migrate to more appropriate
habitats. In the absence of suitable habitats, limited dispersal ability of particular organisms

or under continuing directional environmental change, phenotypic plasticity is however
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unlikely to provide a long-term solution: There are limits to the extent to which plastic traits
can buffer the effects of extreme conditions and beyond that threshold phenotypic plasticity
will not be able to mitigate a loss in fitness (DeWitt et al., 1998; De Jong, 2005; Visser,
2008). Therefore, ultimately, the development of a “stable”, adapted phenotype will
depend on micro-evolutionary processes, i.e. the interplay between the generation of

genetic variation, random drift and selection (Stockwell et al., 2003; Davis et al., 2005).

Elucidating such micro-evolutionary processes is important for several reasons: Firstly, it
allows for assessing the ability of a population to “launch” an adaptive response and
consequently predicting if said population could persist in an altered environment. Within a
conservation context it may provide an indication of the necessity to take action, such as,
whether genetic rescue should be performed (Richards, 2000; Ingvarsson, 2001). If an
adaptive response is detected it could serve as an environmental “flag” for either locally
adapted populations or possible stressors that are affecting a population if the adaptation
signal is recent (Hansen et al., 2012). In order to identify adaptive responses it is necessary
to monitor genetic diversity on a temporal scale, however this is not always easy or
practical, especially if organisms have long generation intervals. Consequently, many studies
focus on investigating spatial variation across environmental gradients (e.g. Bonin et al.,
2006; Byars et al., 2007; Cheviron et al., 2008; Jensen et al., 2008; Riba et al., 2009).
Although this approach has proved useful, populations often have distinct evolutionary
histories and consequently may have different demographic characteristics, such as degrees
of gene flow and effective population sizes. Therefore, populations may differ in the
standing genetic variation that may be of adaptive value and thus have unigue genetic

architectures for loci underlying adaptation (Hansen et al., 2012).

The South African abalone, Haliotis midae, as an economically important species has
been under great pressure in the wild due to overharvesting, particularly poaching
(Raemaekers et al., 2011). Furthermore, due to poorly understood and unknown factors
there has been a major range-shift of the South African west coast rock lobster, Jasus
lalandii, to the main regions generally associated with the commercial abalone fishery. The
rock lobster is a major predator of the abalone commensal symbiont urchin (Parechinus
angulosus) that provides shelter to juvenile animals (Mayfield and George, 2000; Cockcroft

et al.,, 2008). Aquaculture and the recent implementation of selective breeding for
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production traits are also exerting new selective pressures on abalone. This study therefore
aims to assess both spatial and temporal patterns of genetic diversity, using a newly
developed SNP assay, and to identify the micro-evolutionary (selection and genetic drift)
forces that may influence such variation by mean of a population genomics approach. This

will be the first study to attempt spatio-temporal genetic assessment for abalone.

4.2. Materials and Methods

4.2.1. Study Populations and Specimens

Permits to collect and transport abalone for research purposes were obtained from the
Department of Agriculture, Forestry and Fisheries (Republic of South Africa). Specimens
were collected across the geographical range of H. midae, including wild animals from the
west- [Saldanha Bay (SD), Gansbaai (GB)], south- [Witsand (WS)] and east coast [Cape Recife
(CR), Riet Point (RP)] of the country (Table 4.1). Temporal samples for the wild populations
were taken at an interval of six to eleven years representing approximately one to two
generations. Cultured specimens were obtained from two aquaculture facilities; one on the
west coast (Atlantic Sea Farm, AS) and the other on the east coast (Wild Coast Abalone,
WC). Where applicable, temporal samples for cultured animals were based on the
generation under culture, i.e. F1- or F,- generation (Table 4.1). Cultured populations were
founded by wild animals originating from the respective geographic regions. Fi’s were
generated by means of random mating under semi-natural conditions, whilst F,’s were a
result of random mating amongst individuals phenotypically selected for superior growth
rate. Muscle and/or gill tissues were collected from each individual and preserved in 70%
ethanol and stored at -20°C until DNA extraction could be performed via the standard CTAB
method (Saghai-Maroof et al., 1984).
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Table 4.1: Study populations and sample sizes with geographic coordinates and indication
of temporal separation (Wild population as per year of collection and cultured
populations as per generation under culture)”.

. i . . Study population name Number of
Geographic region Geographic coordinates . .
(generation/year collected) specimens
32°45'30.00"S; 18°01'40.00"E AS(Fy)" 29
SD(2004) 48
West coast 33°02'40.64"S; 17°56'00.53"E
SD(2010) 31
34°35'04.00"S; 19°19'45.63"E GB(2003) 24
WS(2004) 33
South coast 34°20'53.37"S; 19°01'39.75"E
WS(2011) 9
CR(2000) 19
34°02'15.98"S; 25°42'17.64"E
CR(2011) 30
RP(2003) 51
East coast 33°31'29.31"S; 27°06'51.18"E
RP(2011) 32
WC(F,)* 21
32°45'43.20"S; 28°15'0.00"E
WC(F,) 49

*Originally 48 specimens for each of the F; cultured populations [AS(F;) and WC(F,)] as well as 48
specimens for a south coast cultured population was included for analysis; however, due to an
unexpected technical failure at the genotyping facility this plate was lost. These specimens where
thus excluded from further analysis and discussion as no conclusions could be drawn.

4.2.2. SNP Assay (lllumina® BeadXpress®) Development and Genotyping

Animals collected during 2010/2011 were transported on ice in an oxygenated container
to minimise transportation stress to the animals. From these population cohorts six wild
specimens (three male and three female) were selected at random from each of the three
geographic regions (SD, WS, RP) and six cultured specimens (three each of the aquaculture
facilities; AS and WC) — 24 individuals in total. Tissue was collected from the following five
organs from each individual: muscle (from the epipoduim), ganglion, hepato-pancreas,
gonad and gill. Biopsied tissues were immediately placed in RNALater® (Ambion®) solution

and stored at -20°C until RNA extraction could be performed. RNA was extracted from 1-2 g
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of tissue from each organ and individual, separately. The extraction protocol as described in
Van der Merwe (2010) was used. Denaturing agarose gel electrophoresis [2% agarose; 1X 3-
(N-morpholino) propanesulfonic acid (MOPS) buffer] was performed to determine RNA
integrity and absorbance measurements were taken using the NanoDrop® ND-1000
spectrophotometer to assess RNA purity and concentration. The SuperScript® Double-
Stranded cDNA Synthesis Kit (Invitrogen) was used according to the manufacturer’s
specifications to generate double stranded cDNA. Oligo (dT) primers were used to
selectively amplify poly-adenylated mRNA. The cDNA from each population group (three
wild and one cultured group) was pooled individually in equal-Molar amounts to provide a
final pooled sample for each population group containing 2 ug of cDNA at a concentration of
100 ng/ul. Pooled cDNA was sent to Inqaba Biotechnical Industries (Pty) Ltd (Pretoria, South
Africa) for pyro-(454)-sequencing, according to the manufacturer’s protocol. Pyro-
sequencing was conducted on a full-plate of the 454 GS FLX platform (Roche); effectively a

quarter of a plate for each of the population cohorts.

The CLC genomics workbench software v.4.9 (CLC bio) was employed to conduct de novo
sequence assembly using the default parameters for “long reads”. Putative SNP calling was
also done using the CLC genomics workbench SNP detection module. The following
parameters were set for SNP identification: Quality score: 20; minimum coverage: 8X; minor
allele frequency: 0.25. Annotation of the contigs was done using the Blast2Go® software.
Putative SNPs were then selected for the Illumina® BeadXpress® assay (lllumina®
GoldenGate™ Genotyping Assay with VeraCode Technology; Fan et al., 2006) based on
homogenous sequences of at least 60 bp flanking the putative SNP and a designability score
greater than 0.75 (lllumina® assay design tool). Single nucleotide polymorphisms located in
know genes were preferentially selected. A final set of 142 putative SNPs from the 454-
sequence data was selected and 50 SNPs previously confirmed and mapped to the H. midae
linkage map was also included (Du Plessis, 2012; Vervalle et al., in press) in a 192 plex

BeadXpress® SNP assay (Appendix C, Table S4.1).

Genotyping reactions were performed by the National Health Laboratory Service of South
Africa (Johannesburg, South Africa) on the BeadXpress® platform in 96-well plates. DNA for
each sample was standardised at 0.5 pg (50 ng/ul). As internal positive controls, two

individuals with known genotypes (for previously developed SNPs) were included on each
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plate. The GenomeStudio™ genotyping module v.1.0 (lllumina®) was used to assign
genotypes to individuals. Loci with a GenCall score (a quality metric that provides an
indication of the reliability of assigned genotype) less than 0.25, a GenTrain score (indication
of cluster separation among the genotypes) less than 0.35 and a call rate (number of
individuals assigned a genotype for any particular locus) less that 0.7 were excluded from
further analysis. Furthermore, loci that had a minor allele frequency lower that 0.01 across
all populations were deemed monomorphic and were also excluded from subsequent

analyses.

4.2.3. Population Genetic Data Analysis

Hardy-Weinberg equilibrium was computed via the exact probability test (10 000
dememorisations, 500 batches, and 5000 iterations per batch) using Genepop v.4.0
(Rousset, 2008). The following diversity statistics were also calculated in Genepop: minor
allele frequency, observed- and expected heterozygosity and locus specific Fis. A Kruskal-
Wallis test was performed to evaluate significant differences in heterozygosity and minor
allele frequency among populations. Two Fg-outlier detection methods, as implemented in
Lositan v.1.44 (Antao et al., 2008) and BayeScan v.2.1 (Foll and Gaggiotti, 2008) were used
to identify potential loci under selection. Lositan parameters were as follows: 50 000
simulations, with a 95% confidence interval and a false discovery rate of 0.1, assuming the
infinite alleles model. For BayeScan default parameters as set for co-dominant markers
were used; statistical confidence levels were set according to the Jeffreys’ scale: a posterior
probability (PO) greater than 10 [log1o(PO) > 1] was interpreted as sufficient evidence for
selection. Outlier analyses was first done across all populations through time and space, and
then rerun for population cohorts as follows: wild populations as sampled between 2000
and 2004; wild populations as sampled between 2010 and 2011; F; cultured populations;
and finally as pairwise comparisons among temporal samples for each population. Cultured
populations were also compared with both “historic” and contemporary wild populations of
origin. To reduce false positives, loci should have demonstrated congruent evidence for
either directional or balancing selection in both methods across any of the population

cohorts investigated before it was deemed a candidate locus under selection. A Kruskal-
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Wallis test was performed to evaluate the differences in diversity statistics among selection-

and neutral loci.

Estimates for population differentiation were calculated for two data sets: all loci and
excluding loci under selection. Pairwise Fy (10 000 permutations at 5% significance level)
between populations was estimated and a locus-by-locus hierarchical molecular analysis of
variance (AMOVA; 10 000 permutations) was also computed in Arlequin v.3.5.1.2 (Excoffier
and Lischer, 2010). For the multivariate analysis populations were grouped as follows:
cultured population from the west coast [AS(F;)]; cultured populations from the east coast
[WC(F1), WC(F,)]; wild populations from the west coast [SD(2004), SD(2010), GB(2003)]; wild
populations from the south coast [WS(2004), WS(2011)]; wild populations from the east
coast, Riet point [RP(2003), RP(2011)] and Cape Recife [CR(2000), CR(2011)] — five groups in
total. Dendrograms were constructed based on Nei’s genetic distance (Nei, 1972) using the
neighbour joining clustering algorithm in PowerMarker v.3.25, with 1000 bootstrap
replicates (Liu and Muse, 2005). Finally, a factorial correspondence analysis plot was drawn

in Genetix v. 4.05.2 (Belkhir et al., 2004).

Effective population sizes were calculated using the heterozygous excess test and the
moment-based temporal test (where applicable) in NeEstimator v.1.3 (Peel et al., 2004); as
well as a LD test (minimum allele frequency, 0.01) in LDNe v.1.0 (Waples, 2006). To further
investigate the occurrence of recent bottlenecks, the Wilcoxon signed rank test (Cornuet
and Luikart, 1997) and the mode shift indicator test (Luikart et al., 1998), assuming the
infinite alleles model, in Bottleneck v.1.2.02 (Piry et al., 1999) was used. Population size

estimates and bottleneck detection was performed on a dataset containing neutral loci only.

4.3. Results

4.3.1. SNP Assay Development and Genotyping

The pyro-sequencing generated 606 102 sequence reads with a mean read length of 441
bp. Of these 344 650 reads assembled into 50 378 contig sequences, ranging in size from
232 bp to 3 396 bp. Average coverage was 4.1X. Only 7 862 of the 50 378 contigs (15.61%)
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had significant BLAST hits to known genes of which only approximately half could be fully
annotated in terms of functionality (Appendix C: Figure S4.1, S4.2, S4.3). Seven-thousand-
and-eighty-four putative SNPs could be identified of which 573 adhered to the requirements
for inclusion on the GoldenGate SNP assay. Only a subset of these were included in the 192
plex SNP assay, which consisted of 142 putative SNPs (identified from the pyro-sequencing
experiment) and 50 confirmed SNP markers previously identified. The internal positive
controls were all assigned genotypes that correlated to the expected genotypes based on a
previous study (Du Plessis, 2012). Thirty-three loci were excluded from analysis due to low
quality genotyping scores, including GenCall-, GenTrain scores and call rates; providing an
assay success rate of 82.8% (159/192). A further 43 monomorphic loci [of which the
majority (39) were from the putative SNPs, identified from the pyro-sequencing run] were
excluded, leaving 116 polymorphic loci available for analysis and a conversion rate of
60.42% (116/192; number of polymorphic SNPs divided by the total number of SNPs
assayed; Fan et al., 2003). All individuals were assigned genotypes at the majority of loci

(call rate > 0.7) and therefore none were excluded from analyses (NOTE: *Table 4.1).

4.3.2. Genetic Diversity

The majority of loci conformed to Hardy-Weinberg expectation within populations, but
demonstrated mild heterozygous excess, with generally negative F;s values. Across all
populations mean Fi; values were low ranging from -0.04 to 0.037;, mean observed
heterozygosity (Ho,) per population ranged from 0.285 to 0.327 and mean expected
heterozygosity (H.) ranged from 0.281 to 0.346. Mean minor allele frequencies (MAF) were
moderate ranging from 0.197 to 0.239. Across all populations no difference in
heterozygosity or MAF could be detected (Kruskal-Wallis test, P > 0.05). Figure 4.1 provides
a general overview of diversity statistics (for a detailed treatment refer to Appendix C: Table
S4.2). Amongst the confirmed polymorphic loci the transition to transversion ratio was

1.7:1.

125 | Page



Stellenbosch University http://scholar.sun.ac.za

CHAPTER 4

4.3.3. Outlier Loci

Across all populations (spatial and temporal) Lositan detected nine loci under directional
selection and 48 loci under balancing selection. BayeScan identified 12 loci under directional
selection and only one locus to be under balancing selection. Among the wild populations
sampled between 2000 and 2004, Lositan and BayeScan detected eight and nine loci under
directional selection respectively; 33 loci were found to be under balancing selection by
Lositan, whilst BayeScan failed to detect any loci under balancing selection. For comparison
among contemporary wild populations (samples 2010/11), Lositan identified ten loci that
may be influenced by directional selection and 33 loci under balancing selection; whilst
BayeScan only detected four loci under directional selection. Among the F; generation
cultured abalone populations Lositan identified 26 loci putatively under selection (five under
directional selection and 21 under balancing selection); BayeScan could only detect four loci
influenced by directional selection. Among the pairwise population comparisons BayeScan
failed to detect any outlier loci, whilst Lositan detected a number of loci ranging from eight

to 29 depending on the population pair (Appendix C: Table S4.3).

Based on the set criteria, however, only 13 loci had congruent results as determined by
both test methods; 12 loci were candidates for directional selection and one candidate for
balancing selection. Among this final set of loci under selection, two SNP markers were
located in the 3’ UTR, three in the 5’ UTR and eight in the exonic regions of the respective
genes. Of the SNPs located in the coding regions, five were synonymous- and three were
non-synonymous substitutions. Two of the contig sequences had no BLAST hits, whilst one
contig had no known homologue in any other species, it did however, contain a conserved
functional protein domain (Table 4.2). The transition to transversion ratio among loci under
selection was less than that estimated for the total dataset (1.16). Statistically significant
differences in minor allele frequencies and expected heterozygosity could not be found
(Kruskal-Wallis test, P > 0.05), but loci under selection demonstrated significantly reduced

observed heterozygosity (Kruskal-Wallis test, P < 0.05) (Figure 4.2).
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4.3.4. Population Differentiation and Effective Population Size

Mean pairwise Fg using all loci (including candidate loci under selection) was almost
three times higher than the mean pairwise F; excluding loci under selection at 0.062 (range:
0.003-0.132) and 0.022 (range: -0.001-0.080), respectively; indicating low to moderate
population differentiation in general. Differentiation amongst the temporal samples were
low to moderate, with the Riet Point samples (RP) reaching the highest F estimates for its
temporal comparisons at 0.110 (using all markers). Subtle population differentiation
between populations of the major geographic regions (west-, south- and east coast) is also
supported, with significant divergence of the cultured populations from wild progenitor
populations (Table 4.3). This population differentiation is further supported by the AMOVA
results that show significant differentiation amongst groups of populations, amongst
populations within groups and within populations. The percentage of variation explained
among groups of populations increase from 1.420 to 5.674% when using all loci, including

the loci under selection (Table 4.4).

Both the factorial correspondence analysis and dendrograms show clear patterns of
population clustering according to geographic distributions. There is also evidence for a
temporal arrangement with temporal samples occupying distinct branches on the
dendrograms. The WC(F;) population however demonstrated atypical positioning on both
factorial correspondence analysis and dendrograms, failing to cluster with its progenitor
population [WC(F;)] and geographic origin in general. Bootstrap values for the dendrograms
were generally lower when using the dataset excluding the loci under selection. Among the
west coast populations the separation of the culture population [AS(F;)] was particularly
supported by the complete dataset (bootstrap value = 100%), but to a lesser extent by the
dataset excluding the loci under selection. The east coast cultured populations [WC(F1)]
showed the inverse relationship, with the exception for the second generation cultured
population [WC(F;)] for which strong differentiation was supported by both datasets (Figure
4.3,4.4).

Point estimates for effective population size varied considerably amongst the methods
used. The heterozygous excess methods estimated an infinitely large effective population

size for all populations with the exception of the two cultured populations. Temporal
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estimates were generally lower than LD estimates for effective population sizes, but a
degree of overlap considering the 95% confidence intervals at some populations was
observed. In general cultured populations had lower effective population sizes than wild
populations and effective population sizes seemed to be fairly stable across temporal
estimates among wild populations, based on heterozygosity excess and LD tests. However,
for the SD- and RP populations the 2003/4 (“historic”) samples demonstrated a lower
effective population size than the 2010/11 (contemporary) samples. There was evidence for
recent bottlenecks at all populations based on the Wilcoxon signed rank test for
heterozygous excess, but this was only supported by the mode-shift indicator test at seven

populations (Table 4.5).
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Figure 4.1: Summary of diversity statistics, minor allele frequency (MAF), expected heterozygosity (H.)
and observed heterozygosity (H,) per population.
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Table 4.2: Candidate loci under the influence of selection, most likely gene of origin and position of SNP marker in respective genes.

Selecti | | Type of
election Similarit Gene location N
Locus a Gene E-value v ) Substitution
(D/B) (%) of variant b
(S/NS)
PS_C23591_200_[T/C] D TFG protein (RNA promoter binding) 2.00E-09 76 3'UTR N/A
PS_C34501_77_[T/G] D NADH dehydrogenase subunit 0.00 95 5'UTR N/A
PS_C34501_638_[A/G] D (oxidative phosphorylation, electron transport) ) exonic S
PS_C23075_525_[G/C] D Unkown protein with EF-hand, calcium binding motif 9.52E-03 65 exonic S
NADH dehydrogenase subunit ,
PS_C1652_228_ [A/C] D S ; 8.00E-21 91 5'UTR N/A
(oxidative phosphorylation, electron transport)
PS_C25083_285_[A/G] D Transportase (endonuclease activity) 7.00E-14 65 exonic S
NADH dehydrogenase subunit .
PS_C35977_153_[T/C] D o . 8.00E-48 98 exonic NS (Pro>Ser)
(oxidative phosphorylation, electron transport)
PS_C36237_70_[C/G] D Unkown protein (no BLAST hit) N/A N/A exonic NS (Ala>Gly)
PS_C28810_290_[A/C] D Hypothetical protein (endonuclease activity) 5.00E-17 62 exonic NS (Asn>His)
NADH dehydrogenase subunit .
PS_C47375_253_[A/G] D o . 1.00E-30 95 5'UTR N/A
(oxidative phosphorylation, electron transport)
PS_C47340_198_[A/G] D Unkown protein (no BLAST hit) N/A N/A 5'UTR N/A
Phosphoglycerate mutase
ILL_C6061_1289_[T/G] D . . 7.00E-126 82 3'UTR N/A
(energy metabolism - glycolysis)
PS_C38608_168_[T/C] B Reverse transcriptase 1.00E-25 71 exonic S

a — Directional selection(D) /Balancing selection (B)

b — Synonymous (S)/Non-synonymous substitution (NS) (indication of amino acid substitution)
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Figure 4.2: Summary of mean diversity statistics among loci under selection and neutral loci.
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Table 4.3: Pairwise F; estimates based on all markers (including loci under selection, lower diagonal) and excluding loci under selection

(upper diagonal), shaded values highlights the pairwise F estimates among temporal samples.

AS(F,)
CR(2000)
CR(2011)
GB(2003)
RP(2003)
RP(2011)
SD(2004)
$D(2010)

WC(F,)

WC(F,)

AS(F,)
0.119**
0.127**
0.120**
0.119**
0.127**
0.013**
0.010**
0.110**
0.092**

WS(2004) 0.112%*

WS(2011) 0.103**

CR(2000) CR(2011) GB(2003)

0.018**
0.007*
0.004
0.006*
0.097**
0.119**
0.092**
0.004
0.075**
0.012**
0.006

0.033**
0.003
0.020**
0.003
0.112**
0.132**
0.107**
0.003
0.081**
0.035**
0.016*

0.029**
0.003
0.016**
0.011**
0.097**
0.114**
0.090**
0.003
0.080**
0.014**
0.010

** statistically significant at the 0.01 nominal level
* statistically significant at the 0.05 nominal level

RP(2003)
0.027**
0.004
0.004*
0.008
0.110**
0.132**
0.103**
0.006*
0.078
0.021
0.008

0.010**
0.012**
0.029**
0.020**
0.019**
0.005*
0.003
0.089**
0.073**
0.087**
0.071**

0.014**
0.010**
0.027**
0.016**
0.019**
0.004*

0.005*

0.117**
0.087**
0.100**
0.092**

RP(2011) SD(2004) SD(2010)

0.008*
0.009*
0.027**
0.012**
0.015**
0.004
0.002
0.083**
0.088**
0.079**
0.068**

WC(F,)
0.024**
0.002
0.005
0.002
0.008*
0.014**
0.024**
0.011**
0.070**
0.016**
0.013

WC(F,)
0.069**
0.055**
0.058**
0.065**
0.056**
0.056**
0.056**
0.070**
0.060**
0.091**
0.066**

WS(2004)

0.030**
0.006
0.023**
0.007**
0.011**
0.015**
0.014**
0.010**
0.009*
0.080**

0.014*

WS(2011)
0.037**
0.002
0.006
0.008
-0.001
0.017**
0.015**
0.016**
0.011*
0.065**
0.010*
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Table 4.4: AMOVA results using all loci (including loci under selection) and excluding loci under selection.

AMOVA over all SNP loci (including loci under selection)

Source of Variation Sum of Squares Variance Components % Variation Fixation Indices
Among groups 666.544 0.960 5.674 Fcr = 0.056**
Among populations within groups 222.993 0.295 1.742 Fcs = 0.018**
Within populations 10993.941 15.666 92.584 Fsr = 0.074**
Total 11883.478 16.921

AMOVA over SNP loci (excluding loci under selection)

Source of Variation Sum of Squares Variance Components % Variation Fixation Indices
Among groups 223.176 0.209 1.420 Fcr = 0.014%**
Among populations within groups 179.892 0.206 1.404 Fcs = 0.014**
Within populations 10021.205 14.276 97.176 Fst = 0.028**
Total 10424.273 14.691

** statistically significant at the 0.01 nominal level
* statistically significant at the 0.05 nominal level
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Figure 4.3: Factorial correspondence analysis plot constructed using all genotype data
(including loci under selection) (A) and excluding loci under selection (B).

133 | Page



CHAPTER 4

GB(2003) West coast
populations

$D(2010)

AS(Fy)

South coast WS(2011)
populations

$D(2004)

WS(2004)

CR(2000)

, CR(2011)
RPI2003) e
RP(2011)

East coast
populations

0.01

RP(2011)

CR(2011)

East coast

populations
CR(2000
WS(2011) ( )
South coast
populations RP(2003)
WS(2004)
WC(F,)
WC(F,)
SD(2004)
GB(2003) West coast
populations

$D(2010)

AS(F)

Figure 4.4: Dendrograms based on Nei’s genetic distance (Nei, 1972) constructed using the neighbour joining algorithm with 1000 bootstrap
replicates (nodal values). (A) Dendrogram based on all loci, including loci under selection. (B) Dendrogram excluding loci under selection.

134 |Page



CHAPTER 4

Table 4.5: Estimates for effective population size based on three methods, heterozygosity excess, LD and temporal and two methods for the

detection of recent bottlenecks, Wilcoxon singed rank test for heterozygosity excess and mode-shift indicator test.

AS(F,)

SD(2004)
SD(2010)
GB(2003)

WS(2004)
WS(2011)

CR(2000)

CR(2011)

RP(2004)

RP(2011)
WC(F,)

WC(F;)

Heterozygosity

Wilcoxon P-value .
Mode shift test

LD test Temporal test for recent
excess test for recent bottleneck
bottleneck
normal L-shaped
19 137.9 (75.2-597.5) 21.1(12.0-42.3) 0.00 T
distribution
normal L-shaped
oo 84.1 (60.7-130.0) - 0.00 T
distribution
oo 179.3 (88.4-3681.6)  41.0(19.4-173.1) 0.00 shifted mode
normal L-shaped
oo ©(242.3-00) - 0.00 ctrib Ut
distribution
oo oo (-207.2-90) - 0.00 shifted mode
oo oo (-44-00) 24.0 (9.3-20) 0.00 shifted mode
normal L-shaped
oo 75.0 (40.6-321.0) - 0.00 o
distribution
oo 41.2 (31.7-56.9) 44.8 (16.3-0) 0.00 shifted mode
oo 160.3 (104.3-318.3) - 0.00 shifted mode
oo 179 (86.0-27539.3)  24.0 (13.6-49.8) 0.00 shifted mode
oo 44.6 (29.3-83.9) 26.0 (13.0-77.8) 0.00 shifted mode
normal L-shaped
19.1 32.1(27.1-37.7) 9.0 (6.8-13.2) 0.00

distribution
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4.4. Discussion

4.4.1. Transcriptome Sequencing, Evaluation of SNP Assay Performance and Genotyping

Success

The use of next-generation sequencing technology has become common and has already
been employed in a number of species (see Deschamps and Campbell, 2010; Davey et al.,
2011 for reviews). Transcriptome sequencing in particular is popular because it provides the
opportunity for identifying genetic variants that have direct association to genes and
facilitates easier de novo assembly in the absence of genomic reference sequences (e.g.
Barbazuk et al., 2007; Novaes et al., 2008; Parchman et al., 2010; Renaut et al., 2010). This
study is not the first to generate transcriptomic sequence data for H. midae by means of
next-generation sequencing. Franchini et al. (2011) used the lllumina® sequence-by-
synthesis method to generate an initial transcriptome sequencing experiment using a
limited number of full-sib individuals. Transcriptome sequencing has only been done for two
other haliotids (using conventional Sanger sequencing and Illumina® HiSeq 2000,
respectively), H. diversicolor (Jiang J-Z et al., 2011) and H. rufescens (De Wit and Palumbi,
2012). What is evident from these studies is the relatively small portion of contig sequences
that have known homologous genes in other species as evaluated by BLAST searches to the
public databases, such as NCBI’s nr databases for protein and DNA sequences. Jiang J-Z et al.
(2011) found homologues for 60.6% of the contigs, but Franchini et al. (2011) could only find
homologues for 16.8% of the H. midae contigs. Furthermore, only 13.14% of these H. midae
contigs could be functionally annotated using Blast2Go®. In the present study 15.6% of the
contig sequences had homologues among the protein nr database of NCBI and
approximately half of these could be annotated by Blast2Go®. The quantity of novel
sequences among the abalone transcripts suggests that there are a substantial number of
unique abalone genes that are not present in animals, such as mammals that are
overrepresented in public databases. Furthermore, although homologues could be found,
many of these genes were denoted as “hypothetical” and were only postulated by virtue of
genomic sequence open reading frame predictions. The presence of such transcripts in
abalone could serve as evidence that these hypothetical genes are in fact transcribed and

therefore might be functionally involved in biological processes, however the functionalities
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of these genes remain unknown. Consequently, there is much scope for further
investigation of the abalone transcriptomic profile that could elucidate the characteristics of

such anomalous gene products.

Previous studies suggest that SNPs might be frequent in the H. midae genome, with
estimates of one SNP every 100 to 500 bp having been reported depending on the genomic
region under investigation (Bester et al., 2008; Rhode et al., 2008; Franchini et al., 2011).
Although this may provide an almost limitless source of genetic variation that could be
investigated, the high frequency of SNPs might create a technical challenge for the
development of SNP assays via the lllumina® GoldenGate™ platforms. The allelic
discrimination is based on the hybridisation of allele-specific oligonucleotide probes to the
target DNA and as such the flanking sequences to the SNP of interest must be homogeneous
with no other polymorphisms in the 60 bp on either side. If additional polymorphism did
occur, it could influence the annealing ability of the hybridisation probes. Although much
attention was given to prevent this, undetected polymorphisms could explain some of the
genotyping failures observed at putative SNP loci in the current study. A preliminary
assessment of the BeadXpress® platform for SNP genotyping in abalone (specifically, in H.
midae) found that loci known to be in hyper-variable genomic regions are prone to
genotypic failures (Blaauw, 2012). The use of cDNA as the original template DNA for
polymorphism detection might also influence hybridisation probe annealing if SNPs of
interest are located close to exon-intron boundaries: The presence of intronic sequences in
the gDNA during the genotyping reaction could interfere with probe hybridisation (Wang et
al., 2008). Nonetheless, the assay success rate (82.80%) was comparable with a number of
studies reporting SNP assay success (ranging from 66.90% to 92.0%), using GoldenGate™
platforms, for a variety of species (Pavey et al., 2008; Wang et al., 2008; Eckert et al., 2009;
Hyten et al., 2010; Yan et al., 2010; Khan et al., 2012). Blaauw (2012) reported a success rate
of 85.40% using mostly previously validated SNP loci for H. midae, whilst Du Plessis (2012)
reports 76.34% success using predominantly putative markers identified in silico. A success

rate within this range is therefore expected for this study.

A comparatively high number (22.40%) of the putative SNPs were found to be
monomorphic. Sequence coverage was generally low, but not unusual for 454-pyro-

squencing. However, it does complicate the identification of sequence variants especially
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considering that 454-pyro-sequencing generally has one of the highest sequence error rates
among the next-generation sequencing technologies (Gilles et al., 2011). Harismendy et al.
(2009) compared 454-pyrosequecing SNP call accuracy with other next-generation
sequencing platforms (lllumina® Genome Analyzer (GA), ABI SOLID™) and conventional
Sanger sequencing using lllumina’s Hap550 BeadChip and found 454-pyrosequencing had
the lowest accuracy (97.4%) compared to, for example lllumina® GA (100%) and ABI SOLiD™
(99.7%). Wang et al. (2008) found that coverage (sequence depth, number of reads in a
contig) and MAF were significant factors in determining the conversion rate of a SNP assay.
To compensate for this, minimum coverage was set to 8X and MAF to 0.25 in the present
study; thus at least two observations of the alternative variant was necessary to call a
putative SNP. In general, however, is not unexpected for SNPs identified in silico to have
lower conversion rates than SNPs first validated in vitro (Lepoittevin et al.,, 2010)
Furthermore, when using cDNA the occurrence of RNA editing, the post-transcriptional
modification of nucleotide base pairs within mRNA cannot be excluded; thus the nucleotide
diversity of the mRNA may not necessarily reflect genomic diversity (e.g. Seiwert and Stuart,
1994). Consequently, the conversion rate for the this assay (60.42%) was marginally lower
than the previous developed assays for H. midae (64.5%, Blaauw, 2012; 68.82%, Du Plessis,
2012); but was higher in comparison to a number of other studies that reported estimates
as low as 40.63% (Wang et al., 2008; Hyten et al., 2010; Khan et al., 2012). The success- and
conversion rates of a SNP assay might be improved by validating in silico SNPs through
Sanger sequencing before incorporating a particular locus into the assay (e.g. Seeb et al.,
2011). In this way compensations could be made for intronic sequences and sequencing

errors, however this will significantly increase marker development costs.

Single nucleotide polymorphisms might be susceptible to ascertainment bias: the
discrepancies in allele frequencies that arise due to biased sampling (often unintentional)
and detection methodologies employed to find putative markers (Brumfield et al., 2003;
Morin et al., 2004; Seddon et al., 2005; Helyar et al., 2011). In this study ascertainment bias
was minimised by aiming to capture as much of the genetic variation as possible. This was
facilitated by using specimens for the initial cDNA construction from across the natural
distribution range of abalone (west-, south-, and east coast of South Africa) as well as

including wild and cultured individuals. Furthermore, tissue samples were taken from the
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major organ groups and pooled in equal molar concentrations in order to provide a “more
complete” gene representation. Finally, by incorporating SNPs that had been previously
identified and utilised, any methodological bias could at least be partially negated.
Nonetheless, biases may still persist: firstly, using only genic sequence potentially introduces
unequal representation of different genomic regions (although this could be perceived as a
favourable bias) and secondly, tissues for RNA extraction were only available for 2010/2011
specimens (introducing a temporal bias in population samples). A degree of caution must

thus be taken with regards to the interpretation of the data.

4.4.2. Genetic Diversity and Effective Population Size

In general, for most animal taxa, the transition (purine to purine or pyrimidine to
pyrimidine substitution) to transversion (purine to pyrimidine or pyrimidine to purine
substitution) ratio is generally in favour of transitions. It is postulated that cytosine
nucleotides are more readily subjected to methylation, especially in CpG like repeat units.
The 5-methyl cytosine is mutationally unstable and during spontaneous deamination can
transition to a thymidine nucleotide; consequently resulting in a transition excess (Brookes,
1999; Vignal et al., 2002). Transition to transversion ratios in mammals are reported to be
between 1.4:1 and 1.7:1 (Collins and Jukes, 1994; Picoult-Newberg et al., 1999), while birds
show higher ratios, 2.3:1 to 4.0:1 (Smith et al., 2001; Vignal et al., 2002). Amongst the
invertebrates, including molluscs, the general trend seems to prevail with estimates for the
silkworm (Bombyx mori) at 1.66:1 (Cheng et al., 2004); 1.3:1 for Eastern oysters (Crassostrea
virginica; Quilang et al., 2007) and 2.4:1 for weathervane scallops (Patinopecten caurinus;
Elfstrom et al., 2005). To date, 25 SNPs have been confirmed for H. discus hannai. Based on
these loci the transition to transversion ratio was fairly high at 3.6:1 (Qi et al., 2008, 2009).
Estimates for confirmed loci for H. midae are contradictory to the general expectations with
Rhode et al. (2008) reporting a 1:1 ratio (12 SNPs), whilst Bester et al. (2008) even reported
a transversion excess (1:1.5) (12 SNPs). Based on the current estimate of 116 confirmed
SNPs, the ratio of 1.7:1 is within the expected range for most animal taxa. Based on putative

SNP loci Franchini et al. (2011) also estimated the transition to transversion ration for H.
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midae to be with this range at 1.6:1. The initial estimates (Bester et al., 2008; Rhode et al.,

2008) are most likely an artefact of the small number of loci investigated

Single nucleotide polymorphism heterozygosity estimates are expected to be
considerably less than estimates based on microsatellite markers (e.g. Chapter 2 and 3),
because of the biallelic nature of the maker type. The current estimates for heterozygosity
and MAF are comparable with observations for a number of mammalian species with
estimates ranging from 0.05 to 0.50 for heterozygosity and 0.02 to 0.50 for MAF (e.g.
Brouillette and Venta, 2002; Seddon et al., 2005; Pariset et al., 2006; Cappuccio et al., 2006).
Diversity statistics also correlated well with estimates for other broadcast spawning
molluscs, e.g. various species of scallop and oyster, with estimates for MAF ranging from
0.01 to 0.50 and heterozygosity ranging from 0.11 to 0.87 (Elfstorm et al., 2005; Arias et al.,
2009; Li et al., 2009; Varney et al., 2009; Jiang G et al., 2011). Estimates for the Pacific
abalone (H. discus hannai) was slightly higher (Qi et al., 2008, 2009) and Bester-van der
Merwe et al. (2011) also reported SNP heterozygosities for a number of wild populations of
H. midae marginally higher than the presently reported estimates. It must however be
noted that these estimates were based on a limited number of loci; therefore the current
diversity estimates most likely provides a more realistic genome-wide estimate of genetic
diversity at SNP loci in H. midae. There was no evidence for genetic diversity disparities
between the populations (spatial and temporal) even for the cultured populations; which
conforms to the microsatellite based estimates [Rhode et al., 2012 (Chapter 2); Chapter 3].
Regardless of the fact that South African abalone populations have been particularly
impacted by overharvesting in the past this has not translated into the expected decline in
genetic diversity. The complex life-history of abalone, with overlapping generations could
act as a buffer against the loss of genetic diversity due to animals from different age classes

contributing during any given spawning event (Heath et al., 2002; Riccioni et al., 2010).

Overall, mean F;s values for the populations under investigation were low and even
demonstrated heterozygous excess for many of the populations (Appendix C: Table S4.2),
suggesting relatively low levels of inbreeding. The majority of loci conformed to Hardy-
Weinberg expectations, however with the Wilcoxon signed rank test significant
heterozygous excess at all populations was detected. This could be an indication of recent

population bottlenecks (Cornuet and Luikart, 1996); however, the population bottleneck
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could not be supported by the mode-shift indicator test for all populations (Table 4.5).
Evidence for a population bottleneck amongst the cultured populations could be expected
as it is known that these populations are derived from a limited number of broodstock
collected from the wild (Rhode et al., 2012; Chapter 2). Bester-van der Merwe et al. (2011)
could, however not find evidence for a historical bottleneck for wild South African abalone
populations based on heterozygosity; this seems to be supported by the heterozygous
excess estimate for effective population size based on the present data. However, if a
population has undergone a recent bottleneck the accompanying medium- to long-term
reduction in heterozygosity will not be evident (Leberg, 1992; Cornuet and Luikart, 1996)
and thus the heterozygosity method may overestimate the effective population size. The LD
method might thus provide a more accurate indication of medium- to long-term effective
population size because it takes into consideration historical recombination events (Waples
and Do, 2010). When the effective population size is reduced it generally increases the
genome-wide LD. This could explain why the SD(2004) and RP(2003) samples demonstrate a
reduced point estimate for effective population size in comparison to the 2010/11 sample
populations: If these populations did undergo a recent bottleneck, which is likely given the
overharvesting of abalone (Raemaekers et al., 2011), recent ecosystem shifts (Mayfield and
George, 2000; Cockcroft et al., 2008) and estimates of stock biomass (Dichmont et al., 2000;
Plaganyi et al.,, 2001; Proudfoot et al., 2006; Plaganyi and Butterworth, 2010), the
bottleneck probably precedes 2003/4. The increased estimate in 2010/11 could therefore
be ascribed to rapid LD decay post-bottleneck. The temporal estimate for effective
population size measures the fluctuation in allele frequencies across successive generations
and therefore provides a short-term estimate. The effective population size point estimate
based on the temporal method was substantially less for most of the populations, but there
was sufficient overlap in the confidence intervals. Nonetheless, being a more contemporary
estimate it is not surprising that it is less than the long-term estimate, especially in
broadcast spawning animals. Under aquaculture conditions, considerable variation in
parental contributions have been observed in broadcast spawning molluscs, including
abalone, at any given spawning event (Slabbert et al.,, 2009; Van den Berg and Roodt-
Wilding, 2010). It is comprehendible that this phenomenon is also replicated in the wild.

Such differential spawning contributions could thus lead to skewed allele frequencies from
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generation to generation and consequently reduce the short-term effective population size,

especially in bottlenecked populations.

4.4.3. Candidate Loci Under Selection

Thirteen (approximately 11.2%) loci demonstrating evidence of being under selection
based on the set criteria were identified. This is somewhat less than the percentage that
was identified for the microsatellite loci in Chapter 3. However, this seems to be due to the
relatively few loci under balancing selection amongst the current marker set, only one locus.
With regards to the number of loci under directional selection the microsatellite and SNP
data correlates well; approximately 9% and 10%, respectively. The disparity in loci under
balancing selection might be due to the genomic distribution differentials of the
microsatellite- and SNP loci used. Estimates for SNP loci under selection is considerably less
for a number of other species with estimates ranging from 3.9% to 7.9% (Namroud et al.,
2008; Narum et al., 2010; Willing et al., 2010; Renaut et al., 2011; Whiteley et al., 2011), but
were similar to estimates for the Atlantic cod (#10%; Gadus morhua; Nielsen et al., 2009)
and the periwinkle snail (7-12%; Littorina saxatilis; Galindo et al., 2010). A recent study
found that 5.23% of EST-SNP loci in wild red abalone (H. rufescens) were candidates for

divergent selection amongst populations (De Wit and Palumbi, 2012).

Five loci are associated to genes involved in energy metabolism (Table 4.2). Energy
metabolism genes appear to be frequently under selection in a variety of organisms (e.g.
Namroud et al., 2008; Galindo et al., 2010; Guatier and Naves, 2011; Whiteley et al., 2011).
This is however not surprising as energy metabolism is directly correlated to various
environmental stressors such as temperature, oxygenation and availability of food sources.
An interesting observation is that loci associated to transposable element genes, such as
reverse transcriptase and endonucleases are also under selection. Galindo et al. (2010)
made a similar observation for the gastropod mollusc L. saxatilis. Transposable elements
seem to be plentiful in the H. midae genome and are transcriptionally active (Rhode and
Roodt-Wilding, 2011; H. midae unpublished transcriptome data). Transposable elements are
known to alter gene functions and facilitate genome evolution (Bennetzen, 2000; Kidwell,

2002; Medstrand et al., 2005; Gogvadze and Buzdin, 2009).
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Single nucleotide polymorphisms that locate in coding region may influence peptide
composition. Seven of the outlier loci were in fact found in exonic regions, of which three
produced non-synonymous substitutions (Table 4.2). The non-synonymous loci might be
direct targets for selection as changing the peptide sequence could alter protein structure
and function. Such a direct causation cannot necessarily be made for synonymous loci or
loci in the UTRs. Nonetheless, loci in UTRs may exert functional effects when present in
regulatory elements or motifs such as transcription binding sites (Majewski and Ott, 2002).
Furthermore, codon usage biases may result in selection differentials on synonymous
substitutions (Williams and Hurst, 2000; Chamary and Hurst, 2004). The extent of such
codon usage biases in H. midae remains to be investigated, but work done on the Pacific
oyster suggest that codon usage might be under strong selective pressure in molluscs
(Sauvage et al., 2007). Studies have also suggested that synonymous substitutions may have
a variety of effects on protein functionality and avalibility, with effects on mRNA structure,
RNA processing, post-transcriptional regulation and translation (Sauna and Kimchi-Sarfaty,
2011). Genetic hitch-hiking, due to close physical linkage to a causal variant can, however,

not be excluded (Nosil et al., 2009; Karasov et al., 2010).

Observed heterozygosity was significantly reduced at loci under selection compared to
neutral loci which is expected given that most loci were under directional selection (Figure
4.2). The lack of significant outliers (based on the BayeScan estimate) among the pairwise
temporal samples suggest that selective pressures were relatively stable across the given
timeframe. One locus in particular, however, suggests that some shifts in selective pressure
did occur over time - locus PS_C23591 200 [T/C] (Appendix C: Table S4.3). This locus is
identified by the joint spatio-temporal (across all populations) outlier analysis by both
Lositan and BayeScan, but fails to reach significance when temporal samples are analysed
independently. This locus is also detected as an outlier by Lositan amongst the pairwise
temporal comparisons between the WS, CR and RP populations. This locus is associated to a
transcription factor gene (TFG) thus giving credence to the hypothesis that regulatory
variation will be the first to respond to selection and that in general variation in the
regulation of gene expression might be an important mechanism in phenotypic evolution

(Purugganan, 2000; Barrier et al., 2001; Hoekstra and Coyne, 2007). The agent that is
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responsible for this altered selection regime remains unknown; however could possibly be

ascribed to anthropogenic factors and/or ecological shifts.

4.4.4. Population Genetic Structure

The geographic correlation with population genetic structuring of H. midae around the
South African coast has been well documented. The major barrier to gene flow is most likely
the retroflection of the Agulhas current at Cape Agulhas, dividing the population into two
major reproductive stocks (Bester-van der Merwe et al., 2011). This genetic structuring is
supported by the present data, with both the factorial correspondence analysis and the
dendrograms (Figure 4.3, 4.4) demonstrating a clear clustering pattern of populations in
groups of geographic origin. This geographic genetic structuring is particularly supported
when the loci under selection are included in the analyses, with the factorial
correspondence analysis showing distinct population clusters west and east of Cape Agulhas
and higher bootstrap values at nodal junctions on the dendrogram. Furthermore, when
including loci under selection the pairwise Fg values are higher and the percentage of
among group genetic variation increases almost three fold (AMOVA, Table 4.4). This could
be interpreted as an indication of selection facilitating adaptation to the local environmental
conditions and will give credence to the biogeographical vicariance hypothesis of Bester van
der-Merwe et al. (2012) for population divergence and ultimately speciation of abalone
along the South African coast due to ecological adaptation to the three biogeographical

provinces.

The only population that does not seem to conform to the geographic clustering patterns
is the WC(F;) cultured population, which fails to group with any of the general population
groupings, irrespective of the data used (including or excluding loci under selection). This is
probably because of the pronounced effects of the domestication process. The WC(F,)
population is a selected second generation aquaculture population and is for all practical
purposes an isolated population with a small effective population size (also supported by
unpublished microsatellite data). In chapter 3, when using the microsatellite markers under
selection there was a clear wild-/cultured population separation, irrespective of the

geographic origin of a particular population. This pattern is not replicated with the SNP
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markers. For the most part the SNP loci used in this analysis represents structural variation,
whereas the microsatellite loci represent regulatory variation (Rhode and Roodt-Wilding,
2011). As discussed previously, regulatory variation will more readily respond to novel
selection pressures; in this case domestication (Purugganan, 2000; Barrier et al., 2001,
Mignon-Grasteau et al., 2005; Dobney and Larson, 2006; Hoekstra and Coyne, 2007). This is
not to say that the SNP loci under selection do not contribute to the development of the
domestic phenotype; on the contrary when including these loci, the partitioning of the AS
population from the wild populations is particularly supported in the population
dendrogram. Random drift on the other hand seems to be a more important factor in the

divergence of the WC cultured populations (Figure 4.4).

The relatively large long-term effective population sizes and high rates of gene flow
(Bester-van der Merwe et al., 2011) suggests that genetic variation in the wild H. midae
populations should be fairly stable across temporal scales (Hansen et al., 2002; Palm et al.,
2003; Hoffman et al., 2004; Lee and Boulding, 2009). Nonetheless, there is sufficient
evidence to demonstrate that this is not the case [some caution is however heeded due to
unbalanced samples that could reduce statistical power, Goudet et al., 1996]; which is
surprising given that the populations are at most removed by only two generations. Genetic
differentiation of temporal populations inhabiting a particular region is not uncommon.
Such differentiation is generally associated with environmental instabilities creating
differential selection regimes, but can also be caused by frequent population extinction and
recolonisation events within a meta-population structure (Vandewoestijne et al., 1999;
@stergaard et al., 2003; Hoffman et al., 2004). Furthermore, an increasing number of studies
are reporting temporal genetic heterogeneity, whilst spatial genetic structure remains
stable in a number of marine organisms with planktonic larval stages (e.g. Chapman et al.,
2002; Robainas et al., 2005; Florin and Hoglund, 2007; Lee and Boulding, 2007, 2009). The
temporal fluctuation in the selection on locus PS_C23591 200 [T/C] suggests that changing
selection regimes may result in the genetic differentiation of temporal samples. However,
the estimates based on neutral loci only, also demonstrates significant differentiation. A
strict extinction-recolonisation scenario seems unlikely given the limited number of
generations under investigation and the life-history characteristics of the South African

abalone. However, gene flow by means of larval settlement from other genetically distinct
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populations may provide an explanation: Larvae from distinct populations, whom may too
vary in genetic composition through time and space, may settle in a divergent population.
Because there are generational overlaps animals that differ in age may contribute to any
spawning event leading to fluctuation in temporal genetic diversity due to such larval
recruitment regimes (Johnson and Wernham, 1999; Moberg and Burton, 2000). This is a
likely scenario given the migration patterns of abalone larvae along the South African coast
(Bester van der Merwe et al., 2011). Another plausible explanation for the temporal
observation could be ascribed to Hedgecock’s (1994) “sweepstakes hypothesis”, noting the
potential disparity in long-term and short-term effective population size (Table 4.5) and the
broadcast spawning mode of reproduction of H. midae. Under this hypothesis the short-
term effective population size is small enough for significant fluctuations in allele
frequencies to occur by chance, i.e. random genetic drift. Thus, due to abalone’s high
fecundity and low rate of planktonic larval survival only a small portion of adult animals will
contribute at any given generational interval, which reduces the effective population size
and consequently exacerbates the effects of random drift; leading to significant temporal
fluctuations in genetic variation. Lee and Boulding (2009) made a similar observation for two
Pacific littorinid gastropod molluscs. In reality it is probable that combinations of the
aforementioned processes are simultaneously at play. When considering only neutral loci
the WS population also demonstrate some deviation in the general geographic grouping of
populations. The south coast of South Africa has been postulated to be a secondary contact
zone for abalone (Bester-van der Merwe et al., 2011). The WS population is thus in all
likelihood an “corridor” population connecting the major reproductive stocks on the west
and east, and consequently particularly susceptible to variations in genetic diversity over
time. However, it must be noted that the WS(2011) population sample only consisted of

nine specimens and thus the effects of sampling error must be taken into consideration.

4.5. Conclusions

This study investigated the genetic diversity at both spatial and temporal scales of the

economically important South African abalone, H. midae, using SNP markers. Spatial

146 |Page



Stellenbosch University http://scholar.sun.ac.za

CHAPTER 4

diversity conformed to expectations as previously reported, with possible adaptation to
local geographical environmental conditions maintaining this spatial genetic structuring.
Nonetheless, evidence suggests significant population differentiation among temporal
samples collected from the same locality. These temporal fluctuations are thought to be in
response to ecosystems shifts (possibly in response to global warming) and anthropological
effects (overfishing and poaching), although the generational interval at present is too
limited to draw definitive conclusions. However, differential reproductive performance
leading to small short-term effective population sizes and high gene flow between
differentiated populations may also lead to substantial variations in the genetic constitution
of abalone populations along the South African coast. Thus, these populations might be
more dynamic than previously thought and could bear significance on strategies for

conservation and fisheries management.
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Synopsis: Summarising Discussion and Conclusions

5.1. Overview of the Research Endeavour

Recent developments, particularly the advancement of DNA sequencing technologies,
have led to an explosion in biological research. It has become possible to investigate such
guestions pertaining to the complexities of genome structure, -function and -evolution and
how this impacts on the development of phenotypes. Moreover, these studies were
generally restricted to model organisms, but it has now become possible to readily
investigate species that to date had limited genomic resources (see reviews on genomic
approaches in marine species: Hauser and Seeb, 2008; Nielsen et al., 2009; Oleksiak, 2010).
As such, there has been a renewed interest in evolutionary biology, perhaps more
specifically — evolutionary genetics — with a predominantly genomics focus (Nadeau and
Jiggins, 2010). The use of population genomics to identify loci that are putatively influenced
by selection and could therefore explain the development of adapted phenotypes to
heterogeneous environments has become particularly popular (e.g. Campbell and

Bernatchez, 2004; Namroud et al., 2008; Willing et al., 2010; Nunes et al., 2011).

The South African abalone, Haliotis midae (a marine gastropod mollusc), is one of the
most sought-after marine organisms in the world. Historically, the abalone fishery was
South Africa’s most lucrative and currently abalone culture is the largest and economically
the most important sector within the South African aquaculture industry (Department of
Agriculture, Forestry and Fisheries, 2012). Since the commencement of abalone aquaculture
endeavours in South Africa, a number of research efforts were launched to better
understand species biology (e.g. Mackay and Coyne, 2005; Vosloo and Vosloo, 2006; Roux et

al., 2008; Mackay et al., 2011; Mouton and Gummow, 2011; Bester-van der Merwe et al.,
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2011). With increasing interest in the genetic improvement of perlemoen a substantial
number of genetic/genomic resources for H. midae have also been developed, including
numerous molecular markers (especially microsatellites and SNPs) and ESTs (e.g. Bester et
al., 2008; Rhode et al., 2008; Slabbert et al., 2008, 2010; Franchini et al., 2011; Rhode et al.,
2012; Slabbert et al., 2012). In this study these genetics resources are exploited to gain a
greater understanding of the micro-evolutionary processes, in particularly the role of
selection, affecting both wild and cultured populations of H. midae. The South African
abalone is in a unique position in that both efforts to domesticate abalone for commercial

gains and conservation initiatives for preserving wild populations are running in parallel.

In Chapter 2, a standard population genetic analysis was performed to investigate the
general genetic properties of cultured populations in relation to their wild progenitor
populations. A comparison was also drawn between the use of anonymous genomic
microsatellites and EST-derived microsatellites. Although at least two previous studies had
assessed genetic diversity in cultured perlemoen and compared it to wild populations, these
studies were limited in terms of the population cohort investigated (Evans et al., 2004a;
Slabbert et al., 2009). The results presented in Chapter 2 are the first to provide a thorough
population genetic assessment taking into account commercial processes that might
influence the genetic constitution of these particular cultured populations. The data
generated in Chapter 3 expands on the work done in Chapter 2 by providing a more
genomic evaluation of genetic diversity at microsatellite loci using a population genomics
approach. In particular the contribution of selection was evaluated in the development of
the domestic phenotype. In Chapter 4 a temporal assessment of genetic diversity and
factors influencing this diversity was done using SNP markers. The aim of Chapter 4 was to
evaluate how stable the genetic structure of perlemoen populations were over time; given
that both anthropogenic and changing ecological conditions were most likely affecting these
populations. The work presented in Chapter 3 and 4 is one of the first of this nature for any

haliotid species.
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5.2. Synthesis of the Biological Findings

5.2.1. Molecular Markers, Outlier Loci and Evidence for Selection

Microsatellites and SNPs are currently the most used molecular markers in animal-,
ecological- and population genetics. Biologically, these molecular markers exhibit a number
of characteristics that have led to their popularity, including co-dominant mode of
inheritance, high genomic frequency (especially SNPs) and high information content
(particularly microsatellites due to its multi-allelic nature) (Beuzen et al., 2000; Brumfield et
al., 2003; Lui and Cordes, 2004; Morin and McCarthy, 2007; Pérez-Enciso and Ferretti, 2010;
Liu et al., 2011). This study is the first to utilise such an extensive marker set (150
microsatellite- and 116 SNP markers) to evaluate the population genetic properties of South
African abalone populations. Previous investigations (e.g. Evans et al., 2004a, b; Slabbert et
al., 2009; Bester van der Merwe et al., 2011) used a limited number of markers ranging from
three microsatellite loci to 12 SNP loci. This extensive marker set allows for a more
representative assessment of genome-wide polymorphism. Given that the H. midae genome
size is estimated at approximately 1400 cM (Franchini et al., 2010, Vervalle et al., in press),
the average genome coverage for the microsatellite markers was approximately one marker
every 10 cM and for SNP makers, one marker every +12 cM. Massault et al. (2008)
recommends an average marker interval of 10 cM for conventional QTL mapping; however,
considering that conventional QTL mapping exploits within family recombination rates it
might be possible to use a lower marker density. When using population data (i.e.
individuals selected at random, assuming no familial relationship among individuals) the
number of markers necessary might increase depending on the level of LD maintained in the
population under investigation. Meadows et al. (2008) recommends a marker interval of 0.1
- 2.5 cM in populations with short range LD (0 - 5 cM). Thus, although the current study used
an extensive marker set, in all likelihood only a fraction of the H. midae genome was

surveyed.

For the most part both the microsatellite- and SNP data provided congruent results, e.g.
both marker types detected no differences in the levels of genetic diversity across

populations (wild and cultured); both marker sets demonstrated evidence for population
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bottlenecks and supported genetic differentiation amongst the wild- and cultured
populations. The two marker types did, however, demonstrate contradictory results with
regards to the grouping of aquaculture populations especially when loci assumed to be
under selection was incorporated in the analysis: Microsatellite loci grouped aquaculture
populations separately from wild populations, whilst SNP loci clustered aquaculture
populations with their respective geographically correlated wild progenitor populations. In
general, because microsatellite loci are multi-allelic (in comparison to SNPs that are
predominantly biallelic) they demonstrate higher information content and subsequently
have higher resolving power (Vignal et al., 2002; Lui and Cordes, 2004). It might therefore be
that the microsatellite loci are more sensitive to the recent effects of domestication than
the SNP loci. Furthermore, the microsatellite loci are probably also more representative of
genome-wide variation in general, because the microsatellite loci were developed from a
variety of sources, including anonymous genomic fragments and expressed sequences (e.g.
Slabbert et al., 2008, 2010; Rhode et al., 2012; Slabbert et al., 2012). On the contrary, the
SNPs used in this study were solely developed from ESTs and thus only represents genic
variation of which the majority relate to peptide structural variation. Many microsatellite
loci that were found to be outlier loci may in fact also represent genic variation (Rhode and
Roodt-Wilding, 2011). These were, however, in the UTR or intronic sequences where they
may be closely associated with gene regulatory motifs (Li et al., 2004). This could explain
why there is a marked clustering of cultured- vs. wild populations when using microsatellite
loci putatively under directional selection: Rapid evolution is often attributed to selection on
regulatory variation altering pleiotropic interaction within gene-networks (Purugganan,
2000; Barrier et al., 2001; Mignon-Grasteau et al., 2005; Dobney and Larson, 2006; Hoekstra
and Coyne, 2007; @stman et al., 2012). The domestication effect is most likely creating the
selection pressure driving the divergence of culture populations from the wild populations
at these loci. This evidence for gene-networks is supported by the significantly higher LD

amongst microsatellite loci under selection in compsrison to syntenic LD.

This study identified a relatively high number of outlier loci (27% for microsatellites and
11% for SNPs); nonetheless it remains comparable with previous studies that report 0.4% to
26% for a variety of species (Nosil et al., 2009 for a review). Both the microsatellite- and the

SNP loci demonstrated a similar number of loci under directional selection (£10%), whilst
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microsatellites had more loci under balancing selection than SNPs. Again this disparity might
be related to the genomic locality and particular characteristics (e.g. bi- vs. multi-allelic) of
the respective loci. The simplest explanation for outlier loci is heterogeneous genomic
divergence due to selection (Nosil et al., 2009; Bierne et al., 2011). However various factors,
other than selection, have been reported to influence heterogeneous divergence of
genomic regions. Firstly, complex demographic scenarios, including co-ancestry correlations
amongst subpopulations and hierarchically structured populations may increase neutral
variance of genetic differentiation beyond the null distribution assumed by an outlier test
(Excoffier et al., 2009; Bonhomme et al., 2010). This could easily be overcome by using
multiple outlier tests with differing assumptions on population demography, for example
BayeScan (Foll and Gaggiotti, 2008) makes no a priori assumption on population history and
takes into account population- and allele-specific effects. Secondly, “gene surfing” (whereby
the frequency of novel, neutral mutations increase in the wake of an expanding population)
could mimic a signature of selection (Klopfstein et al. 2006; Hofer et al. 2009). Although
there is evidence of an historic population expansion for H. midae (Bester-van der Merwe et
al., 2011), the data presented in this study suggests that the populations are in decline; and
therefore “gene surfing” is improbable, but cannot be entirely excluded. Thirdly, when
effective population size is small, background selection against deleterious mutations could
be expected to increase population divergence and thus to inflate allelic variance at loci
with differential recombination rates (Charlesworth et al., 1997; Bierne et al., 2002). Current
data and previous work (Bester-van der Merwe et al., 2011) suggests that long-term
effective population size for H. midae is sufficiently large, which will make the
aforementioned scenario unlikely; however the small short-term effective population sizes
may have some influence. Lastly, Bierne et al. (2011) propose that “endogenous genetic
barriers” (i.e. reproductive isolation or -incompatibilities) might restrict neutral gene flow
and thus inflate neutral genetic differentiation and produce outlier loci that are not due to
ecological adaptation. Estimates of genetic differentiation among putatively neutral loci
show evidence of low to moderate population differentiation indicating that gene flow in
general is still high amongst wild populations (Bester-van der Merwe et al., 2011).
Furthermore, most of the aquaculture populations (with the exception of one F,-generation
population) were directly descended from wild broodstock. Taking into account the

aforementioned, heterogeneous genomic divergence in H. midae is most likely a
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consequence of selection; however gene flow amongst populations may still persist (Nosil et
al., 2009). The high number of outlier loci could possibly be explained by incorporating
aquaculture populations in the analyses. Aquaculture populations are under selective
pressures to adapt to a new environment and also artificial selection for production traits
(animals go through regular grade-and-cull procedures during the production grow-out
phases) and therefore, the domestication event is likely resulting in a selective sweep (Innan

and Kim, 2004; Bierne, 2010; Ralph and Coop, 2010).

5.2.2. Insights into Population Dynamics in the Wild

As adults, abalone are benthic sessile animals and thus gene flow is mostly dependent on
the brief pelagic larval stages, when the planktonic larvae are particularly susceptible to
ocean currents by which they then disperse. Previously, Bester-van der Merwe et al. (2011)
reported that the retroflection of the Agulhas current at Cape Agulhas on the south coast of
South Africa is most likely a major barrier to gene flow, dividing the H. midae population
into two main reproductive stocks on the west- and east coast. A less prominent, secondary
barrier was also postulated at the thermal front in the Algoa Bay region that could subdivide
the populations into three stocks corresponding with the known geographical, marine
biomes around the South African coast. The presently presented genome-wide
microsatellite- and -SNP data supports the subtle population differentiation of wild
populations on the west-, south-, and east coast of South Africa as previously reported
(Bester-van der Merwe et al., 2011) when using loci that are presumed to be selectively
neutral. When incorporating loci that are putatively under the influence of directional
selection the population differentiation becomes noticeably higher; this is particularly
evident when using the SNP data (Chapter 4). This geographic correlation of population
structure is in accordance with the biogeographical vicariance hypothesis for the origin of
abalone around the South African coast (Bester-van der Merwe et al., 2012). Under this
hypothesis an ancestral abalone species migrated in a south-easterly direction from what is
today the Mediterranean Sea. As such, population divergence and ultimately speciation is a
product of adaptation to the environmental conditions, which within the South African

context relates to the three biogeographically provinces around the country’s coast: cool-
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temperate on the west-, warm-temperate on the south- and subtropical on the east coast

(Emanuel et al., 1992).

Although this study did not investigate mitochondrial genetic diversity per se, some
conclusions could be made to explain the observed decrease in mitochondrial diversity as
observed by Evans et al. (2004b). Evans et al. (2004b) maintain that the observed decrease
in mitochondrial genetic diversity in east coast populations is consistent with a founder
event from the west coast. However, this study [and the study by Bester-van der Merwe et
al. (2011)] could not support the decrease in genetic diversity at nuclear loci expected if a
founder event did in fact occur. Furthermore, the results of this study suggest that
adaptation to local environmental conditions might play an important role in maintaining
the geographically correlated population structure. This lends credence to the
biogeographical vicariance hypothesis, which is in contrast to the west-east colonisation
hypothesis of Evans et al. (2004b). In an extensive investigation among 3000 animal species
Bazin et al. (2006) could not detect any correlation between mitochondrial genetic diversity
and population size. They consequently question whether it is appropriate to deduce
demographic history of a population from mitochondrial data. The authors continue to
explain that the variations in mitochondrial genetic diversity is more like due to selective
events and that this is particularly true for marine fauna with relatively large effective
population sizes. The mitochondrion is a vital cellular organelle that functions in cellular
respiration, therefore it is not surprising that is under selective constraints. Various loci
associated to genes operating in the respiratory mechanism (e.g. NADH dehydrogenase,
ATPase, Phosphoglycerate mutase) have been identified as outlier loci in this study. It is
therefore comprehendible that the mitochondrial genome itself has been subject to a
selective sweep reducing genetic diversity in east coast populations, particularly considering

the fairly large long-term effective population size of abalone.

In recent years, natural abalone populations have come under considerable pressure due
to overharvesting and changing ecological circumstances, consequently there is evidence to
suggest that a recent bottleneck has occurred. Furthermore, it would seem that these
populations are responding to the permutations by genetic adaptation. Nonetheless, the
reproductive strategy of abalone, broadcast spawning, and high migration rates seem to be

the major contributing factors in temporal genetic variation. Overlapping generations, high

164 |Page



Stellenbosch University http://scholar.sun.ac.za

CHAPTER 5

fecundity and low rates of larval survival seem to generate substantial differences in the
genetic constitution of populations through time, even if samples are only one generation
removed, leading to comparatively small effective population sizes in the short-term.
Overall, the population dynamics of abalone appears to be more complex than previously

thought.
5.2.3. Population Dynamics under Aquaculture Conditions

Abalone aquaculture populations seem to differentiate from their wild progenitor
populations at a rapid rate. This phenomenon has been observed for a number of abalone
species (Hara and Sekino, 2007; Li et al., 2007; De la Cruz et al., 2010; Praipue et al., 2010;
An et al., 2011). Irrespective of this the H. midae aquaculture populations seem to maintain
levels of genetic diversity equivalent to the wild populations, which is consistent with
previous estimates for genetic diversity in a number of abalone species, including H. midae
(Gutierrez-Gonzalez and Perez-Enriquez, 2005; Slabbert et al., 2009; An et al., 2011). The
domestication event is generally accompanied by a population bottleneck produced by the
founder effect and will generally lead to an increase in the rate of inbreeding and
substantial stochastic fluctuations in allele frequencies (Mignon-Grasteau et al., 2005).
Although there is evidence for population bottlenecks in the aquaculture populations, in the
current study, the effective population sizes have not been reduced to a level that genetic
diversity is lost. The significant fluctuation at neutral loci can thus be attributed to the
differential broodstock contributions, high fecundity and low larval survival rates (Lind et al.,

2009; Slabbert et al., 2009).

With regards to selection, the domestication effect is expected to create significant
selective pressures on the aquaculture populations and is most likely resulting in a selective
sweep. Evidence for this is the high number of candidate loci under selection and possible
evolutionary convergence of aquaculture populations due to similar aquaculture practices
and/or artificial selection (Chapter 2, 3). Loci under selection seem to be involved in
regulatory processes of gene expression rather than structural variation, which is expected
(see discussion above). At present there is no formal breeding programme at most abalone
aquaculture facilities and production rarely extends beyond the F;-generation. However,

there is increasing interest to develop such programmes for the development of animals
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that show superior production traits. It is therefore expected that as selective breeding
programmes advance aquaculture populations will increasingly become reproductively
isolated from the wild populations and diverge even more, effective population sizes will
decrease and the rate of inbreeding will increase. The pronounced genetic effects of the
domestication process can already be observed in the F,-generation with this population

failing to group with any other population (Chapter 4).

5.3. Managerial Considerations for the South African Abalone Resource

5.3.1. Preservation of Wild Populations

As an economically important marine animal the effective management of the abalone
resources is of the utmost importance. Haliotis midae has come under considerable
pressure due to overfishing and poaching and population recovery in abalone species
globally has proven to be more complex than expected (Tegner, 2000). These pressures on
the natural populations are now starting to reflect on the genetic constitution of these
populations with evidence of population contractions and changes in selection regimes. At
present the South African Marine Living Resource act (Republic of South Africa, 1998)
regulates the usage and preservation of the marine biota within the country’s coastal
waters. Although an ecosystems approach to reserve management was adopted, it has been
previously argued that at present the marine protected areas around South Africa might not
necessarily reflect the population genetic structure of many of the marine organisms (Von
der Heyden, 2009). A population genetic assessment of any population provides an
understanding of the evolutionary forces that shape population/species diversity; in turn
this can be used to predict the long-term trends in population viability and robustness

(Moritz, 2002; Palumbi, 2003).

Historically the H. midae fishery was regulated by means of minimum size restrictions of
harvested animals, closed seasons, annual quotas, total allowable catch (TAC) per fishing
zone and reserves where harvesting is prohibited (Tarr, 2000). In order to better align

managerial strategies for the abalone resource with the genetic structure of this species,
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Bester-van der Merwe et al. (2011) proposed that as a minimum precaution the populations
on the west- and east coast (with the transition point at Cape Agulhas - the major barrier to
gene flow) should be managed as separate stocks. Nonetheless, noting the secondary
barrier to gene flow and the propensity of South African marine fauna populations to
structure in accord to the biogeographical provinces (e.g. Ridgway et al., 1998; Teske et al.,
2006, 2007; Zardi et al., 2007; Teske et al., 2008; Von der Heyden et al., 2008), Bester-van
der Merwe et al. (2011) argues that adaptive diversity could be lost if the transition zone on
the south coast is not recognised as an independent management unit (Crandall et al., 2000;
Fraser and Bernatchez, 2001; Counterman et al.,, 2010). To date, most endeavours in
conservation genetics have not explicitly formulated strategies incorporating adaptive
diversity mostly because the majority of studies are based on a small number of markers
that are assumed to be neutral. With a genomics approach to conservation genetics it has
become easier to identify adaptive variation at the molecular level that will certainly allow
for the refinement of conservation strategies (Wenne et al., 2007; Allendorf et al., 2010;
Ouborg et al., 2010). As such, the current study provides evidence that adaptation to local
environments may indeed be an important determining factor for the maintenance of
spatial population structure of wild populations of H. midae. The recognition of south coast
populations as an independent management unit may thus warranted. Furthermore, the
apparent temporal instabilities in genetic variation, created by the differential spawning and
high larval mortalities that lead to a decrease in short-term effective population sizes may
be a point of concern. Long-term effective population sizes may be sufficiently large,
however if short-term effective population sizes decline, the number of new recruits will
decrease with successive generations. There has already been reports of juvenile
recruitment failure in a number of abalone fishing zones around South Africa (Day and
Branch, 2000; Plaganyi and Butterworth, 2010). The Allee effect, (the direct relationship
between spawner density and successful fertilisation in sessile broadcast spawning animals,
Allee et al., 1949) might therefore be much more prominent than previously thought and
could contribute to the slow and troublesome recovery of abalone populations seen world-
wide (Tegner, 2000). Strategically placed reserves, taking into account larval dispersal
capabilities, where a high density of broodstock animals could be maintained in order to
maximise short-term effective population size may thus be vital for the long-term

preservation of abalone (Hobday et al., 2001).
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5.3.2. Breeding Objectives and Implications for Commercial Stocks

The presented data suggests that the respective aquaculture facilities hold a sufficient
number of breeding animals to maintain levels of genetic diversity comparable with their
wild progenitor populations. However, there is clear evidence that the exact constitution of
this genetic diversity is distinct from the wild populations and differs significantly between
cultured populations from different facilities. It is therefore argued that there is evidence for
genetically unique domesticated abalone strains produced by independent domestication
events on respective aquaculture facilities. For this reason, farmers should be careful when
translocating animals between farms: The production value of animals, adapted to specific
conditions, may change when placed in a different environment, as a consequence of
genotype by environment interactions; such interactions have been reported for salmon

(Evans et al., 2010), shrimp (lbarra and Famula, 2008) and mussels (Shields et al., 2008).

Considering that cultured populations mostly consist of F;-generation animals (one F,
population), sufficient time has not yet lapsed for noticeable decrease in genetic variation to
occur. Nonetheless, with the implementation of selective breeding programmes it is
anticipated that inbreeding and relatedness will increase, due to a further decrease in
effective population size. At present, however, the relatively high effective population sizes
and low relatedness in cultured cohorts, means that producers could select broodstock from
these Fi-animals with little deleterious consequences. However, it should be done with an
air of caution, noting the dramatic decrease in effective population size of the F, population.
Inbreeding depression has been reported for the Pacific abalone (H. discus hannai) after
only one generation of full-sib-mating, with significant decreases in the survival rate of
offspring (Kobayashi and Kijima, 2010). This could have grave consequences for the
profitability of abalone production. Hayes et al. (2006) suggested several methods for
maximising genetic diversity for aquaculture selective breeding programmes, including
random mating, minimising kinship and maximising heterozygosity; as genetic diversity
remains vital for continued and long-term genetic gains in variable environments. This fact
was often overlooked by traditional animal breeders (Notter, 1999; Ajmone-Marsan et al.,

2010; Groeneveld et al., 2010) and subsequently concerns led to the adoption of the “global
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plan of action for conserving indigenous farm animal genetic resources, FAnGR” (FAO,

2007).

The genetic distinctness of cultured populations also warrants regulations to be put in
place in order to limit escapees from cultured populations into the wild. It has been
demonstrated in salmon that such escapes, when interbreeding with wild animals, could
lead to maladapted individuals due to outbreeding depression, potentially causing the
collapse of the natural population (Naylor et al., 2005). Similar findings were reported for
oysters (Camara and Adopalas, 2009; Zhang et al., 2010) and mussels (Jones et al., 2006).
This is of further importance, when considering natural stock enhancement or ranching
initiatives using culture derived seed (Roodt-Wilding, 2007; Hara et al., 2008). Such an
initiative for red abalone (Haliotis rufescens) demonstrated the possible adverse effects on
the genetic integrity of wild populations (Gaffney et al., 1996). Furthermore, Gutierrez-
Gonzalez and Perez-Enriquez (2005) found no loss of genetic diversity between cultured and
wild blue abalone (Haliotis fulgens); however recapture of ranched animals was low. Pilot
studies conducted in South Africa for H. midae, also demonstrated differential survival rates
at various sites (Sweijd et al., 1998; De Waal et al., 2003), with similar reports for the Pacific
abalone (Hamasaki and Kitada, 2008) and greenlip abalone (Haliotis laevigata) (Dixon et al.,
2006). There are many compounding factors that contribute to recapture success rate of
ranched animals. In the past much attention was given to simply maintaining neutral genetic
diversity; however consideration of adaptive diversity/potential may be an important

determinant.

In summary, from a genetic management perspective, aquaculture facilities should
define their long-term breeding objectives under at least one of two broad aims: 1)
Implement a selective breeding programme to enhance favourable production traits. This is
the traditional animal production route, but maintaining sufficient genetic diversity to
ensure sustainable breeding should be a key imperative (perhaps as a national breeding
objective, to enable individual farms to develop specialised strains, but conserving genetic
diversity throughout a national breeding structure). Furthermore, putting in place measures
to prevent interbreeding of cultured and wild animals should also be taken. 2) If the facility’s

focus will be on ranching or stock enhancement, standard conservation genetic practices
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should be implemented to maximise survival rates of seeded animals and minimise possible

adverse effects of introducing cultured animals into the wild.

5.4. Shortcomings and Perspectives on Future Undertakings

This study is, to date, the most comprehensive survey of genome-wide genetic variation
within and amongst wild and cultured populations of H. midae and abalone in general.
Nonetheless, in all likelihood only a fraction of the genome was investigated and many more
markers will likely be necessary to gain a complete understanding of the evolutionary forces
that shape genome-wide genetic variation within these populations. A preliminary
assessment of genome-wide LD, over populations was done in order to evaluate the
possible co-segregation of outlier loci (presumed to be under selection) that could indicate
functional linkages within gene-networks. However, to assess the number of markers
needed to provide a more comprehensive genome coverage, it is necessary to evaluate the
extent of population-specific LD. This will also allow for the assessment of particular outlier
loci within the specific genomic contexts of individual populations. In turn, this will aid a
more thorough investigation into the history of selection events, i.e. historic vs. recent
selection or hard- vs. soft selective sweeps (e.g. Karasov et al., 2010), which at present can
only be speculated on. The recent completion of the H. midae linkage map (Vervalle et al., in
press) makes such an investigation possible. However, not all the markers used in this study
have yet been successfully mapped, whilst some markers currently on the linkage map have
not been included in this study. It is therefore necessary to genotype all mapped markers in
the study populations for sufficient genome coverage. In future it might also be
advantageous to run a combined analysis of both SNP and microsatellite markers that could
increase the precision of population genetic estimates and marker coverage across the
genome (Liu et al., 2005; Ryynanen et al., 2007; Narum et al., 2008). It may also be
necessary to include more sampling sites within each of the three geographic regions to
identify possible fine-scale population structure due to adaptation to cryptic local
environmental conditions. Furthermore, at present the sample sizes form each population
was limited. It is known that when sample sizes are small (less than 50) it may create

sampling errors that could bias estimates of genetic diversity and —differentiation. This is
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particularly relevant when using microsatellite markers: due to its high polymorphism a
large sample is needed to accurately reflect allele frequencies for especially rare alleles.
Nonetheless, sampling variance can be partially negated by standardising sample sizes (as
has been done for all microsatellite analyses) and using a large number of marker loci (as in

the case of a genomic approach) (Ruzzante, 1998).

Although many of the outlier loci in this study could be associated to genic regions, they
remain for the most part putatively influenced by selection. If these loci are indeed under
selection it is expected that they will demonstrate some functional activity (or other closely
linked causal variant) and thus be associated to particular phenotypes. Additional analyses
such as QTL- and association mapping or gene expression /transcriptome profiling will thus
be extremely useful in confirming that the identified loci are indeed functionally active and
therefore under selection (e.g. Stinchcombe and Hoekstra, 2008; Larsen et al., 2011). During
this study an extensive transcriptome resource was created and could be used to further
characterise the unique properties of the respective populations with regards to gene
expression. From an aquaculture perspective, many of these loci might be associated with
economically important production traits and could be used in future marker assisted
breeding programmes. On the other hand, if these loci are found to be associated to
adaptive phenotypes for specific environmental conditions in the wild it could aid in refining
long-term conservation strategies through highlighting environmental stressors that could
solicit a selective pressure or by predicting how populations will adapt to various climate
scenarios. This is particularly relevant in the light of global climate change, where sea
temperatures are expected to increase (Roessig et al., 2004; Cheung et al., 2009). In South
Africa the residual effects of water temperature increases has already been noted on corals
(Riegl, 2003). A study by Hobday and Tegner (2002) suggest that water temperature might
be an important determining factor for the natural distribution of abalone populations. With
regards to H. midae a range shift might be observed in future. Warming sea temperatures
could result in a population contraction on the east coast, whilst the range might expand
northwardly on the west coast of South Africa. Populations may also respond adaptively
that could lead to reductions in genetic diversity at particular loci, i.e. produces new
signatures of selection (Parmesan, 2006). It is therefore important to continue monitoring

both environmental and biological (including genetic) parameters (Clark, 2006)
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5.5. Concluding Remarks

The South African abalone, Haliotis midae, is an economically important, large gastropod
marine mollusc. In recent years this species has been particularly threatened by both human
activities and ecological changes. This study represents one of first attempt to quantify
genome-wide genetic variation for any haliotid species and to assess the micro-evolutionary
forces, especially selection that can account for the observed patterns in genetic diversity.
By using a population genomics approach it was ascertained that spatial population
structure of wild abalone along the South African coast seems to be stable; however the
mode of reproduction, long lifespan and high gene flow leads to significant fluctuation in
genetic diversity through time. The spatial stability on the other hand is probably
maintained by adaptation to local environmental conditions. Furthermore, the data
suggests that the recent domestication of abalone is a major selective agent driving the
divergence of cultured populations from their progenitor populations in the wild. As such, a
relatively large percentage of the H. midae genome might be under the influence of
selection at present - 10% to 27%. Continued monitoring of both wild and cultured
populations are essential in order to manage genetic resources in such a manner as to
ensure the integrity of the wild populations and to sustainably expand the aquaculture

industry.
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Table S2.1: Diversity estimates for genomic-microsatellites.
. HWE P- Slatkin’s
Population | Locus A, R H, H. Fis froun
value P-value
HmAD102T | 27 24968 0.688 0.962 0.289 0.0** 0.133*  0.024*
HmLCSIT 6.614 0.688 0.692 0.007 0.216 -0.004 0.524
HmLCS67T 4.625 0.500 0.524 0.046 0.884 0.010 0.697
HmNS6T 5.674 0.581 0.622 0.067 0.600 0.019 0.660
CPWC HmRS27T 28 24.71 0.906 0.950 0.047 0.150 0.015 0.777
HmRS36T 5 4.934 0.719 0.613 -0.176 0.264 -0.072 0.428
HmRS80T 16 15.418 0.875 0.922 0.051 0.072 0.017 0.026*
HmLCS72M | 8 7.812 0.313 0.831 0.628 0.000** 0.278* 0.020*
Average 12.7500 11.844 0.659 0.764 0.200 - - -
HmAD102T | 28 28.881 0.633 0.974 0.354 0.000** 0.166* 0.049*
HmLCS1T 7.716 0.500 0.564 0.116 0.010** 0.035 0.727
HmLCS67T 4.690 0.241 0.432 0.138 0.001** 0.129* 0.922
HmNS6T 7.736 0.688 0.772 0.108 0.211 0.041 0.362
WPWC HmRS27T 28 26.343 0.969 0.973 -0.003 0.757 -0.006 0.000**
HmRS36T 4 5.733 0.700 0.662 -0.054 0.267 -0.030 0.552
HmRS80T 19 19.588 0.969 0.941 -0.018 0.527 -0.022 0.056
HmLCS72M | 7 7.742 0.438 0.685 0.321 0.005** 0.141* 0.388
Average 13.125 13.554 0.642 0.750 0.120 - - -
HmAD102T | 26 24383 0.710 0.963 0.266 0.000** 0.122* 0.0180*
HmLCS1T 8 7.868 0.719 0.733 0.019 0.583 0.001 0.308
HmLCS67T | 4 3.733 0.367 0.505 0.278 0.159 0.087 0.708
HmNS6T 7 7 0.654 0.725 0.100 0.372 0.033 0.289
CPSC HmRS27T 26 24253 0936 0.965 0.031 0.649 0.007 0.014*
HmRS36T 6 5.614 0.563 0.614 0.085 0.864 0.026 0.746
HmMRS80T 18 17.042 0.875 0915 0.045 0.190 0.017 0.107
HmLCS72M | 8 7.733 0.400 0.821 0.517 0.000** 0.225* 0.124
Average 12.875 12.203 0.653 0.780 0.168 - - -
HmAD102T | 28 26.136 0.548 0.966 0.436 0.000** 0.206* 0.021*
HmLCS1T 6.624 0.469 0.570 0.180 0.217 0.059 0.630
HmLCS67T 4.747 0.469 0.492 0.047 0.112 0.010 0.777
HmNS6T 6.792 0.759 0.767 0.010 0.064 -0.003 0.349
WPSC HmRS27T 28 26.496 0966 0.966 0.001 0.303 -0.008 0.153
HmRS36T 4 3.897 0.724 0.591 -0.230 0.279 -0.091 0.360
HmMRS80T 19 17.984 0.867 0.921 0.060 0.694 0.020 0.341
HmLCS72M | 7 6.968 0.133 0.666 0.802 0.000** 0.315* 0.250
Average 13.125 12.456 0.617 0.742 0.163 - - -
HmAD102T | 26 23.782 0.625 0.960 0.353 0.000** 0.164* 0.086
HmLCSIT 8 7.736 0.625 0.736 0.153 0.026 0.058 0.397
CPEC HmLCS67T | 3 3.00 0.355 0.503 0.299 0.055 0.094 0.249
HmNS6T 6.674 0.613 0.753 0.188 0.068 0.073 0.379
HmRS27T 23 21945 0.966 0.956 -0.010 0.136 -0.014 0.092
HmMRS36T 6 5.513 0.452 0.463 0.026 0.862 0.003 0.932
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HmMRS80T 17 16.149 0.800 0.919 0.131 0.038* 0.054* 0.234
HmLCS72M | 7 6.998 0.200 0.788 0.749 0.000** 0.324* 0.029*
Average 12.125 11.475 0.579 0.760 0.236 - - -
HmAD102T | 28 25.747 0.742 0.962 0.232 0.000** 0.105* 0.167
HmLCSIT 8 7.747 0.688 0.699 0.017 0.468 0.000 0.32
HmLCS67T | 5 4.620 0.375 0.477 0.217 0.140 0.065 0.783
HmNS6T 7.620 0.656 0.794 0.176 0.108 0.070 0.241
WPEC HmMRS27T 32 28433 0.969 0.966 -0.003 0.611 -0.009 0.401
HmRS36T 5 4.812 0.594 0.609 0.026 0.292 0.004 0.326
HmRS80T 22 19.646 0.906 0.925 0.020 0.762 0.002 0.788
HmLCS72M | 8 7.973 0.290 0.827 0.653 0.000** 0.289* 0.022*
Average 14.500 13.325 0.653 0.782 0.167 - - -
HmAD102T | 53 27.589 0.658 0.969 0.322 0.000** - -
HmLCSIT 11 7.393 0.616 0.682 0.097 0.014* - -
HmLCS67T | 8 4.350 0.387 0.488 0.207 0.000** - -
Over all | HmNSeT 10 7.553 0.658 0.747 0.120 0.001** - -
populations | HMRS27T | 52 26.673 0.951 0.965 0.014 0.705 - -
HmMRS36T 10 5.105 0.624 0.625 0.003 0.736 - -
HmMRS80T 38 18.320 0.883 0.928 0.049 0.150 - -
HmLCS72M | 9 7.904 0.297 0.798 0.628 0.000** - -
Average 23.875 13.111 0.634 0.775 0.180 - - -

A,: Number of observed alleles; Rs: Alellic richness; H,: Observed heterozygosity; H.:

Expected heterozygosity;

Fis: Inbreeding coefficient;

Se

level; ** statistical significance at the 1% nominal level.

HWE: Hardy-Weinberg
Equilibruim; fr,,: Null allele frequency. *statistical significance at the 5% nominal
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Table S2.2: Diversity estimates for EST-microsatellites.
. HWE P- Slatkin’s
Population | Locus A, R H, H. Fis froun
value P-value
HmidILL-
4 3.737 0.438 0.369 -0.191 0.807 -0.055 0.703
128551T
HmidILL-
5 4.749 0.563 0.538 -0.046 0.650 -0.021 0.448
140858T
HmidILL-
2 2.000 0.063 0.347 0.822 0.000**  0.208*  0.287
002192T
HmidILL-
17 14.984 0.875 0.852 -0.027 0.629 -0.020 0.823
047613T
CPWC HmidILL-
3 2.750 0.344 0.335 -0.027 1.000 -0.011 0.673
006622T
HmidILL-
4 3.997 0.594 0.550 -0.081 0.651 -0.034 0.162
071359P
HmidILL-
7 6.937 0.656 0.821 0.237 0.012%* 0.084* 0.020*
084787T
HmidILL-
9 8.627 0.969 0.814 -0.194 0.152 -0.093 0.144
087955T
Average 6.375 5.973 0.563 0.578 0.0618 - - -
HmidILL-
5 4.250 0.500 0.402 -0.069 0.675 -0.075 0.929
128551T
HmidILL-
5 4.794 0.533 0.468 -0.072 0.862 -0.050 0.575
140858T
HmidILL-
4 3.737 0.219 0.470 0.224 0.001%** 0.167* 0.619
002192T
HmidILL-
14 13.293 0.906 0.901 -0.031 0.931 -0.010 0.023*
047613T
WPWC HmidILL-
3 2.750 0.250 0.388 0.202 0.066 0.096 0.632
006622T
HmidILL-
5 4.736 0.563 0.500 -0.076 0.651 -0.049 0.545
071359P
HmidILL-
8 7.720 0.625 0.777 0.148 0.007** 0.079* 0.121
084787T
HmidILL-
10 9.484 0.969 0.871 -0.059 0.003** -0.060 0.040%*
087955T
Average 6.750 6.346 0.571 0.597 0.034 - - -
HmidILL-
4 3.500 0.594 0.442 -0.353 0.129 -0.111 0.835
128551T
HmidILL-
6 6.000 0.500 0.637 0.219 0.089 0.076 0.507
140858T
CPSC HmidILL-
2 2.000 0.094 0.246 0.622 0.005** 0.119* 0.373
002192T
HmidILL-
14 13.031 0.906 0.884 -0.026 0.971 -0.019 0.168
047613T
HmidILL- 2 2.000 0.375 0.310 -0.216 0.557 -0.054 0.323
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006622T
HmidILL-
5 4.765 0.710 0.694 -0.023 0.009**  -0.016 0.295
071359P
HmidILL-
7 6.935 0.813 0.798 -0.019 0.203 -0.015 0.038*
084787T
HmidILL-
7 6.631 0.656 0.748 0.124 0.238 0.046 0.323
087955T
Average 5.875 5.608 0.581 0.595 0.041 - - -
HmidILL-
2 2.00 0.226 0.204 -0.111 1.000 -0.021 0.456
128551T
HmidILL-
7 6.488 0.500 0.448 -0.118 0.699 -0.041 0.917
140858T
HmidILL-
4 3.655 0.207 0.250 0.174 0.424 0.031 0.922
002192T
HmidILL-
15 13.906 0.862 0.870 0.009 0.628 -0.004 0.584
047613T
WPSC HmidILL-
3 2.973 0.345 0.424 0.188 0.024* 0.050 0.416
006622T
HmidILL-
5 4.539 0.516 0.457 -0.133 0.911 -0.046 0.805
071359P
HmidILL-
7 6.827 0.483 0.816 0.4123 0.000**  0.177* 0.064
084787T
HmidILL-
9 8.356 0.484 0.747 0.356 0.000**  0.145* 0.661
087955T
Average 6.500 6.093 0.453 0.527 0.097 - - -
HmidILL-
5 4.690 0.686 0.530 -0.305 0.385 -0.100 0.547
128551T
HmidILL-
6 5.537 0.419 0.457 0.083 0.556 0.021 0.798
140858T
HmidILL-
4 3.548 0.065 0.405 0.843 0.000**  0.239* 0.851
002192T
HmidILL-
14 13.177 0.936 0.912 -0.026 0.302 -0.020 0.044
047613T
CPEC HmidILL-
2 2.000 0.194 0.229 0.155 0.402 0.026 0.431
006622T
HmidILL-
5 4.927 0.781 0.692 -0.131 0.183 -0.060 0.192
071359P
HmidILL-
7 6.865 0.688 0.718 0.043 0.054 0.011 0.211
084787T
HmidILL-
8 7.731 0.750 0.786 0.046 0.568 0.013 0.092
087955T
Average 6.375 6.059 0.565 0.591 0.088 - - -
HmidILL-
3 2.952 0.355 0.306 -0.162 1.000 -0.041 0.494
128551T
HmidILL-
WPEC 7 6.356 0.467 0.447 -0.044 0.367 -0.019 0.946
140858T
HmidILL-
2 2.000 0.226 0.204 -0.111 1.000 -0.021 0.462
002192T
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HmidILL-
16 14.883 0.839 0.890 0.059 0.041* 0.020 0.221
047613T
HmidILL-
3 2.952 0.484 0.450 -0.041 1.000 -0.029 0.384
006622T
HmidILL-
6 5.688 0.533 0.566 0.058 0.527 0.015 0.768
071359P
HmidILL-
8 7.726 0.774 0.823 0.060 0.015* 0.020 0.062
084787T
HmidILL-
11 10.761 0.724 0.870 0.170 0.021* 0.070*  0.037*
087955T
Average 7 6.665 0.550 0.569 -0.001 - - -
HmidILL-
7 3.826 0.468 0.381 -0.229 0.044* - -
128551T
HmidILL-
13 7.156 0.497 0.685 0.275 0.000** - -
140858T
HmidILL-
5 2.868 0.144 0.419 0.656 0.000** - -
002192T
HmidILL-
22 14.585 0.888 0.899 0.012 0.628 - -
047613T
Over all .
. HmidILL-
populations 3 2.564 0.332 0.356 0.069 0.040* - -
006622T
HmidILL-
8 4.930 0.617 0.592 -0.043 0.402 - -
071359P
HmidILL-
10 7.688 0.676 0.812 0.169 0.000** - -
084787T
HmidILL-
11 9.830 0.761 0.869 0.125 0.000** - -
087955T
Average 9.875 6.681 0.548 0.627 0.129 - - -

A,: Number of observed alleles; Rs: Alellic richness; H,: Observed heterozygosity; H.:
Expected heterozygosity; Fis: Inbreeding coefficient; HWE: Hardy-Weinberg
Equilibruim; fr,,i: Null allele frequency. *statistical significance at the 5% nominal
level; ** statistical significance at the 1% nominal level.
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Table S2.3: Number of unique alleles per locus per population.

CPWC

WPWC

CPSC

WPSC

CPEC

WPEC

HmAD102T
HmLCS1T
HmLCS67T
HmNS6T
HmRS27T
HmRS36T
HmRS80T
HmLCS72M
HmidILL-
128551T
HmidILL-
140858T
HmidILL-
002192T
HmidILL-
047613T
HmidILL-
006622T
HmidILL-
071359P
HmidILL-
084787T
HmidILL-
087955T

2

6
1

2

= N NN

2

2
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Appendix B

Supplementary Information for Chapter 3

Table S3.1: Candidate loci for selection as identified by the various Fst-outlier methods and
the Ewens-Watterson test. Candidates for balancing selection identified by individual
programs are underlined, with the final candidate loci (conforming to the set criteria)
marked as “B”. Candidates for directional selection identified by individual programs are

highlighted in bold with final candidate loci (conforming to the set criteria) marked as “D”.

Table S3.2: Hardy-Weinberg statistics per locus per population and reference to the marker

information.

Table S3.3: Pairwise linkage disequilibrium statistics for syntenic markers across Wild and

Cultured populations.

Table S3.4: Linkage disequilibrium (based on D' and x'2) estimates for candidate locus pairs
under selection, with significance tested by means of 1000 simulations. For loci mapped to
the H. midae linkage map (Vervalle et al., in press), linkage group allocation is given in

parenthesis.

Table S3.5: Distance-based association analysis of candidate loci under selection with

domestication and particular population.
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Table S3.1: Candidate loci for selection as identified by the various Fg-outlier methods and the Ewens-Watterson test. Candidates for
balancing selection identified by individual programs are underlined, with the final candidate loci (conforming to the set criteria) marked as
“B”. Candidates for directional selection identified by individual programs are highlighted in bold with final candidate loci (conforming to
the set criteria) marked as “D”.

Across all populations Across cultured populations Across wild populations Hierarchical
Analysis (2 Final
Locus Lositan BayScan EWH Lositan BayScan EWH Lositan BayScan EWH Groups) Candidate
P-value* log10(PO) P-value P-value* log10(PO) P-value P-value* log10(PO) P-value Fstp- Fect P- tod
value value

HmLCS72 ns ns ns Ns ns 0.02 ns ns ns ns ns
HmLCS47 0.04 ns ns 0.04 ns ns ns ns ns ns ns
HmLCS48 1.00 1000.00 ns Ns ns ns ns ns ns 0.00 0.00 D
HmLCS63 ns ns ns Ns ns 0.99 ns ns ns 0.02 ns
HmLCS7 ns ns 1.00 Ns ns 1.00 ns ns 1.00 ns 0.01
HmRS38 ns ns 1.00 Ns ns 0.99 ns ns 0.99 ns ns
HmMRS83 ns ns ns Ns ns ns ns ns ns ns 0.01
HmIF33 1.00 ns ns 1.00 ns 0.01 ns ns ns ns ns
HmLCS18 0.00 ns ns 0.01 ns ns ns ns ns ns ns
HmLCS37 0.00 ns 0.02 Ns ns ns ns ns 0.02 ns ns B
HmLCS5 1.00 1000.00 0.99 1.00 1000.00 ns ns ns 0.99 ns ns D
HmRS117 0.00 ns ns Ns ns ns ns ns ns 0.05 ns B
HmAD102 0.00 3.40 0.00 0.05 1.29 0.00 ns 2.70 0.01 0.04 ns B
HmMRS36 ns ns ns Ns ns ns 0.99 ns ns ns 0.03
HmG16 ns ns 0.01 Ns ns 0.01 ns ns ns ns ns
HmLCS73 ns ns 0.00 Ns ns ns 0.98 ns 0.00 ns ns
HmRS37 ns ns 0.98 Ns ns ns ns ns ns ns ns
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HmMRS27
HmRS80
HmD55
HmD59
HmRS129
HmidP$1.870
HmidNR120
HmidPS$1.305
HmidPS1.818
HmDL34b
HmG53
HmMRS62
HmLCS55
HmNR191
HmMNR106
HmMNR185
HmMNR258
HmDL207
HmDL214
HmDL50
HmMNR224
HmMNR54
HmMNR180
HmNR20
HmNS17b
HmNS56D
HmNS14

HmNS19
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HmNS31
HmMNSS1H
HmNR136
HmNR281
HmNS18
HmNS58
HmidILL-140858
HmidILL-2192
HmidILL-47613
HmidILL-84787
HmidILL-87955
HmidILL-118779
HmidILL-70036
HmidILL-76149
HmidILL-39227
HmidILL-126949
HmidILL-128607
HmidILL-112066
HmidILL-98293
HmidILL-87955
HmidILL-8738
HdhSSR60b
HmidPS1.147
HmidPS$1.559
Hmid310

Hmid563

ns
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HmNS56
HmidPS$1.629
HmidPS$1.247
HmDL110
HmLCS388
HmidP$1.1012
HmidP$1.228
HmD61
Hmid007
Hmid553
Hmid610
Hmid321
Hmid36
HmidPS$1.379
HmidPS$1.561
HmidPS$1.859
HmidPS$1.549
HmidPS51.874
Hmid65
HmidP$1.227
HmidP$1.692
HmidPS$1.840
HmidILL-140027
HmidILL-72605
HmidILL-37506

HmidILL-146360
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ns
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HmidILL-88398 ns 1.66 ns Ns ns ns 0.99 1000.00 ns ns ns D
HmidILL-64192 0.99 2.01 ns Ns ns ns 1.00 ns ns 0.00 ns D
Total for directional | 16 12 7 3 10 20 5 11 10 7 14
selection

Total for balancing 10 19 19 7 14 3 4 13 23 23 27

selection

Bold: Statistically significant for directional selection at the 5% nominal level.

Underlined: Statistically significant for balancing selection at the 5% nominal level.

ns: Not significant.
*Simulated Fg < Sample Fg;

Xlll|Page



APPENDIX B

Table $S3.2: Hardy-Weinberg statistics per locus per population and reference to the marker information.

Candidate Neutral Loci

Locus CPWC CPSC WPEC WPWC CPEC WPSC Marker Reference
P- Fis P- Fis P- Fis P- Fis P- Fis P- Fis
value value value value value value
HmLCS67 0.88 0.05 0.16 0.28 0.14 0.22 0.00 0.45 0.05 0.30 0.12 0.05 Slabbert et al., 2008
HmLCS72 0.00 0.63 0.00 0.52 0.00 0.65 0.00 0.36 0.00 0.75 0.00 0.80 Slabbert et al., 2008
HmLCS47 0.02 0.12 0.93 -0.12 0.05 0.19 0.85 0.08 0.86 -0.01 0.11 0.19 Slabbert et al., 2008
HmLCS63 N/A N/A 0.03 0.38 1.00 -0.02 N/A N/A 0.02 0.50 0.05 0.66 Slabbert et al., 2008
HmLCS9 0.02 0.22 0.01 0.36 0.00 0.58 0.00 0.48 0.01 0.34 0.00 0.51 Slabbert et al., 2008
HmLCS7 0.00 0.53 0.05 0.16 0.16 0.22 0.00 0.36 0.09 0.24 0.03 0.25 Slabbert et al., 2008
HmRS38 0.24 0.09 0.47 0.02 1.00 -0.03 1.00 -0.04 0.17 0.22 0.10 0.25 Slabbert et al., 2008
HmMRS83 0.00 0.21 0.10 0.09 0.00 0.25 0.00 0.22 0.06 0.00 0.00 0.49 Slabbert et al., 2008
HmMRS88 0.01 0.33 0.08 0.23 0.06 0.24 0.24 0.16 0.03 0.24 0.75 0.03 Slabbert et al., 2008
HmIF33 0.01 0.75 0.01 1.00 0.00 0.21 0.00 0.27 0.01 0.75 0.00 0.34 Slabbert et al., 2008
HmLCS18 0.02 0.40 N/A N/A 0.99 -0.07 1.00 -0.09 0.55 0.08 0.78 -0.06 Slabbert et al., 2008
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HmRS90

HmLCS1

HmRS36

HmG16

HmLCS73

HmRS37

HmD55

HmidPS1.967

HmidPS1.305

HmidPs1.818

HmDL34b

HmRS62D

HmLCS55

HmNR191

HmMNR258

HmNR289

HmDL207

HmDL214

1.00

0.22

0.27

0.76

0.00

0.00

0.00

0.03

0.01

0.25

0.00

0.02

0.00

0.00

0.22

1.00

0.00

0.12

0.12

0.01

-0.18

-0.05

0.26

0.71

0.34

-0.27

0.21

0.07

0.29

0.19

0.54

0.33

-0.10

-0.01

0.45

0.13

0.03

0.57

0.86

0.31

0.00

0.00

0.01

0.26

0.15

0.04

0.00

0.04

0.10

0.00

0.45

1.00

0.00

0.57

0.75

0.02

0.09

-0.07

0.41

0.79

0.29

-0.14

0.10

0.01

0.33

0.14

0.17

0.31

0.20

-0.07

0.33

0.07

0.05

0.46

0.29

0.04

0.00

0.00

0.06

0.23

0.30

0.26

0.08

0.00

0.00

0.00

0.46

0.30

0.00

0.00

0.36

0.02

0.03

-0.01

0.74

0.50

0.19

0.04

0.12

0.12

0.15

0.28

0.44

0.45

-0.01

0.23

0.49

0.19

0.01

0.01

0.27

0.06

0.00

0.00

0.03

0.11

0.12

0.48

0.00

0.00

0.00

0.00

0.16

0.43

0.01

0.22

0.45

0.12

-0.06

-0.24

0.62

0.70

0.23

-0.01

0.05

0.05

0.39

0.26

0.52

0.17

0.07

0.16

0.28

-0.03

0.22

0.02

0.86

0.47

0.00

0.00

0.11

0.20

0.10

0.04

0.00

0.00

0.00

0.00

0.81

0.49

0.00

0.09

0.49

0.15

0.03

0.04

0.37

0.46

0.19

-0.10

0.21

0.27

0.44

0.23

0.69

0.25

-0.01

0.12

0.44

-0.10

0.04

0.22

0.28

0.02

0.00

0.00

0.16

0.38

0.31

0.03

0.00

0.01

0.02

0.15

0.36

0.02

0.00

0.43

0.40

0.18

-0.23

0.12

0.70

0.59

0.22

-0.01

0.05

0.17

0.44

0.22

0.42

0.16

0.12

0.66

0.37

-0.05

Slabbert et al., 2008
Slabbert et al., 2008
Slabbert et al., 2008
Slabbert et al., 2008
Slabbert et al., 2008
Slabbert et al., 2008
Bester et al., 2004
Slabbert et al., 2012
Slabbert et al., 2012
Slabbert et al., 2012
Slabbert et al., 2008
Slabbert et al., 2008
Slabbert et al., 2008
Slabbert et al., 2010
Slabbert et al., 2010
Slabbert et al., 2010
Slabbert et al., 2010

Slabbert et al., 2010
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HmNR54

HmLCS67

HmNS6

HmNR180

HmNR20

HmNS56

HmNS14

HmNS31

HmNR136

HmNR281

HmidILL-128551

HmidILL-47613

HmidILL-6622

HmidILL-71359

HmidILL-84787

HmidILL1-

140027

HmidILL-38396

0.30

0.88

0.60

0.00

0.01

0.34

1.00

0.00

0.52

0.00

0.81

0.61

1.00

0.65

0.01

0.71

1.00

-0.02

0.05

0.07

0.48

0.18

0.04

-0.01

0.73

0.02

0.49

-0.19

-0.03

-0.03

-0.08

0.20

0.07

-0.02

0.29
0.16
0.38
0.00
0.94
0.09
1.00
0.02
0.33
0.03
0.13
0.97
0.56
0.01

0.20

0.72

N/A

-0.12
0.28
0.10
0.46
-0.07
0.23
-0.03
0.28
0.09
0.22
-0.35
-0.03
-0.22
-0.02

-0.02

-0.10

N/A

0.45
0.14
0.10
0.00
0.02
0.96
1.00
0.00
0.97
0.00
1.00
0.03
1.00
0.53

0.01

1.00

N/A

0.00
0.22
0.18
0.69
0.11
-0.05
-0.02
0.27
-0.13
0.36
-0.16
0.06
-0.08
0.06

0.06

0.00

N/A

0.51
0.00
0.21
0.00
0.60
0.23
1.00
0.00
0.12
0.00
0.68
0.93
0.07
0.65

0.01

0.15

N/A

-0.03
0.45
0.11
0.62
-0.01
0.08
-0.06
0.63
0.07
0.41
-0.25
-0.01
0.36
-0.13

0.20

0.31

N/A

0.60
0.05
0.07
0.00
0.00
0.44
1.00
0.00
0.78
0.00
0.39
0.29
0.40
0.19

0.05

0.71

N/A

-0.03
0.30
0.19
0.60
0.24
0.12
-0.03
0.57
0.07
0.41
-0.31
-0.03
0.15
-0.13

0.04

-0.09

N/A

0.18
0.11
0.06
0.00
0.50
0.20
1.00
0.00
0.16
0.00
1.00
0.59
0.02
0.91

0.00

0.93

N/A

-0.05
0.05
0.01
0.63
0.02
0.13
-0.06
0.29
0.15
0.48
-0.11
0.01
0.19
-0.13

0.41

0.04

N/A

Slabbert et al., 2010
Slabbert et al., 2010
Slabbert et al., 2010
Slabbert et al., 2010
Slabbert et al., 2010
Slabbert et al., 2010
Slabbert et al., 2010
Slabbert et al., 2010
Slabbert et al., 2010
Slabbert et al., 2010
Rhode et al., 2012
Rhode et al., 2012
Rhode et al., 2012
Rhode et al., 2012

Rhode et al., 2012

Rhode et al., 2012

Rhode et al., 2012
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HmidILL-64307 0.04 -0.24 0.04 -0.23 0.29 0.03 0.13 -0.20 0.02 0.17 0.25 -0.03 Rhode et al., 2012
HmidILL-29450 1.00 -0.08 1.00 -0.06 0.31 0.23 0.31 0.21 0.44 0.16 1.00 -0.10 Rhode et al., 2012
HmidILL-39227 0.60 0.12 0.56 -0.19 0.08 -0.35 0.02 0.53 0.58 0.14 0.71 0.13 Rhode et al., 2012
HmidILL-60863 1.00 0.03 0.04 0.26 1.00 -0.08 1.00 -0.02 0.73 -0.15 0.63 -0.16 Rhode et al., 2012
HmidILL-64121 1.00 0.03 0.67 0.12 0.61 -0.05 0.07 0.19 0.31 0.18 0.15 0.25 Rhode et al., 2012
HmidILL-6458 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A Rhode et al., 2012
HmidILL-66010 0.39 -0.19 1.00 -0.12 0.03 0.06 1.00 -0.13 1.00 -0.12 1.00 -0.05 Rhode et al., 2012
HmidILL-97931a 0.14 -0.33 0.03 -0.45 0.30 -0.28 0.03 -0.40 0.01 -0.56 0.01 -0.48 Rhode et al., 2012
HmidILL-
0.25 0.09 0.62 0.03 0.69 -0.05 0.10 0.00 0.23 0.05 0.06 0.14 Rhode et al., 2012
126949R
HmidILL-128607 0.04 0.29 1.00 -0.09 1.00 0.00 0.04 0.16 1.00 -0.13 1.00 -0.18 Rhode et al., 2012
HmidILL-112066 1.00 -0.10 1.00 -0.11 1.00 -0.17 0.00 0.36 1.00 -0.04 0.19 -0.01 Rhode et al., 2012
HmidILL-98293 0.68 0.02 0.12 0.06 0.36 0.07 0.49 -0.06 0.00 0.34 0.93 -0.09 Rhode et al., 2012
HmidILL-87955 0.90 -0.01 0.61 0.16 0.49 0.15 0.00 0.23 0.42 0.07 0.46 0.15 Rhode et al., 2012
HmidILL-8738 0.04 -0.17 0.37 -0.06 0.27 0.17 0.00 0.24 0.41 0.03 0.22 -0.16 Rhode et al., 2012
HaSSRgd842 0.40 -0.13 0.04 0.34 0.34 0.11 0.09 -0.08 0.66 -0.03 0.45 -0.16 Rhode, 2010
HdSSRex495 0.00 0.42 0.00 0.51 0.02 0.09 0.05 0.06 0.01 0.17 0.00 0.28 Rhode, 2010
HmSSRex489b 0.94 -0.07 1.00 0.03 0.87 -0.08 0.74 0.09 0.82 -0.15 0.01 0.12 Rhode, 2010
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HaSSRdw239

HdhSSR60b

HmSSRex489a

HmidPS1.1018

HmidPS51.1063

HmidPS1.138

HmidPS1.332

Hmid310
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0.72
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-0.11
0.42
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-0.10
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N/A
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0.38
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0.15
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0.35

0.01

0.08

-0.09
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0.99

0.03
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-0.10
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0.09

-0.18

-0.03

0.22
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0.59

1.00

0.09

0.27
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0.00

0.21

0.00

0.04

1.00

1.00

0.84

0.00

0.21

0.60

0.59

0.01

0.62

-0.04

-0.04

0.20

0.23

0.43

0.25

0.05

0.25

-0.02

-0.21

-0.07

0.10

0.39

-0.08
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0.07

0.58

0.01

0.77
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0.71

0.06

0.88

0.28

1.00

1.00
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0.00

0.24

-0.16
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0.05

0.20

0.33
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0.05

-0.10

-0.19

-0.34

-0.15

-0.16

0.37

-0.05

-0.25

0.04

0.39

Rhode, 2010

Rhode, 2010

Rhode, 2010
Slabbert et al., 2012
Slabbert et al., 2012
Slabbert et al., 2012
Slabbert et al., 2012
Slabbert et al., 2010

Rhode et al., 2012

Slabbert et al., 2008
Slabbert et al., 2012
Slabbert et al., 2012
Slabbert et al., 2012
Slabbert et al., 2010
Slabbert et al., 2010
Slabbert et al., 2012
Slabbert et al., 2012

Slabbert et al., 2008
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HmLCS388

HmidPS51.1012

HmidPS1.228

Hmid007

Hmid553

Hmid221

Hmid321

HmidPS1.457
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0.91
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N/A
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0.44
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-0.28

0.17
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0.94

0.13
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0.31

0.84

0.06
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0.39

0.95

0.38

0.04

0.37

1.00
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0.23

0.51

0.12

-0.02

0.03

0.07

0.61

0.16

-0.10

-0.11

0.42

-0.28

0.01

0.14

0.24

-0.04

-0.06

0.29

0.05

-0.23

0.03

1.00

0.09

0.50

0.17

1.00

0.57

0.77

0.00

0.01

0.97

0.42

0.43

0.17

1.00

0.03

0.21

0.40

0.20

-0.01

0.16

0.20

0.34

-0.09

-0.09

-0.02

0.48

-0.15

-0.02

0.06

0.16

0.07

-0.04

0.24

0.03

-0.23

0.21

0.62

0.66

0.23

0.10

0.80

0.46

0.44

0.00

0.47

0.14

0.00

0.00

0.13

1.00

0.00

0.44

0.07

0.33

0.36

0.15

0.02

0.30

-0.14

-0.06

0.05

0.50

-0.13

0.12

0.51

0.36

-0.23

-0.07

0.52

-0.01

-0.19

0.14

1.00

0.18

0.26

0.09

0.38

0.84

0.03

0.00

0.37

0.32

0.00

0.00

0.97

1.00

0.01

0.00

1.00

0.05

-0.12

0.20

0.08

0.00

0.18

0.00

0.31

0.39

-0.28

-0.24

0.12

0.31

-0.07

-0.03

0.11

0.20

-0.12

0.30

Slabbert et al., 2010
Slabbert et al., 2012
Slabbert et al., 2012
Slabbert et al., 2010
Slabbert et al., 2010
Slabbert et al., 2010
Slabbert et al., 2010
Slabbert et al., 2012
Slabbert et al., 2012
Slabbert et al., 2010
Slabbert et al., 2012
Slabbert et al., 2012
Slabbert et al., 2010
Slabbert et al., 2010
Slabbert et al., 2012
Slabbert et al., 2012
Slabbert et al., 2012

Slabbert et al., 2010
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HmidPS1.193 0.84 0.04 0.48 0.13 0.07 0.23 0.00 0.57 0.00 0.30 0.01 0.37 Slabbert et al., 2012
HmidPS1.692 1.00 -0.02 1.00 -0.02 N/A N/A N/A N/A 0.05 0.66 N/A N/A Slabbert et al., 2012
HmidPS1.840 0.27 0.25 0.82 0.03 0.01 0.18 0.04 0.31 0.18 0.27 0.00 0.41 Slabbert et al., 2012
HmidPS1.95 0.10 0.49 0.02 0.40 1.00 -0.01 0.16 0.30 0.05 0.66 0.02 0.63 Slabbert et al., 2012

HmidILL-46948 0.85 -0.20 0.39 0.22 0.35 -0.27 1.00 -0.17 0.03 0.27 0.36 0.14 Rhode et al., 2012

HmidILL-140027 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 1.00 -0.02 Rhode et al., 2012

HmidILL-72605 N/A N/A N/A N/A N/A N/A 1.00 -0.03 0.02 1.00 N/A N/A Rhode et al., 2012
HmNR185 0.98 -0.05 0.01 0.21 0.29 0.13 0.02 0.24 0.00 0.18 0.00 0.59 Slabbert et al., 2007

HmidILL-7898 0.16 0.00 0.27 -0.02 0.12 0.16 0.00 0.26 0.11 0.16 0.04 0.05 Rhode et al., 2012

Candidate Directional Selection Loci
Locus CPWC CPSC WPEC WPWC CPEC WPSC Marker Reference
P- Fis P- Fis P- Fis P- Fis P- Fis P- Fis
value value value value value value

HmLCS48 0.62 -0.14 0.77 -0.23 0.01 0.28 0.23 0.18 0.02 0.00 0.02 0.15 Slabbert et al., 2007
HmLCS5 N/A N/A 0.00 0.83 0.02 1.00 0.00 0.84 N/A N/A 0.00 0.79 Slabbert et al., 2008
HmNR106 0.01 -0.33 0.61 -0.16 0.00 0.61 0.00 0.16 0.69 -0.22 0.00 0.56 Slabbert et al., 2009
HmNSS1H 0.00 0.45 0.01 0.55 0.00 -0.04 0.12 0.02 0.00 0.30 0.12 -0.04 Slabbert et al., 2010
HmNS18 0.67 -0.12 0.08 0.34 0.00 -0.54 0.01 -0.44 0.00 0.10 0.05 -0.39 Slabbert et al., 2010
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HmidILL-140858  0.64 -0.05 0.10 0.22 0.38 -0.04 0.87 -0.14 0.57 0.08 0.73 -0.12 Rhode et al., 2012

HmidILL-2192 0.00 0.82 0.01 0.62 1.00 -0.11 0.00 0.54 0.00 0.84 0.43 0.17 Rhode et al., 2012

HmidILL-87955 0.15 -0.19 0.25 0.12 0.02 0.17 0.00 -0.11 0.58 0.05 0.00 0.36 Rhode et al., 2012
HmidPS1.559 0.02 0.35 0.00 0.46 0.31 0.09 0.09 0.27 0.04 0.28 0.01 0.19 Slabbert et al., 2012
HmidPS1.561 0.00 0.70 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A Slabbert et al., 2012

HmidILL-146360 N/A N/A N/A N/A N/A N/A 1.00 -0.11 0.02 1.00 N/A N/A Rhode et al., 2012

HmidILL-88398 0.70 -0.08 0.59 0.15 0.00 -1.00 0.00 -1.00 0.83 -0.17 0.49 0.13 Rhode et al., 2012

HmidILL-64192 N/A N/A N/A N/A N/A N/A 0.72 -0.22 N/A N/A 0.02 0.66 Rhode et al., 2012

HmidILL-37506 0.00 0.15 0.23 0.15 0.16 0.09 0.72 -0.01 0.11 -0.01 0.01 0.08 Rhode et al., 2012

Candidate Balancing Selection Loci
Locus CPWC CPSC WPEC WPWC CPEC WPSC Marker Reference
P- Fis P- Fis P- Fis P- Fis P- Fis P- Fis
value value value value value value

HmLCS37 N/A N/A N/A N/A 0.01 0.06 0.00 0.13 N/A N/A 0.18 0.06 Slabbert et al., 2007
HmRS117 0.18 0.08 0.00 0.34 0.02 0.03 0.58 0.04 0.02 0.15 0.05 0.15 Slabbert et al., 2007
HmAD102 0.00 0.29 0.00 0.27 0.00 0.23 0.00 0.35 0.00 0.35 0.00 0.44 Slabbert et al., 2007
HmRS27 0.04 0.05 0.86 0.03 0.50 0.00 0.66 0.00 0.07 -0.01 0.36 0.00 Slabbert et al., 2007
HmRS80 0.07 0.05 0.18 0.04 0.74 0.02 0.54 -0.03 0.04 0.13 0.69 0.06 Slabbert et al., 2007
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Bester et al., 2004
Slabbert et al., 2007
Slabbert et al., 2012
Slabbert et al., 2007
Slabbert et al., 2007
Slabbert et al., 2007
Slabbert et al., 2007
Slabbert et al., 2007
Slabbert et al., 2007
Slabbert et al., 2007

Rhode et al., 2012

Rhode et al., 2012
Slabbert et al., 2007

Rhode et al., 2012
Slabbert et al., 2012
Slabbert et al., 2010
Slabbert et al., 2012
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Hmid610
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Table S3.3: Pairwise linkage disequilibrium statistics for syntenic markers across Wild and
Cultured populations.

Estimates of linkage disequilibrium for pairwise syntenic loci across wild populations

Distance (cM) D' X'2 P-value

Locus pairs on LG_1
HmidPS1.332_HmidPS51.859 6.1960 0.4686  0.1743 0.3493
HmidPS1.332_HmidPS1.227 9.4020 0.3979 0.2774 0.4724
HmidPS1.332_HmMmNS19 38.3320 0.6478  0.1979 0.4855
HmidPS1.332_HmNS56 38.9300 0.5115  0.2377 0.8639
HmidPS1.332_HmNR54 39.7450 0.4801  0.1661 0.3804
HmidPS1.859_HmidPS1.227 3.2060 0.3974  0.0484 0.9820
HmidPS1.859_HmMNS19 32.1360 0.5105  0.2462 0.9530
HmIidPS1.859_HmMNS56 32.7340 0.4579 0.3354 0.4164
HmidPS1.859_HmNR54 33.5490 0.4354 0.2017 0.1593
HmidPS1.227_HmNS19 28.9300 0.5226 0.3761 0.6597
HmidPS1.227 HmNS56 29.5280 0.4228  0.2139 0.8128
HmidPS1.227_HmNR54 30.3430 0.3983  0.1345 0.5220
HmMNS19 HmNS56 0.5980 0.6932  0.2504 0.2112
HmMNS19 _HmNR54 1.4130 0.6534  0.2365 0.0120*
HmMNS56_HmNR54 0.8150 0.6125  0.3517 0.0070*

Locus pairs on LG_2
HmidPS1.138 HmidILL-40027 40.7860 0.6018  0.1199 0.4865
HmidPS1.138 HmD61 42.1310 0.4182 0.1601 0.6246
HmidPS1.138 HmidILL-76149 48.1550 0.3511  0.1004 0.9840
HmidPS1.138 HmidILL-8738 86.5290 0.3544  0.1281 0.3253
HmidILL-40027 _HmidD61 1.3450 0.7028 0.0915 0.7277
HmidILL-40027_HmidILL-76149 7.3690 0.6978  0.0224 0.6727
HmidILL-40027_HmidILL-8738 45.7430 0.5787  0.0178 0.9960
HmD61_HmidILL-76149 6.0240 0.3556  0.1484 0.2678
HmD61_HmidILL-8738 44.3980 0.3541  0.1094 0.9349
HmidILL-76149 HmidILL-8738 38.3740 0.2739  0.0500 0.2818

Locus pairs on LG_3
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HmidPS1.967_Hmid65 13.3800 0.5493  0.2458 0.4655
HmidPS1.967_HmNR185 36.1590 0.3604  0.1274 0.0761
Hmid65_HmNR185 22.7790 0.6889 0.2342 0.0220*
Locus pairs on LG_4
HmidPS1.1058_HmMRS38 21.4370 0.5518 0.2119 0.3013
HmidPS1.1058_HmMRS27 29.9720 0.7045 0.3682 0.6527
HmidPS1.1058 HmLCS67 42.9680 0.3689  0.0757 0.8297
HmMRS38 HmMRS27 8.5350 0.6807  0.3018 0.5395
HmMRS38 HmMLCS67 21.5310 0.1864  0.0192 0.5265
HmMRS27_HmLCS67 12.9960 0.5787  0.3217 0.2953
Locus pairs on LG_5
HmidILL-2192 _HmidPS1.228 6.1610 0.2197 0.0599 0.3023
HmidILL1-2192_HmNR281 10.5830 0.6964 0.2524 0.2543
HmidILL-2192 _HmidPS1.551 12.0040 0.4078 0.0769 0.4289
HmidILL-2192_HmidILL.47613 13.2860 0.4304  0.1426 0.0501
HmidILL-2192_Hmid221 25.5820 0.2499  0.0504 0.8829
HmidPS1.228 HmNR281 4.4220 0.6018  0.4513 0.0490*
HmidPS1.228 HmidPS1.551 5.8430 0.2827  0.0707 0.1962
HmIidPS1.228 HmidILL-47613 7.1250 0.4144 0.1115 0.6847
HmidPS1.228 Hmid221 19.4210 0.3172 0.0627 0.8246
HmNR281_HmidPS1.551 1.4210 0.5987  0.3713 0.5185
HmNR281_HmidILL-47613 2.7030 0.7234  0.3586 0.5355
HmMNR281_Hmid221 14.9990 0.6697  0.3500 0.2082
HmidPS1.551_HmidILL-47613 1.2820 0.4588  0.1563 0.2132
HmidPS1.551_Hmid221 13.5780 0.3952  0.1290 0.1743
HmidILL-47613 Hmid221 12.2960 0.4815  0.1417 0.8198
Locus pairs on LG_6
HmidILL-64121_HmLCS9 30.0030 0.2662  0.0472 0.4665
HmidILL-64121_Hmid321 34.0430 0.1824  0.0972 0.4795
HmidILL-64121_HmRS129 51.4040 0.4927  0.2160 0.1001
HmidILL-64121 _HmMAD102 64.0160 0.5610 0.3527 0.4705
HmLCS9_Hmid321 4.0400 0.1973  0.0608 0.7498
HmLCS9_HmRS129 21.4010 0.4851  0.1868 0.1301
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HmLCS9_HmAD102 34.0130 0.5705  0.2341 0.1982
Hmid321_HmRS129 17.3610 0.5299  0.1372 0.2573
Hmid321_HmAD102 29.9730 0.5623  0.2799 0.5135
HmRS129 HmAD102 12.6120 0.8019 0.3489 0.0010*
Locus pairs on LG_7
HmLCS388_HmidPS1.860 8.2440 0.2688 0.0920 0.1123
HmLCS388 _HmMNS17b 19.0650 0.5222  0.2297 0.7097
HmMLCS388_Hmid310 34.6690 0.3442  0.1505 0.7698
HmidPS1.860_HmMNS17b 10.8210 0.5066  0.2320 0.7277
HmidPS1.860_Hmid310 26.4250 0.4363  0.3116 0.0321*
HmNS17b_Hmid310 15.6040 0.6899 0.2911 0.1762
Locus pairs on LG_8
HmNR191_HmRS62 14.2350 0.4785 0.1662 0.8669
HmNR191_HmD59 14.7540 0.5197 0.1398 0.6166
HmNR191_HmILL-71359 17.0650 0.3482  0.1096 0.2613
HmMNR191_HmSSRex489a 20.6000 0.3056  0.1045 0.7355
HmMNR191_HmLCS1 21.2850 0.4700  0.2059 0.0901
HmMNR191_HmSSRex489b 21.4830 0.3212  0.1352 0.5946
HmNR191_HmL(CS37 46.5150 0.6593  0.3270 0.7227
HmNR191_HmidILL-72605 50.0650 0.6457  0.3537 0.0410*
HmNR191_HmNR258 62.0440 0.3745 0.2285 0.7117
HmRS62_HmD59 0.5190 0.6862  0.3747 0.0000*
HmMRS62_HmidILL-71359 2.8300 0.4078  0.2455 0.7227
HmMRS62_HmSSRex489a 6.3650 0.3495  0.1918 0.1493
HmMRS62_HmLCS1 7.0500 0.4029  0.2165 0.0240%*
HmMRS62_HmSSRex489b 7.2480 0.3993  0.1692 0.1212
HmMRS62_HmLCS37 32.2800 0.7146  0.3618 0.6076
HmMRS62_HmidILL-72605 35.8300 0.6586  0.1116 0.4545
HmMRS62_HmidNR258 47.8090 0.4300 0.1791 0.1061
HmD59_HmidILL-71359 2.3110 0.4325  0.1383 0.8327
HmD59_HmSSRex489a 5.8460 0.4281  0.1468 0.9438
HmD59_HmidLCS1 6.5310 0.4585  0.2063 0.1792
HmMD59_HmSSRex489b 6.7290 0.4280  0.1467 0.8529
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HmD59_HmL(CS37 31.7610 0.7793 0.3335 0.0120*
HmD59_HmidILL-72605 35.3110 0.6717 0.1072 0.7337
HmD59_HmNR258 47.2900 0.4403 0.1522 0.3854
HmidILL2.71359 HmSSRex489a 3.5350 0.1684 0.0527 0.5000
HmidILL2.71359 HmLCS1 4.2200 0.1925 0.0716 0.4443
HmidILL2.71359_HmSSRex489b 4.4180 0.2053 0.0520 0.5886
HmidILL2.71359 _HmLCS37 29.4500 0.5623 0.4210 0.7698
HmidILL2.71359 HmidILL-72605 33.0000 0.3718 0.0576 0.2513
HmidILL2.71359 HmNR258 44.9790 0.2519 0.0369 0.8878
HmSSRex489a_HmLCS1 0.6850 0.2826 0.0717 0.2568
HmSSRex489a_HmSSRex489b 0.8830 0.8138 0.4650 0.0000*
HmSSRex489a_HmLCS37 25.9150 0.5570 0.4417 0.4785
HmSSRex489a_HmidILL-72605 29.4650 0.3455 0.1357 0.1421
HmSSRex489a_HmNR258 41.4440 0.1650 0.0543 0.7505
HmLCS1_HmSSRex489b 0.1980 0.2240 0.2473 0.1294
HmLCS1_HmLCS37 25.2300 0.5744 0.4436 0.5385
HmLCS1_HmidILL-72605 28.7800 0.4055 0.0226 0.8398
HmLCS1_HmNR258 40.7590 0.2218 0.0446 0.9509
HmSSRex489b_HmLCS37 25.0320 0.5396 0.3079 0.7986
HmSSRex489b_HmidILL-72605 28.5820 0.3559 0.1356 0.1191
HmSSRex489b_HmNR258 40.5610 0.1766 0.0443 0.7477
HmLCS37_HmidILL-72605 3.5500 0.7925 0.2434 0.8028
HmLCS37_HmNR258 15.5290 0.6291 0.3373 0.4344
HmidILL1-72605_HmNR258 11.9790 0.4520 0.1363 0.3514

Locus pairs on LG_9
HmLCS48 HmNR180 9.8860 0.4546 0.1273 0.2422
HmLCS48_HmPS1.549 39.3390 0.3681 0.1364 0.5866
HmLCS48_HmMNS58 41.0610 0.3937 0.1903 0.2412
HmNR180_HmPS1.549 29.4530 0.5025 0.2006 0.0040*
HmNR180_HmNS58 31.1750 0.4694 0.1519 0.0911
HmMPS1.549 HmNS58 1.7220 0.4221 0.1184 0.8118
Locus pairs on LG_10

HmMRS117_HmNR120 29.3150 0.7215 0.2330 0.6486
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Locus pairs on LG_12
HmNR20_Hmid553 17.0920 0.3555 0.1508 0.2402
HmMNR20_Hmid610 27.9440 0.5647 0.1710 0.6406
HmNR20_HmPS1.874 30.3030 0.6474 0.1865 0.6296
Hmid553_Hmid610 10.8520 0.4691 0.3163 0.2525
Hmid553_HmPS1.874 13.2110 0.4068 0.2322 0.6356
Hmid610_HmPS1.874 2.3590 0.6735 0.2696 0.0230*
Locus pairs on LG_13
Hmid4010_Hmid563 16.1360 0.4925 0.2199 0.2282
Locus pairs on LG_14
HmidPS1.1063_HmidPS$1.818 8.2920 0.5350 0.2037 0.0120*
HmIidPS1.1063_HmidPS1.247 16.1780 0.4056 0.1300 0.7738
HmidPS1.1063_HmidPS$1.370 24.6690 0.5040 0.2394 0.6196
HmIidPS1.818 HmidPS1.247 7.8860 0.3972 0.1276 0.0661
HmidPS1.818 HmidPS$1.370 16.3770 0.4405 0.1550 0.4985
HmidPS1.247_HmidPS51.370 8.4910 0.3655 0.0838 0.2863
Locus pairs on LG_15
HmidPS1.305_HmidILL-87955 8.8280 0.3649 0.1311 0.1301
HmidPS1.305_HmDL50 15.9870 0.5707 0.2212 0.4234
HmidILL-87955_HmDL50 7.1590 0.4949 0.1914 0.2162
Locus pairs on LG_17
HmidPS1.1012_HmLCS7 15.2110 0.3873 0.0960 0.6907
Locus pairs on LG_18A
HmNS6_HmDL110 0.2290 0.1742 0.0500 0.8848
Locus pairs on LG_18B
HmNS6_HmDL214 25.5440 0.3687 0.1265 0.4985
HmNS6_HmDL34 34.5820 0.4253 0.1624 0.2292
HmDL214 HmDL34 9.0380 0.4749 0.2259 0.0371*
Locus pairs on LG_18C
Hmid2044_HmidPS1.559 7.4340 0.5290 0.1822 0.5586
Hmid2044_HmidPS1.193 13.1700 0.4805 0.3043 0.1171
PS1.559 HmidPS1.193 5.7360 0.3510 0.0813 0.8186

Locus pairs on LG_18D
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HmidILL-66010a_HmPS1.559 2.3100 0.2244 0.1078 0.3884
HmidILL-66010a_HmG53 5.8770 0.7038 0.3587 0.2365
HmidP51.559_HmMG53 3.5670 0.6747 0.2262 0.8739

Estimates of linkage disequilibrium for pairwise syntenic loci across cultured populations

Distance (cM) D' X'2 p-value

Locus pairs on LG_1
HmidPS1.332_HmidPS1.859 6.1960 05276 02853 o 0p00*
HmidPS1.332_HmidPS1.227 9.4020 0.4602 04119 1914
HmidPS1.332_HmidNS19 38.3320 0.7828 02645 ¢ o450*
HmidPS1.332_HmidNS56 38.9300 0.4912 01793 06767
HmidPS1.332_HmidNR54 39.7450 0.5752 01832 g 0270%
HmidPS1.859_HmidPS1.227 3.2060 03020 05776 00020*
HmidPS1.859 HmMNS19 32.1360 05969 02462 718>
HmidPS1.859 HmMNS56 32.7340 05039 03254 g 0p10*
HmidPS1.859 HmMNR54 33.5490 03766 00974 (3938
HmidPS1.227 HmNS19 28.9300 0.6299 02956 1692
HmidPS1.227_HmNS56 29.5280 03368  0-3955 o 0190%
HmidPS1.227_HmNR54 30.3430 0.4775 01508 3387
HmNS19_HmNS56 0.5980 0.6458 0-2887 02082
HmNS19_HmMNR54 1.4130 0.6764 03233 0 0000*
HmNS56_HmNR54 0.8150 05196 02297 01101

Locus pairs on LG_2
HmidPS1.138 HmidILL-40027 40.7860 0.7657 02507 3273
HmidPS1.138 HmD61 42.1310 04331 02024 5055
HmidPS1.138_HmidILL-76149 48.1550 03046 01062 ()35
HmidPS1.138_HmidILL-8738 86.5290 0.2826 00949 (3904
HmidILL-40027 HmD61 1.3450 1.0000 04967 02252
HmidILL-40027 HmidILL-76149 7.3690 0.6263 00113 (8969
HmidILL-40027 HmidILL-8738 45.7430 07769 00151 7137
HmD61_HmidILL-76149 6.0240 0.4067 02004 g ggs5g
HmD61_HmILL-8738 44.3980 0.4094 0.1608  g148
HmILL-76149 HmILL-8738 38.3740 02912 00623 (3894

Locus pairs on LG_3
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HmidPS1.967_Hmid65 13.3800 05616 02562 0.0460*
HmidPS1.967_HMNR185 36.1590 04691 01720 933151
Hmid65_HmMNR185 22.7790 06714 02656 go110*
Locus pairs on LG_4
HmidPS1.1058 HmRS38 21.4370 03483 00999 9249
HmidPS1.1058 HmRS27 29.9720 0.7391 02802 g o120*
HmidPS1.1058_HmLCS67 42.9680 03615 01024 (1774
HmRS38_HmRS27 8.5350 0.6779 04149 ¢ 0020*
HMRS38_HmMLCS67 21.5310 02174 0094 o075
HMRS27_HmLCS67 12.9960 06024 02398 0290*
Locus pairs on LG_5
HmidILL-2192 HmidPS1.228 6.1610 02660 00781 3524
HmidILL-2192 HmNR281 10.5830 05782 02748 (0380*
HmidILL-2192 HmidPS1.551 12.0040 00600 00120  (gggg
HmidILL-2192 HmILL-47613 13.2860 02766 01351 (0871
HmidILL-2192_Hmid221 25.5820 03522 0.0687  00120*
HmidPS1.228 HmNR281 4.4220 0.7117 03818 gop91
HmidPS1.228 HmidPS1.551 5.8430 03046  0-3504  00201*
HmidPS1.228 HmidILL-47613 7.1250 05380 04199 4615
HmidPS1.228 Hmid221 19.4210 0.4222 02105 4194
HmMNR281_HmidPS1.551 1.4210 05064 03152 17
HmNR281_HmILL-47613 2.7030 06792 03481 3814
HmNR281_Hmid221 14.9990 0.6185 02486 (196
HmidPS1.551_HmidILL-47613 1.2820 0.4787 04283 o 0020*
HmidPS1.551_Hmid221 13.5780 03413 01233 (o954
HmidILL-47613_Hmid221 12.2960 0.5246 01843 0 0350%
Locus pairs on LG_6
HmidILL-64121_HmLCS9 30.0030 01871 00909 01383
HmidILL-64121 Hmid321 34.0430 02699 0.0709 6066
HmidILL-64121 HmRS129 51.4040 0.4894 02005 3774
HmidILL-64121_HmAD102 64.0160 0.4901 02883 (3347
HmLCS9_Hmid321 4.0400 0.4041  0.0964 (0791
HmLCS9_HmRS129 21.4010 0.4721 02605 (3303
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HmLCS9_HmAD102 34.0130 0.4741 02028 (9540
Hmid321_HmRS129 17.3610 0.4927 02427 (8348
Hmid321_HmAD102 29.9730 06123 03178 00460
HMRS129_HMAD102 12.6120 08102 02393 0,0190*
Locus pairs on LG_7
HmLCS388_HmPS1.860 8.2440 02561 00765 9039
HmLCS388_HmNS17b 19.0650 0.8135 07093 7152
HmLCS388_Hmid310 34.6690 0.8305 05046 2683
HmPS1.860_HmMNS17b 10.8210 0.5238 03726 04004
HmPS1.860_Hmid310 26.4250 0.4015 02302 4605
HmNS17b_Hmid310 15.6040 0.8455 04370 g 0p40*
Locus pairs on LG_8
HmNR191_HmRS62 14.2350 0.4826 01350 7928
HmNR191_HmD59 14.7540 05096 01326 3213
HmMNR191_HmidILL-71359 17.0650 03182 01435 (2234
HmMNR191_HmSSRex489a 20.6000 03238 00891  ( g338
HmNR191_HmLCS1 21.2850 03455 01154 03083
HmMNR191_HmSSRex489b 21.4830 0.4023 01858 07876
HmNR191_HmILL-72605 50.0650 03888 0.0750 7988
HmNR191_HmNR258 62.0440 03037 01048 (5936
HmRS62_HmD59 0.5190 0.7852 04287 g 0p00*
HmRS62_HmidILL-71359 2.8300 0.4724 01493 7836
HmRS62_HmSSRex489a 6.3650 03615 01554 02823
HmRS62_HmLCS1 7.0500 0.4419  0.1614 g 0460%
HmRS62_HmSSRex489b 7.2480 05420 02821 1471
HmMRS62_HmidILL-72605 35.8300 03528 01896 (8579
HmRS62_HmNR258 47.8090 0.4107 02336 g op40*
HmD59_HmidILL-71359 2.3110 0.4627 01673 04668
HmD59 HmSSRex489a 5.8460 03981 01529 (873
HmD59 HmLCS1 6.5310 04121 01429 5065
HmD59 HmSSRex489b 6.7290 0.5295 03196 0 0a40*
HmD59_HmidILL-72605 35.3110 0.4497 01281 (3314
HmD59 HmNR258 47.2900 0.4280 02583 00010*

XXXI'|Page



Stellenbosch University http://scholar.sun.ac.za

APPENDIX B
HmidILL-71359 HmSSRex489a 3.5350 0.4499 00569 (1074
HmidILL-71359_HmLCS1 4.2200 0.1728 00440 ( ggsg
HmidILL-71359 HmSSRex489b 4.4180 05171 00994 7643
HmidILL-71359 HmidILL-72605 33.0000 0.2534 00083 7347
HmidILL-71359 HmNR258 44.9790 02390 00475 03202
HmSSRex489a_HmLCS1 0.6850 0.2816 00646 4674
HmSSRex489a_HmSSRex489b 0.8830 0.9300 08657 0000*
HmSSRex489a_HmidILL-72605 29.4650 03271 0.0080 (7257
HmSSRex489a_HmNR258 41.4440 0.1944 00530 (1043
HmLCS1_HmSSRex489b 0.1980 02810 01052 (7108
HmLCS1_HmidILL-72605 28.7800 02205 02433 g 0320*
HmLCS1_HmNR258 40.7590 03419 01214 71
HmSSRex489b_HmidILL-72605 28.5820 0.6959 00125 7437
HmSSRex489b_HmNR258 40.5610 03364 0.1699 (g ope0*
HmidILL-72605_HmNR258 11.9790 0.1500 00083 9920
Locus pairs on LG_9
HmMLCS48_HMNR180 9.8860 05053 02166 (04634
HMLCS48_HMPS1.549 39.3390 03674 01063 o581
HmLCS48 HmNS58 41.0610 03954 0.1053 9389
HmMNR180_ HmPS1.549 29.4530 0.4476 01514 g9g40
HmMNR180_ HmNS58 31.1750 05688 01849 (7873
HmidPS1.549 HmMNS58 1.7220 0.4320 01060  ggp3g
Locus pairs on LG_10
HMRS117_HmNR120 29.3150 07965 02756 0.4444
Locus pairs on LG_12 0.0000
HMNR20_Hmid553 17.0920 06206 02505 07603
HmNR20_Hmid610 27.9440 06590 03181  g1572
HmNR20_HmidPS1.874 30.3030 0.7048 02336 (gr3g
Hmid553_Hmid610 10.8520 0.4826 02868 (1263
Hmid553_HmidPS1.874 13.2110 05549 0.1627  gg37
Hmid610_ HmidPS1.874 2.3590 0.6203 02664 (5936
Locus pairs on LG_13
Hmid4010 Hmid563 16.1360 0.4054 01420 (5872
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Locus pairs on LG_14
HmidPS1.1063_HmidPS1.818 8.2920 0.5892 02448 (2212
HmidPS1.1063_HmidPS1.247 16.1780 0.4452 02073 94114
HmidPS1.1063_HmidPS1.370 24.6690 0.4875 02455 7375
HmidPS1.818 HmidPS1.247 7.8860 03350 01378 4253
HmidPS1.818 HmidPS1.370 16.3770 0.4831 01276 1984
HmidPS1.247 HmidPS1.370 8.4910 03656 00496 8404
Locus pairs on LG_15
HmidPS1.305_HmidILL-87955 8.8280 0.3692 0.1088 7257
HmidPS1.305_HmDL50 15.9870 0.5646 02144 3023
HmidILL-87955_HmDL50 7.1590 05118 03507 g 0440*
Locus pairs on LG_17
HmidPS1.1012_HmLCS7 15.2110 05311 04231 (3834
Locus pairs on LG_18A 0.0000
HmMidNS6_HmDL110 0.2290 06350 03937 00741
Locus pairs on LG_18B
HmNS6_HmDL214 25.5440 0.2988 0.0944  goog
HmNS6_HmDL34 34.5820 0.4178  0.1688 (2234
HmDL214 HmDL34 9.0380 03709 0.0683 1 0000
Locus pairs on LG_18C
Hmid2044_HmPS1.559 7.4340 03967 01814 (7873
Hmid2044 HmPS1.193 13.1700 03592 01511  g5521
HmidPS1.559 HmPS1.193 5.7360 03455 01139 539
Locus pairs on LG_18D 0.0000
HmidILL-66010a_HmMPS1.559 2.3100 0.2663 0:0880 (8529
HmidILL-66010a_HmMG53 5.8770 0.5935 02966 06066
HmidPS1.559 HmG53 3.5670 05838 03456 272>

* Statistically significant at the 5% nominal level.
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Table S3.4: Linkage disequilibrium (based on D' and x'2) estimates for candidate locus pairs under selection, with significance tested by
means of 1000 simulations. For loci mapped to the H. midae linkage map (Vervalle et al., in press), linkage group allocation is given in
parenthesis.

Cultured Populations Wild Populations
Locus pair D' X2 P-value Locus pair D' X2 P-value
HmLCS48 (LG_9) HmRS129 (LG_6) 0.5304 0.3019 0.0310* HmLCS48 (LG_9) HmDL50 0.5351 0.2392 0.0390*
HmLCS48 (LG_9)_ HmNS17b (LG_7) 0.6119 0.3706 0.0480* HmLCS48 (LG_9)_HmidILL-88398 0.2574 0.1843 0.0410*
HmLCS5_HmMRS117 (LG_10) 0.7328 0.6364 0.0080*  HmLCS37 (LG_8) HmD59 (LG_8) 0.7769 0.3342 0.0120*
HmRS117 (LG_10) HmNR106 0.6356 0.2825 0.0460*  HmLCS37 (LG_8) HmidILL-87955 (LG_15) 0.6709 0.3224 0.0440%
HmMRS117 (LG_10)_HmidILL-140858 0.6092 0.3395 0.0320*  HmLCS37 (LG_8)_HmD61 (LG_2) 0.7067 0.3464 0.0190*
HmRS117 (LG_10) HmD61 (LG_2) 0.7464 0.2918 0.0050* HmLCS37 (LG_8)_HmidPS1.561 0.9934 0.7483 0.0470*
HmMRS117 (LG_10)_HmIid610 (LG_12) 0.6769 0.3265 0.0480* HmLCS5_HmNR120 (LG_10) 0.6509 0.3731 0.0220*
HmMRS117 (LG_10)_Hmid65 (LG_3) 0.7857 0.3272 0.0090* HmLCS5_HmidILL-146360 0.5604 0.3015 0.0040*
HmMAD102 (LG_6) HmRS129 (LG_6) 0.8068 0.2644 0.0140% HmMRS117 (LG_10) HmMRS27 (LG_4) 0.8140 0.2909 0.0320*
HmMAD102 (LG_6) HmidPS1.870 0.7261 0.2568 0.0450* HmMRS117 (LG_10) HmidPS1.559 (LG_18) 0.6297 0.2400 0.0190*
HmMAD102 (LG_6) HmNR106 0.6385 0.3225 0.0250*  HmRS117 (LG_10) HmD61 (LG_2) 0.6617 0.2553 0.0390*
HmMAD102 (LG_6)_HmidPS1.559 (LG_18) 0.5910 0.4143 0.0090* HmRS117 (LG_10)_HmidILL-88398 0.6504 0.3582 0.0100*
HmAD102 (LG_6) HmD61 (LG_2) 0.7392 0.3194 0.0000* HmAD102 (LG_6) HmRS129 (LG_6) 0.7999 0.3521 0.0070*
HmMRS27 (LG_4)_HmNR120 (LG_10) 0.8208 0.3172 0.0060* HmMAD102 (LG_6) HmNS19L (LG_1) 0.8138 0.3004 0.0040*
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HmRS27 (LG_4) HmG53 (LG_18)
HmRS27 (LG_4) HmNS17b (LG_7)
HmRS27 (LG_4) HmNS19 (LG_1)
HmRS27 (LG_4) HmD61 (LG_2)
HmD59 (LG_8)_HmDL50

HmD59 (LG_8)_HmNS17b (LG_7)
HmD59 (LG_8)_HmidPS1.559 (LG_18)
HmD59 (LG_8)_HmidILL-146360
HmRS129 (LG_6)_HmNS19 (LG_1)
HmRS129 (LG_6)_HmidILL-2192 (LG_5)
HmidPS1.870_HmidILL-2192 (LG_5)
HmidPS1.870_HmNS56 (LG_1)
HmidPS1.870_Hmid610 (LG_12)
HmidPS1.870_Hmid65 (LG_3)
HmNR120 (LG_10)_HmG53 (LG_18)
HmNR120 (LG_10)_HmNS17b (LG_7)
HmNR120 (LG_10)_HmNS18M
HmNR120 (LG_10)_HmidPS1.549 (LG_9)

HmG53 (LG_18) HmNS58 (LG_9)

0.8527

0.8697

0.8585

0.7174

0.6488

0.7263

0.4937

0.9163

0.8123

0.4907

0.3627

0.5124

0.6237

0.6759

0.8260

0.8219

0.7287

0.6105

0.7245

0.2626

0.3860

0.2493

0.2985

0.1883

0.3058

0.1387

0.2204

0.2701

0.2526

0.1366

0.1867

0.2009

0.2218

0.2983

0.3495

0.5173

0.2064

0.3165

0.0050*

0.0290*

0.0010*

0.0140*

0.0120*

0.0110*

0.0350*

0.0350*

0.0020*

0.0080*

0.0200*

0.0040*

0.0460*

0.0180*

0.0080*

0.0150*

0.0270*

0.0220*

0.0220*

HmAD102 (LG_6)_HmidILL-87955 (LG_15)
HmAD102 (LG_6)_HmidILL-70036
HmAD102 (LG_6)_HmidILL-146360
HmRS27 (LG_4) HmNR120 (LG_10)
HmRS27 (LG_4)_HmidPS1.561
HmRS27 (LG_4)_HmidPS1.874 (LG_12)
HmD59 (LG_8)_HmidPS1.559 (LG_18)
HmD59 (LG_8)_HmidPS1.561
HmRS129 (LG_6)_HmMNS17b (LG_7)
HmRS129 (LG_6)_HmidPS1.147 (LG_5)
HmRS129 (LG_6)_Hmid610 (LG_12)
HmidPS1.870_HmMNR120 (LG_10)
HmidPS1.870_HmidILL-87955 (LG_15)
HmidPS1.870_HmidPS1.549 (LG_9)
HmNR120 (LG_10)_HmNS18M
HmNR120( LG_10)_HmidPS1.874
HmG53 (LG_18)_HmidPS1.549 (LG_9)
HmG53 (LG_18)_Hmid65 (LG_3)

HMNR106_HmidPS1.147 (LG_5)

0.62560

0.7184

0.8391

0.8222

0.9937

0.8426

0.5228

0.9870

0.7596

0.6147

0.6486

0.70959

0.5144

0.5269

0.6227

0.7634

0.7349

0.8589

0.4992

0.3010

0.2538

0.3318

0.2977

0.7484

0.3328

0.1951

0.6226

0.2809

0.2519

0.2533

0.2425

0.2053

0.2677

0.3079

0.2242

0.3365

0.3448

0.2343

0.0390*

0.0090*

0.0440*

0.0380*

0.0380*

0.0110*

0.0390*

0.0300*

0.0020*

0.0210*

0.0000*

0.0330*

0.0200*

0.0470*

0.0340*

0.0280*

0.0150*

0.0340*

0.0390*
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HmG53 (LG_18) HmidPS1.629

HmG53 (LG_18) Hmid65 (LG_3)
HmNR106_HmNR224
HmDL50_HmNS17b (LG_7)
HmDL50_HmNS58 (LG_9)
HmDL50_HmidILL-140858
HmDL50_HmidPS1.147 (LG_5)
HmDL50_HmidPS1.559 (LG_18)
HmMNR224_HmNS17b (LG_7)
HmNR224_HmidILL-140858
HmNR224_HmidILL-87955 (LG_15)
HmNR224_HmidPS1.561

HmNS17b (LG_7)_HmMNS18M
HmNS17b (LG_7)_HmNS58 (LG_9)
HmNS17b (LG_7)_HmidILL-87955 (LG_15)
HmNS17b (LG_7)_HmidPS1.147 (LG_5)
HmNS17b (LG_7)_HmD61 (LG_2)
HmNS17b (LG_7) Hmid610 (LG_12)

HmNS17b (LG_7)_HmidPS1.561

0.6639

0.7896

0.7000

0.8000

0.643

0.5066

0.6899

0.52283

0.8811

0.6572

0.6853

0.6754

0.7318

0.7459

0.6501

0.8071

0.7207

0.7491

0.9122

0.2955

0.3149

0.4410

0.3361

0.2302

0.2238

0.2585

0.2082

0.3523

0.3934

0.3779

0.5679

0.3878

0.3315

0.4566

0.4596

0.3484

0.3908

0.4430

0.0090*

0.0350*

0.0140*

0.0020*

0.0360*

0.0391*

0.0220*

0.0480*

0.0470*

0.0210*

0.0050*

0.0320*

0.0080*

0.0000*

0.0050*

0.0030*

0.0300*

0.0100*

0.0090*

HMNR106_HmidILL-146360
HmMNR106_HmidILL-64192
HmDL50_HmidILL-140858
HmDL50_HmidPS1.147 (LG_5)
HMNR224_HmidPS1.549 (LG_9)
HMNR224_HmidILL-88398

HmNS17b (LG_7)_HmidILL-140858
HmNS17b (LG_7)_HmidILL-87955 (LG_15)
HmNS17b (LG_7)_HmidPS1.147 (LG_5)
HmNS17b (LG_7)_HmidPS1.549 (LG_9)
HmNS19 (LG_1) HmNS58 (LG_9)
HmNS19 (LG_1) HmidILL-87955 (LG_15)
HmNS19 (LG_1) HmNS56 (LG_1)
HmNS19 (LG_1) HmidPS1.874
HmNSS1H_HmidPS1.147 (LG_5)
HmNS18_HmidPS1.561
HmidILL-140858_HmidILL-76149 (LG_2)
HmidILL-140858_HmMNS56 (LG_1)

HmidILL-2192(LG_5)_HmidILL-87955 (LG_15)

0.7771

0.6580

0.5754

0.6272

0.6687

0.6832

0.6012

0.6103

0.7088

0.6324

0.6355

0.5929

0.6977

0.7641

0.6084

0.9251

0.2884

0.5701

0.4078

0.7264

0.4849

0.2528

0.2147

0.4269

0.4667

0.3103

0.2583

0.3174

0.3117

0.2254

0.2133

0.2417

0.2912

0.1820

0.2716

0.1168

0.2883

0.0852

0.0000*

0.0130*

0.0110*

0.0220*

0.0410*

0.0190*

0.0310*

0.0160*

0.0480*

0.0140*

0.0190*

0.0220*

0.0160*

0.0290*

0.0250*

0.0160*

0.0060*

0.0010*

0.0190*
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HmNS17b (LG_7)_Hmid65 (LG_3)
HmNS19 (LG_1) HmidILL-146360
HmNSS1H_HmidPS1.561
HmNSS1H_HmidPS1.549 (LG_9)
HmNS18_HmNS56 (LG_1)

HmNS58 (LG_9)_HmidILL-87955 (LG_15)
HmidILL-140858_HmidILL-87955 (LG_15)
HmidILL-140858 HmD61 (LG_2)
HmidILL-2192 (LG_5)_HmidPS1.559 (LG_18)
HmidILL-87955 (LG_15)_Hmid65 (LG_3)
HmidILL-118779_HmMNS56 (LG_1)
HmidILL-70036_Hmid65 (LG_3)
HmidILL-70036_HmidILL-88398
HmidPS1.147 (LG_5)_Hmid65 (LG_3)
HmidPS1.559 (LG_18)_HmidPS1.561
HmNS56 (LG_1)_Hmid65 (LG_3)
HmidPS1.629_HmidPS1.874

HmD61 (LG_2)_Hmid65 (LG_3)

HmD61 (LG_2)_HmidILL-146360

0.8276

0.9870

0.7266

0.6008

0.5978

0.4522

0.4418

0.5012

0.4114

0.5932

0.6816

0.6948

0.5059

0.7243

0.8735

0.6019

0.5758

0.6411

0.9868

0.2808

0.7467

0.3975

0.3521

0.2169

0.1608

0.2762

0.3239

0.0929

0.2981

0.2864

0.2555

0.2161

0.2745

0.2389

0.3198

0.3934

0.2871

0.6201

0.0310*

0.0130*

0.0380*

0.0380*

0.0310*

0.0070*

0.0000*

0.0230*

0.0130*

0.0120*

0.0170*

0.0010*

0.0050*

0.0040*

0.0290*

0.0050*

0.0230*

0.0410*

0.0390*

HmidILL-70036_HmidILL-76149 (LG_2)
HmidILL-70036_HmD61 (LG_2)
HmidILL-70036_HmidILL-88398
HmidPS1.147 (LG_5)_HmD61 (LG_2)
HmidPS1.147 (LG_5)_HmidILL-146360
HmidPS1.147 (LG_5)_HmidILL-88398
HmidPS1.559_HmidILL-88398
HmNS56 (LG_1) Hmid65 (LG_3)
HmidPS1.629_HmidILL-146360
Hmid610 (LG_12) HmidPS1.874

HmidILL-146360_HmidILL-64192

0.4244

0.5112

0.4802

0.5442

0.7927

0.5379

0.4668

0.6613

0.5412

0.6745

0.6112

0.1590

0.1969

0.2167

0.1850

0.4116

0.2753

0.2017

0.2886

0.1359

0.2612

0.3982

0.0471*

0.0170*

0.0230*

0.0330*

0.0360*

0.0310*

0.0060*

0.0120*

0.0333*

0.0250*

0.0000*
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HmidPS1.874_Hmid65 (LG_3) 0.7467 0.2124 0.0350*

* Statistically significant at the 5% nominal level.
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Table S3.5: Distance-based association analysis of candidate loci under selection with domestication and particular population.

Wild/Cultured

CPWC CPSC CPEC WPWC WPSC WPEC
Domestication
Marker
Prevosti's Prevosti's Prevosti's Prevosti's Prevosti's Prevosti's Prevosti's
P-value P-value P-value P-value P-value P-value P-value
Distance Distance Distance Distance Distance Distance Distance
HmLCS48 0.99 0.00 0.64 0.00 0.67 0.00 0.62 0.00 0.71 0.00 0.70 0.00 0.75 0.00
HmLCS5 0.18 ns 0.26 0.02 0.87 0.00 0.00 ns 0.17 ns 0.19 ns 0.21 ns
HmMNR106 0.98 0.00 0.60 0.00 0.63 0.00 0.60 0.00 0.81 0.00 0.78 0.00 0.85 0.00
HmNSS1H 0.78 0.00 0.74 ns 0.91 0.01 0.76 ns 0.63 ns 0.63 ns 0.65 0.04
HmNS18 0.72 0.00 0.61 0.01 0.88 0.00 0.56 0.00 0.34 ns 0.41 0.02 0.43 0.02
S
B HmidlLL-
%’ 0.89 0.00 0.58 0.00 0.62 0.00 0.62 0.00 0.56 0.00 0.57 0.00 0.64 0.00
2 140858
©
j
RS
*g HmidILL-
5 0.26 0.00 0.12 ns 0.19 ns 0.67 0.00 0.11 ns 0.23 ns 0.29 0.00
.§ 2192
9]
§ HmidILL-
5 0.73 0.00 0.64 0.00 0.64 0.00 0.56 0.03 0.76 0.00 0.79 0.00 0.44 ns
3 87955
HmidPS1.559 0.58 0.00 0.72 0.00 0.53 0.01 0.33 ns 0.56 0.00 0.49 0.03 0.53 0.01
HmidPS1.561 0.09 ns 0.25 0.00 0.07 ns 0.07 ns 0.06 ns 0.07 ns 0.06 ns
HmidILL-
0.09 0.01 0.07 ns 0.06 ns 0.06 ns 0.25 0.00 0.06 ns 0.07 ns
146360
HmidILL- 0.43 0.00 0.31 0.02 0.34 0.02 0.31 0.01 0.52 0.00 0.52 0.00 0.52 0.00
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88398
HmidILL-
0.17 0.00 0.10 ns 0.10 ns 0.10 ns 0.43 0.00 0.08 ns 0.10 ns
64192
HmidILL-
0.46 0.00 0.42 0.027 0.40 0.046 0.36 ns 0.35 ns 0.42 0.08 0.41 0.04
37506
HmLCS37 0.00 ns 0.00 ns 0.00 ns 0.00 ns 0.95 ns 0.94 ns 0.98 0.01
HmMNS56 0.58 0.00 0.50 ns 0.58 ns 0.60 ns 0.58 ns 0.56 ns 0.60 ns
HmRS117 0.76 ns 0.88 ns 0.91 ns 0.81 ns 0.79 ns 0.83 ns 0.78 ns
HmMAD102 0.74 ns 0.85 ns 0.85 ns 0.90 ns 0.87 ns 0.83 ns 0.87 ns
HmRS27 0.90 0.04 0.92 ns 0.95 ns 0.96 ns 0.96 ns 0.94 ns 0.97 0.04
HmMRS80 0.70 ns 0.76 ns 0.80 ns 0.75 ns 0.79 ns 0.78 ns 0.75 ns
-é HmD59 0.64 ns 0.86 0.00 0.76 ns 0.69 ns 0.81 0.05 0.74 ns 0.73 ns
2]
?D HmMRS129 0.70 ns 0.78 ns 0.81 ns 0.79 ns 0.77 ns 0.84 ns 0.76 ns
c
E HmPS1.870 0.61 ns 0.65 ns 0.79 0.04 0.76 ns 0.73 ns 0.73 ns 0.73 ns
©
E HmNR120 0.74 ns 0.85 ns 0.94 0.00 0.91 ns 0.88 ns 0.91 ns 0.90 ns
"
__;E HmG53 0.88 ns 0.95 ns 0.94 ns 0.93 ns 0.95 ns 0.95 ns 0.95 ns
S
{)% HmDL50 0.69 ns 0.81 ns 0.79 ns 0.81 ns 0.79 ns 0.73 ns 0.80 ns
HmNR224 0.81 ns 0.93 ns 0.92 ns 0.93 ns 0.95 0.05 0.95 ns 0.93 ns
HmNS17b 0.81 ns 0.90 ns 0.91 ns 0.94 0.05 0.85 ns 0.92 ns 0.89 ns
HmMNS19 0.83 0.03 0.91 ns 0.93 ns 0.93 ns 0.91 ns 0.85 ns 0.81 ns
HmMNS58 0.51 ns 0.58 ns 0.63 ns 0.68 ns 0.62 ns 0.63 ns 0.59 ns
HmidILL-
0.04 ns 0.05 ns 0.04 ns 0.04 ns 0.03 ns 0.04 ns 0.08 ns
118779
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HmidILL-

70036

HmidILL-

76149

HmidPS1.147

Hmid563

HmidPS1.629

HmD61

Hmid610

HmidPS1.549

HmidPS1.874

Hmid65

0.50

0.24

0.62

0.63

0.25

0.49

0.49

0.42

0.80

0.79

ns

ns

ns

ns

ns

ns

ns

ns

0.00

ns

0.68

0.31

0.78

0.71

0.34

0.66

0.57

0.39

0.79

0.90

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

0.66

0.16

0.74

0.80

0.24

0.60

0.56

0.55

0.82

0.85

ns

ns

ns

0.03

ns

ns

ns

ns

ns

ns

0.64

0.34

0.80

0.77

0.23

0.68

0.54

0.48

0.86

0.94

ns

ns

ns

ns

ns

0.04

ns

ns

ns

0.03

0.64

0.30

0.79

0.72

0.59

0.65

0.53

0.87

0.88

ns

ns

0.04

ns

ns

ns

ns

ns

ns

ns

0.57

0.22

0.76

0.77

0.43

0.60

0.55

0.48

0.85

0.96

ns

ns

ns

ns

0.01

ns

ns

ns

ns

0.02

0.59

0.33

0.73

0.68

0.18

0.59

0.50

0.85

0.89

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns: Not significant.
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Appendix C

Supplementary Information for Chapter 4

Figure S4.1: Distribution of contigs with regards to biological process.

Figure S4.2: Distribution of contigs with regards to cellular components.

Figure S4.3: Distribution of contigs with regards to molecular function.

Table S4.1: Nucleotide probes used in the 192-plex BeadXpress® SNP assay.

Table S4.2: Diversity statistics, minor allele frequency (MAF), observed- (H,) and expected
(He) heterozygosity and Fis values, including Hardy-Weinberg equilibrium P-value per

locus per population.

Table S4.3: Summary of outlier results, numerical values highlighted denotes loci
putatively under selection as indicated by the respective tests. Where the locus name has
been highlighted it shows a locus that has been identified as a locus under selection by
both test methods across any of the population cohorts (Bold: locus under directional

selection; Underlined: locus under balancing selection).
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Number of Contigs

Seqhr
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Figure S4.1: Distribution of contigs with regards to biological process.
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APPENDIX C

Number of Contigs

o] 230 500 750 1,000 1,250 1,500 1,730 2,000
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intracellular part
cellular_cormponent
cell

cytoplasm
cytoplasmic part
intracelular
intracellular organelle
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rmembrane-bound. ..

organelle part

Figure S4.2: Distribution of contigs with regards to cellular components.

Number of Contigs
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Figure S4. 3: Distribution of contigs with regards to molecular function
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Table S4. 1: Nucleotide probes used in the 192-plex BeadXpress® SNP assay.

Locus

Nucleotide probe sequence

ILL_C2122_257_[A/G]
PS_C15402_271_[T/A]
ILL_C253_1545_[A/C]
ILL_C428_225_[A/G]
PS_C23094_578_[G/C]
ILL_C20682_843_[A/T]
PS_C34490_403_[A/G]
PS_C25208 _377_[T/G]
ILL_C1783_492_[T/G]
ILL_C929_734_[T/C]
PS_C11665_287_[A/G]
ILL_C2141_350_[T/A]
PS_C23591_200_[T/C]
PS_C15689_162_[A/T]
ILL_C229_2772_[A/G]
ILL_C22574_507_[A/C]
PS_C15088_268_[A/G]
ILL_C2406_641_[T/C]
PS_C12925_666_[A/G]
PS_C11984_159_[T/G]
ILL_C22449_261_[A/G]
PS_C11970_157_[A/G]
PS_C23051_368_[A/G]
ILL_C6012_280_[T/C]
ILL_C2903_1043_[T/A]

GACCGCGAGTACTATGACAGACTGTACCTCCACAACCTGAATCTGGAGTACCGTTTGAAC[T/CITGCGCACCCGCAACTGTACCATCACCACTCTCACCCGTCCCTGGATTCCATTCGGAGTCCCC
TTATGGATAAACGTGAATGCTATGAACGTCATTGAACATTTTCTACGTGTTTCTCTGTAT[A/TITCAATTTGCACGTCTGTGTATAATGTGTAATCTTTATAAGCCATATCCGAAAGAAAATGC
TATATCCATCTCTCTAATCAGTAACTTACCACAGATATCCTCTTGCTCATGAGAGTAATT[T/GITACTGGATGGATATTTTAAGCACCGCAGTTAGTCAACTCTTTATGAAGTCATATTACTCTA
AGGCCACACACAGAACAGTCGACAACAGTACTTGAACAGTACCAGGCCTTACAAGATGTC[T/CIGCAGACACTCATTTGAAGCTGTCATCTATATTTATTCGTAAGATTGCAATTATTTCATATT
AGTGTCCGAGCAGCGCAAGACTGACCAGAAGGAGGTTGACAAGCAGCTGCTGGATGTCCT[C/G]JAGGAAGAGTCCCGAGAAGAAGCTCCTGTTTGGATATCTCGGCTCCATGTTCTCACTCCGG
AAGCAGAGGAGATGAATACTGTGTAATGTACAAGAGTCATGTCAGTTGAAGCTACACGAAA[A/TIAGACATTTTGTTACCATGGTAACATCTCTGGCTACACTACAAGTGTCATCTTTGTACAAAGT
TCTGCAGGACCAAAGTGGAGCTTTGATTAAAGTATTCAGTGACCAGGCAGAAGGTGGAAGIA/GIGTTCGGATCCAGTTGTCTGGAGAGAGTCAACACAGACAAGCAGCAGAAGTGTTGATCAGG
TTCGGCAGGTGAGTTGTTACACACTCCTTAGCGGGTTCCGACTTCCATGGCCACCGTCCT[T/G]CTGTCTATATCGACCAACACCTTTTATGGTCTCTAACTGTATGTACGTCTAGTCGTGTTA
GGCGAAGACTAGGCAACAATAGTATGTACAATGTCTTTAAACATCGGTCAGCCTTTTTCGAA[T/G]CAGCACCAGTCTCTTATCACAGTGTAGCCTGGAGGCGATTTGCATATGATTTCTTTCCGTGTA
GCCACAGTCAGAACAGTGCACCAATTTGATCAATACCGGTAACAAATGTTTGTTCTTCGAAC[A/G]CTTCAACACACAAACGACGCTCTACGTCTACTAGAATCACAAGTGTTTCTGGGTACTGACAGA
ACTTTGTCGAAACTCTTTAGCAATTTCCTTCTTCCTGTCCGCTGTTTCTGGCTTGTTTTC[A/GJATCATACAAACAACCCTCCACGACGATCTTCTAGCGCCGACAACATTCTTAAATGCCACT
GTGGAGGGATGCTCCCCAGCTTGTCCAGCATCATCCTGGCTTCCTTAATCTGTCCCTGAAG[A/T]JACTCCAACGAAAGCTTTACTTTCAGTATCAGCCTTCTTCTCCTGTGCATCTACCTCCTGAA
GCCTTCTACACAGTATTCACGCCCTCTTACTCATCATAACTTCTATTTGCTATGATGGTT[A/GJAGTATCGGTATCACGCTTAGCGCCATCAATTTTCAGGGCTGGTTAATTCGGCTGGTGAGT
CTTACCTGTGTTCCTCCAGGAAGTGTAATGGTTCTTCGTCTTGTAATCACGTGACCGGGA[A/T]GTGTGAACGTGGCTGTGTACCCGGATTTAAGCATGTTGATTGCGCAGAAGCATGCATACA
TCTGCTGGGGAACTACCATCTTGGGTACAACCAAAGATACTTTCATGACATCACAGCTAAAA[T/CIGGCTTTGCATGGATTGTTATTATCCTGTGTAGTCAGTGTGTCATTGCTGTTGCCCATTGTTG
ACAAGATCCTGTCTGAGATCAAGAACGTCGTCAATCTTCACGACATCTTCCAGAACTCCCTT[T/G]TGGAGACCCTCATTAAGAACCCAGGACAGTTCCTCATCAAGGCTGCCGAGGGTCTTATCAGCA
TGGTGGATAGAGGGGTACTCGAAGATGATGATGATACTAATGATGATGATGACGAATGTC[T/CIGTGCGTGTAGGTTGTGTGACTGGCAGGCACGGCACCCCCCTCTGTTCACTGTTGTTTGGA
GTGCAACACTTTTACGGGGATATCTGGGAGCTCTGGGCAACTTTATGGTCTTAGGCCTCCT[A/GJAATTTGACGGAAGTCCTTGTTTTCCTGTTTCTTTTATCATGGACACCACGTAGGACGGCTT
GGAGATGGACTAGACACACAGAGTCAGGACTGACATCACCAGTATTGAAATAAGACTTGT[T/CIAAATGTGTGTGAAATATTGTATGGATGTTGATGGATACATGACAAATCTATAATTTTGTG
TTTTCTCTGCTGCTGATTTAGGAGATGTTGTTGGATGTCTCTTGGCATCTGTGGATGATG[T/G]TTGTTTATCATTATGCTTCTTCTCTGGGCGTCTAGCTTCTCTTCTAGCACGTTCGTCATG
CAGGGAAGATTGACGTCAACAGCTTTATTAGGAACCAGAGGAATTCTGGGCAGTGGTCCTC[A/G]TCTTCTTCACTGTCAGACAGTCGGGATCTGTCCAGCGACCCTGAGATGGGGAGTGTTGAATCT
TGAACAGCAGTTAAAGGAGCTCGAAGAACGACTCTTGGATGAAGAAGATGCAAATGCTGA[T/CIGCGTCTGAGAGGAGGAAGAAGATGGAGGGCGAAATCGACGATCTCAAGAAAGACTGTGAG
CTGAACACGACTGAACAAGTGTACAGATCTGTACACCGACCACAACAAAAATGCCATTCA[A/GITAAGTTTTTAAGTCAACATCACAGTGGCGGAATAATCAATTCCAGTCAATTGAGTAAAGA
TAGCCCCTGTCAACAACAATGTGTCATCATTTATCTCACAGATCCGAACATTTCAAACAAG[T/CIGCTGTACAACGTGATATTGATCAGGCCGCCAAATACATTGGTGCTGGAGCTGCCACAGTAGG
GAGCCAGGAAGCCATCTTGGTTTTTGACAGTGTTATTGTAAGCTATCAAGTATTCGTTTTA[A/T]AAAAAGGAATGGCTAGAAAGCCCAAAACATGGTAATAGTCCACAAGAATTCTCCCAGTGACT
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APPENDIX C

PS_C34501_638_[A/G]
PS_C12352_527_[T/C]
PS_C34725_229_[T/C]
PS_C15230_93_[A/G]
PS_C23075_525_[G/C]
ILL_C3835_411_[A/G]
PS_C24743_123_[T/G]
ILL_C5634_234_[A/G]
PS_C23630_237_[T/C]
ILL_C1813_300_[T/G]
PS_C12218_188_[A/G]
PS_C36136_185_[T/C]
PS_C23070_1364_[A/G]
ILL_C618_116_[A/G]
PS_C1652_228_[A/C]
PS_C25083_285_[A/G]
ILL_C394_1510_[A/G]
PS_C24267_71_[A/G]
PS_C34507_1191_[T/C]
PS_C36273_73_[A/C]
PS_C35977_153_[T/C]
PS_C16093_142_[T/C]
PS_C16031_147_[A/G]
ILL_C5106_273_[T/C]
PS_C00512_245_[T/C]
ILL_C140_2421_[A/G]
PS_C36237_70_[C/G]
PS_C34670_302_[A/C]
ILL_C21880_1003_[G/C]

GATGACTAAAAGGGCTCAGGTTCCGTTCTCTAGGTGGTTGCCAGCTGCTATGGCGGCGCC[A/GJACTCCCGTTTCTGCTTTAGTTCATTCGTCTACCCTGGTTACTGCTGGAGTGTTTCTCTTT
CTGGCTTCACTAGTTCTTCCTCTTTACCGGAACTGACATTGTCTGGCTTCTCTAGTTCTT[T/C]JCTCTACTGATTCTTCTTCCTTAGGTTTAAGCTCTATATGTTCCTCTTTGCTCCCTCGATC
TTCGAATGTATATTCTCTCATGATGGCCTCCAGACCAGCTCTGGCCACTCGATCTTCTCG[T/CITTTCCATCCTCATCGAGTTCATCATCATCTTCCAGAGGTTTGGTTTCTTCTTCTCCCTCT
TGGTCTTACAAACTTCCTCTACTTGTGCTACCTTCCGAAGACGCTGGAGCCTGACCAGGG[A/G]GAGCCGACATGTGTGTTGCTACGTATTTATGGACACATTGCCAAGAGCAGTAAGGAGTTT
CAATAAGGATGGCGTAATTGACCAGTTGGAAGCCGAGAAAGTTCTTGATGAGCGCGCAGT[C/GJAAGGACTTTCTTCCTCTTGTGGATGAAGACGGCAATTCTCAAGTGAGCGTTGAAGAGTTC
ATCGGACCATCACCTTGACGGCTACCCCGCTCGCCGTTGTCTGCAGAGCTTCAAGAGACTT[T/CITCCAGTGGGAATCGGTGGGTGATGAGAGGCTTTACGTTCACCTTTCCACTGGCGACCAGAG
TGTTCCACTTCCGCCGTAGCCTCCATTGCCTCCGCCGTAGCCTCCATTGCCTCCACCGCG[T/G]CCTCCATTGCCTCCTGTACTACCACCACTTCCATGTTTCCACCTTGTTCCTCTTCCACCT
AGAAAATGACAAGTGTAGTTTCAGCTTCTTGTTGGGTGTTCCCTCTAGTTCCGAGTGTGGC[A/G]CCGGTTTACACTGTAGCTTGAAGACCGTGACTTGTGTCAAAACTGTCAAAAGACAAGTGGC
GGCTGACTTGATGCATTTATTGGAAAATGTCGACACTAGGATATACATGAACTTAAATCT[A/G]TGAATGAAAATGCATGCCTTTTACTTATGAGTGTGCTCATGATAAAAGCATACTTCTTGA
ATAGGGTCCATCTTGTGATTAATTCTGATACACCTGTAGCCACTCCCTTTGAAGGGCTTTTC[T/G]GGGAACCAGTGATTTTGATAGTGGTTGCACAGAAGATTTTGCAGATGGGTGCGAAAAGAGTC
GTGCTCCTCACGTTCTTTCTCCAGCCTAGCAAGTTCTGCATCTGGATCAGGATGTCCTTC[T/CJTCCATGAGCTTCCTTCGCAGTTCTTCATATTCTTCCTTTTCCCTCTGTCTATCTCTGGAG
GAATGTCCCATTCAGAGTCCGTGTCCGCCTTGCCCGTAAGAGGAACGAAGATGAAGACTC[A/GJACACACAGACTGTACACCCTCGTCACCTATGTTCCCTGTGTGGAATTTAAAGGTAAACAG
ACCTCCAGTGTGCAAAATAAAGGTTAATGTCACCTGATTTCAACGCTGTTATTTACCCTG[T/CITTGCGGTAGCGACAGATATGTGTAGTGTAATGCATGGTCAGCTTGGGCTTGGTGTCCGCG
AGAGTGAGAATTCAACCATATTGCAGCTGTTCACATACATACAGTCTCAATCACACAAGG(T/C]GTCACAGCAGTGACCAACAGTGAGGTATTGCCCCCATGGTGATGATGAGGACGACGAGAG
GCTAGGTTGGGGTTGGCAGTTCTTGTTTCTCTGATTCGGACTCATGGGAATGATTACGTT[A/CJACAGGTTTAATGGGTATAAGTGTTAGGGCTTTTGTCTGTTGGTTTGACTTTGTCGGTTGG
CGAAAGCTTGAATGTGGTGTTATTGCGAGCTATGAAATTTTTACAGTTTCCCCAGATCAA[T/CITCGATTGGATTTAGCTCACAATGTCTGACAGGTGTTCTCAAAACAGCGTGGCCATGATTT
CTTGTGTAGCTTTATGGTAGCTGTGGTCAGTTAAAGAATAGAGAGTGTTCGAGAAGTTCA[T/CJACACAGGTTGTGCAATGTTTGCATCTCTGATACATGCTCAGGTATATTTTGATCACGCCA
TGTGTCTGAGTCTCTGAGTGTGTGGGTGGTGGTGCGTGGCCGTTCTTGGTTGGTGGGGTG[A/G]TTTGTCTGGTTAATTCCGATAACGAACGAGACTCTAGCCTGCTAACTAGTTCGCCGACAG
GAAGAAACTTGAACAGAAGGGTTCAAATTCCTCTGCTAGAATTGCAGAGCTTGAAAAGCA[T/CIGAGAAGGAACTGATGGAAAAAGTGTCTCAATATGCTAAGACAGATTCCACATCAAAACAG
ACACCAAAGCTTGGCTTCGTCGGAACTGCATTCAGGTAGTGCAGTTTCCGGCCGCTTCAC[A/CJAGATCTGAACCCCATCGAAAATGTCTGGCAAATCATCAAGGACAAAGTGGAAAAGTTGGA
AGGCAAAGACGCAGTAATTGTATAAAGCATCATATACATCCCAGCCTGCAATCGCTCAGGI[T/CJTGATACCCCCATCCTAAAATCAAAATAAAAGTAGGCACTAAAGACGCCTCAAAAAAGATA
TGGACGCCTGATTGCTGATGGCGTTGGTGTGCAGTACAGACCCAACAAGGGACCTCTGAA[T/CIAAGTGGAGGAAGGACCAGACCAACCTCAGGGCCTAGACACTGTAGGAACAGACATGGTCA
TATATCGTCCTCATCAATCTGTTTCCATTTCTCTGGAAGGATGTCCCACAGATCGTCCTT[A/GJACATCGCCTTGGATGACTATCTCATCCTCGCCCATCACTGACGACCCACAGGAAAACTTG
CTTCTTTCAACTCCATTAGCTGTTTGTCAGCATTCTCCAAATGTGTTACTTCAACCTCCAA[A/G]TTTCGTAGACTGTCAAGTGCGTTGGCACGCATTATTTCTGTCCTATCACATTCCTCCTTCCA
CACAGATTCACGGACTCTATCTGGTTTCGCCACCCAGGCGTACGATCAACAGAACAATCC[A/GJACACCAGCCCAGACAAGTCAGCACACCAGCAACAGCATAGCAGAACAGCAACAGCGTTAT
GGTATTGCTGGAAGTGACGTCAGTAAACAAGCTGCTGACATGATCTTGCTGGATGATAACTT[T/CIGCCTCCATTGTCACTGGTGTTGAAGAAGGTCGGCTGATCTTTGACAATTTGAAGAAGT CTAT
TGATGTTGATGAATTGCTGGGCATGCTAGATGAAAACGGTGACGGTCACGTCAGACGGGA[C/G]GTCCTGGAAAGGTACACAGAGGAAGCGCTCGCACACAGCGAGTAATACTGTCGAAGGTAC
GTGGTTTGAGAGATTGTGAATATATTGGTCTGTGTGGGTAGGTTTGCGATAGACTGACGT[T/GJATGAGCTGGTTATTGGAGTTGTCAATGGCGATGTCCAAGAAAGGGAGTTTGTTCTGTTGC
TCAGCCTCAACACCCTCGCTGCTAAGCAGCAGAGCATCGTCGGAGTCCCGAAGGGAAATCT[C/GJAATCAGCTGCAAGAACTTGTTGATGCAGTGTCTCGGGGAGAGCTCCGTGTTCCTCTGTACAA
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APPENDIX C

PS_C47330_170_[A/C]
PS_C36522_249_[G/C]
PS_C34604_423_[A/T]
PS_C34501_77_[T/G]
PS_C28810_290_[A/C]
PS_C28886_317_[T/C]
ILL_C31_1387_[T/C]
ILL_C844_440_[T/C]
PS_C46857_366_[T/C]
PS_C34605_382_[A/G]
ILL_C853_1199_[A/G]
ILL_C1002_85_[T/A]
PS_C11659_399_[T/C]
ILL_C4791_1099_[T/G]
ILL_C300_4982_[A/G]
ILL_C4593_326_[T/G]
PS_C46533_541_[T/C]
PS_C15351_193_[A/G]
PS_C15018_147_[T/G]
PS C38608 168 [T/C]
ILL_C387_215_[A/G]
ILL_C5339_366_[T/C]
PS_C34511_71_[T/G]
PS_C14838_228_[T/C]
ILL_C20267_102_[T/C]
PS_CA46674_204_[C/G]
ILL_C1878_506_[T/C]
PS_C36563_85_[T/G]
ILL_C2735_326_[T/G]

GCGGCAGCATCTACATCACCACTCAGCGGTCAACCGTGCAGTTTCGTGTTGACAATAGCA[A/CICAACGTTGCGCATACTTTAAATGTATCGTACACAGCCACCACGTCCTTGAATGAGGTGAA
CAGGGTCTTCAATCCAGTCACCAGAGTCTACATCCAGTCTCAGCAGGATCATCCTGTCAC[C/GJAGCACTTTCTTCAAGTCGCAGAAGCAACTTCCATTCATCCAGTCACACCAGGGTCTTCCT
GAAGAAGAGGAGCAAAGAAGATGATGACAAGAGTCAGAGTAAGAGTGAGAAGAGTTTGGA[A/TIAACAGGAATGACAGTACAGAGCGAGAAAGACAAGGGGAGAGGAAACGTGATAGGAGTAGG

GTCGGTTTAGTAGGGGTTTGGTTATCTGTGGTGGCTTGGCGTTCTCCTATTTTAGGAGAA[A/CIAAAAGGTTGGTTTCAGTTTTTTATCTGGGTTTTTTITCGTGAATGTGATTTTTAGTTCCTC
AGAACACCTGTCAGACATTGTGAGCTAAATCCAATCGAGTTGATCTGGGGAAACTGTAAA[A/CIATTTCATAGCTCGCAATAACACCACATTCAAGCTTTCGGACATCAAGGAACTGGCATATG
CTTCTTCTGCATCAGATCACGGATGTAAGTTCTAATGATAGCTTTGTAATCAGAGTATGG[A/GIATAAGAAGTGGTGTCACAGATTTGTTGAGTGCTGCCTTGGCAGCAAGATCGGCCATTGTG
AACTTAAATGTGGAAAACAAACAAAAACCAAATTTCTTACCAACAGTGTGCCCACACTTCA[T/CIGTCTCCAAAGATTTGTTCGGTATTATTTTTGTAAAGGTATATTATCAGGTGATGGATACTACC
CACCTTTCCTGTCTACCAAGACACCCCGCACCTCGGACTTTGGGAGCGAGTCTACGGCGG(T/CICGCAAGGATGATTTCTTCATATTTGACAGATGTGGACAACAGACCTACCATATTGAACTCC
TTCCACGCAGTAGGAATTTGTGAGGTGTACCAGATTGTGTTAAGTAGCTTTAGCAATAGC[A/G]TTTTGCCGTGTAAGGAGAACTGTTTTAGTAGTATGTAAGTTATGTCATCTCCTCCTGGAG
AACACTGACTTTTGGCTAGTTTATGCCAAATTAGAAGTAAAATTAATATGCATTCAATCT[T/CJATTTCAGTCACCTGTATCATTCTCTTGGTATGTCGGGCGCGGTGTGCGCGTGCGTGTATA
CGTTCCAGGCTGACGAGGACAGGAAGAACCAGGAGAGACTCCAGGACACCATCGACAAACTIA/GIAACGGAAAGATCAAGACCTACAAGCGCCAAGTGGAGGAGGCTGAGGAGATCGCTGCAGTTAA
TGATGACAAAGTAATACAATTGTGTGATCTATTAAAAAGGCATACAGTTGTTAACTGGCAT[A/TIGGGCTTTTGATGTTCAAACATGAATGACCATGTCACTACAGGAAAAAGTCTGACAATGGCCG
CAGTGAGCGCAGTGGTCGTGGAGGGCGCCGTGAACCACGCGAAATCCGTGAAAATGATGGIA/G]GATAGGAGGCCACCCAGGCGCCAAGGGCCACGAGAATACAGAGACAACCGTGGAGGCGAT
GCGACGACTGGGCGATGCTAGGCGCTGGTGCAAGGTACGTCTACACCTACGAGCTGAGACC[A/CJAGGTCAAGCAACCCCGGCTTCACCATCGGCGCTGACAACATCATCCCCAACGGCTACGAGTTC
TGTCTTGCTCCAGTCTCTGTTTTGTTTGTAAGCCTCTCTTGACTTCAGAGTCACTGTTTCT[T/CITCACAGGTTCAGATGATTTTGATTTTGGCGCTAATACTGAATCAGGTTTGCTTGTTTTGTGC
GCCTGATCGTATTTTGGTCCACCAATTTTTAAAACGATCCTTGACTCTCTCTCTAAACCAA[A/C]GCCTAGCTCTCCAGGCGCTTTCTGCCTCCGGTAGAACCACCAGCAACGCCACCAGCATCAA
CATGTGCTTCCAGAATGTTGGTCAAGGTCGAGGTCACGGCGTCACTGCTCAGCGCTACAT[T/CIGACCAAGTGATCAGACCCCACGTTGTCCCATTTTTCGCACAACATCGTCAACACATTTTC
GGGACTGAATCTCTTCTCTCTCTTGCTGATCTTGCGAGCCTTCTCGCTCCTGAAGACCTG[T/CICTGATGGGCATGATGTCTCCCTTGAGTTGGGTGGCTGTCTTGATCTGTTCAGCCGTGGCA
CTAACACACATTATCCCTTGAGTCACATGTCCTTGAAGATGTAGAGTATGCAAACACAGCIA/CJAGACCAACCAGTTTAGAGTTGTGCAGTTACTGCTTCCTTTAATTTACTCTCATTGGCCCC
CTCAGAGCTAAATGCTCGAAACAAGGTCAAAGCCACCAATACTTTTGCTGTGCCAGTCCT([T/C]TCCTATTCCTTTGGAGTAGTTGATTGGACAAAACAAGACATCCAGAGTCTTGACCGCCTG
ATATAGAACTCCATCCATGTCACCTTGACAGCTACGCTATGACGGGACCCCAGTGTGGCCT[A/GIGGATGCTGTTACTGCTCATGTCCTTTTCCCAGAATTAGTGAGGCCAGGAAACAGACTCTCG
ACTCATCCTGACTCATCTGCAGAGCCTCAAGAATCTTTCCAGAGACAACTTTGCCTTCAACIA/G]AAGCCTTGTGGGATAGCATTAGGGGCCAAGATGGAGTATCTCTGTTTGAATTCAGAGTATAC
AGGCAAAGAGACAGAGCGAGGTAGGAAATATTTTAGTGCCGGAGAGAGAGAAGTGGCTCC[T/G]CAGAGCGTTAAGATCTGGACAGAGGTATTGAAACTTGTGAAGAGAAACGGACTAGATAGT
GAGTACACGGGGTATCTGATGGGTGGCCATTATAATCATGCTGCTAGTGAATATCTGTGT[A/G]TTGATGGAGATGCAGAGAAGGATCGCAGTGGCCATGAAGACAAAAACGGCCAACTCTTGT
TGACGTTGGCTGAGTACCTTGCTGCATCCGGAGTCCCCCAGGCTTCAGCTAAAGACAACTT[T/CIGACTACTACGATACCAACAAGGATGGCGATGTTACGAAAGCTGACGTGAAGAAAATATTCTC
GTAGCACATCGCGAATAATTTACAATGCCTTCTTGCAGAGATTTTTCCTAAAACTACAATI[C/GJAATTGGTTCAACTCTGTTCCTCTGCTAGTTTCTCGGCCTTCTGGACAACTTCCTCGACTC
CAAAGAAGAGTTCACGGAGGAAATGTTGAAAGATGTCTTCTCAGAGTTTGGTGAAGTAACATC[A/GIGTTGATTTCATCATGGACAAGGCAACCGGCAAACCAAAGGGCTTCTGTTTCATTTCATATGAT
AGGAAGGGAATGCAAGAAACACACCATGCACAAAGTCACCCAGTATAAGGCTGGCAAAGC[A/CITCCCTCTATGCCCAAGGTAAGAGGCGATACGACAGAAAACAGTCCGGATATGGTGGTCAG
TGTCTGTGGATGTCTTGTATCATCTTACGCCTGCTGTGTATCTGGATTGTGCCAGAGTCTC[T/GJAGTATGGGCATGTAATGTTAATGCATCGCTGACTTTCAACATTGCCATGTCTAATGTAATA
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APPENDIX C

ILL_C250_199_[T/C]
PS_C47845_238_[T/C]
ILL_C1363_269_[T/C]
ILL_C18774_676_[T/C]
PS_C23647_375_[A/G]
ILL_C2028_1228_[A/T]

PS_C11985_171_[A/G]
PS_C11911_576_[A/C]
ILL_C1254_187_[A/G]
ILL_C20427_267_[T/C]
PS_C21989_160_[T/G]
PS_C12069_1181_[T/C]
ILL_C327_1076_[C/G]
PS_C11847_438_[T/C]
PS_C47375_253_[A/G]
PS_C34420_787_[A/G]
ILL_C2915_875_[T/C]
ILL_C22491_727_[T/C]
ILL_C911_1343_[T/A]
PS_C12196_434_[G/C]
PS_C14297_369_[T/G]
PS_C47340_198_[A/G]
PS_C36706_579_[T/C]
PS_C46597_301_[C/G]
ILL_C2040_1251_[A/T]
PS_C35683_190_[A/G]
PS_C46532_529_[A/T]
PS_C15379_78_[A/C]
PS_C11871_171_[A/G]

TTGGTCTATCATGGTGACAGCCTCCGTGAGCTTTCTGCCCTCCTTCAGCCTTGGTAACACT([T/CIGGAGGTACAGAATCTGAAGATTGGGCTTGGCCATTTACTACACTTCACTCCTGTTGCCTTC
CAGCAGAGGCCTGAAGCGTAAGAGGCTGGGACTGATCAAGAAACTGAGGAAGGCTAAGAA[A/G]GAAGCAGGACCTCTTGAAAAACCCGAGGTGGTGAAGACCCATCTGAGAGACATGATCATT
CTGCCTCTGGCACGCTGGAGACCCTTCTCACTTCAGACATATCTGTGGTGACAGTAATTCC[A/G]CTGCTCTTGAAGTACTCATCCGCTGCCTTGTCCACCACCAGCAGTGTCGTCTCGTCACCTCC
GTCAGTTTTCACAAATACAAAACTTGCTTACTATTCAATTTTGGTCCTGCTAAGAAGCAAC[T/CJATTAAAATACTCTATACAAGCTGGAAATATTTTTAATGCAAAGACTTTGGATTTGGCCAGG
TGGAGCTAAAGAGTCCTTCACCAGACAATACACCGGGCAATCAGTTGACATGACATTTACIT/CIAGTGACGGAAGTGTTGTGCGCAGCGGTTTCTCCTTTGATTATGTCACTGAAATTGTCTAC

CGTGAAGGCTGAGATGACTCCGAAGAGGCCAGGCAGGATGTAGGCGAAGCCAACAGCCCACA[A/T]CATCATGAATCCATGATGTCTGTGGTGGTGCTCGTGATGGTGCTCGTGTCGTCCAGGTCGGT
G
TCGTTGCTCTCGTCGTGGAAGGTGCAAGATAAAGATCAAATATCGTTCTCTCGAAGATCC[T/CIATCGAAGACAGTCCTGATGATCTCAACTCTGGTCTGATCACTGACCGAAATGTCGACTAT

TGAGAAATCAAAGAAAGCTGGTGCAAAAGCGAAGACAAGTGCCAAGTCGCCGAAGAAGGTIA/CIAAGAAAAGTGTAGAAACGACACCGAAGCTCTCCAGGACGAAAAAGGCTGAAATGAAGACT
CCAACAGGGACATACCACGGAGATTCTGATCTGCAGTTAGAGAGAATCAACGTTTACTACAA[T/CIGAAGCAACCGGCGGAAAATATGTCCCACGTGCAATCCTTGTCGATTTGGAGCCCGGGACAAT
AGTTAATCTTTGCTCTCGGGACAGAGCTTTTGATAATGTTTAGATGAAGGTAACGTCTTTG[A/G]TTGACCTTATATAACAGACCAACGTGGAAGTCATGAGAATTGTGAGACGTTGTTTGGAGAGTG
AACACGTTCCATTGCCTTTACAAACTCCTGGAAAGATATCATGGTGTCTTTGTCCTCATC[A/CJACCTCCACGATTGTTCGGTCGGCAATGCTGCCTAACTGTTCTTCTGAAATGTTGGCCCCC
CTACTACTACTACTACTACTACTACGAGGATGATGACTACTACTGCTACTGCAACAACAA|T/CJAACAACAACTATGACGACTACTGCTACCTATTCCAAATGTGTTTCATCCATATGTCTTTG
AGAAGCGCCCCTAAGATCGCTCCTTTCGACAAGGAGTTCTACATCGTCTTGAACGTCGCCGT[C/GIGGCGGTTTCAACTACTTCAACGACTACAACAACACCGCCTACCCAAAGCCATGGACAGATG
GCTCCGTCTGAAGCCAACAAGCAGGTACTGTCAGCTGGACCGCCTGTCAAGTGAGGTTGG[T/CITGGATGTACCAGGGAGTGGTGGCTAAGCTTGAAGAAAAGAGGAAGGTCAAATCTAATGAT
AGGGAACACTATAATCTCACTCAGCAAATTAATAGAAGGAGGCCCAGCCATATTTGCCACIA/GICAAAACACAAATCACCACATAGACATATATGGAGAAATCATCAATATCCCTTTACTTATT
AGGGCAGAGGAGAGGAAGAGGGAGAGGGAGACCAAAAGGAGATGCTGGAGAAATTCCACA[A/G]GTTCATTGCTCACATGAAGGAAAAGAAGGAGGCTGAGAAGATGGAACAACAAAACGATGA
GCACTGCACATGCGCACTAACCGCACGCTTACTTCTGTTGTCTTGCGCTGCTCTTAATGTA[T/CIATAGCTATCCAGCATGCTTTGTAGTACTTCTTGTTGATCTGTTTTCTTCTGTTGTTTCCAG
AAAGCCTGACCACCTGTTCCTGCACGAAGGGCTGATGTGAAACCAAATGACTCGTTTACTGG[A/G]JAGGTAAGCCTTCTGTTGGCTCATGCTGGTGCCAGTAACATCGTTGTCCTCGAACACAT GACCA
CTGTCTACAGCCTTGATACCTGTCTGCATAGGCTCTTTCACAGATGTACGTGGAATGATACCIA/TIGGAGCCTTCACGCCCACTCGAGCTCTCTTACCAGGAATTGCTCCTTTTCCATCAATGGCATTT
TTCATTGAGTTGCATTGTGGAAGATACTTATCTGTCTTAAAGCGTCAATAGTGGCATGAA[C/G]ATTTTGGTATTAAATTTGGTTATTAATAGCAAAAGGTTGTCCCGCGAGCCGGATTTGAAC
TCGCTACCAAATGAGGATCCACAAGCGAATCATCGATCTGCACAGTCCCTCTGAGATCGT[T/G]JAAGCAGATCACCTCCATCAGCATCGAGCCAGGTGTAGAGGTCGAGGTTACCATTGCTGAC
GCCATAAGCTGCACCTTGATCTGACATCCTGAGAAGCTAACAACTGCAAGACCCTTGGGC[A/G]CCACAGTACAACAAGCACAGCCACAGCCACCCTTAACAAAACAACAGCTTGACTTCATAG
TTGAGTTCCACGACGGCCGTTTCAATGTTTGCTTCCACTCCGACGGATCAGTGACAGGAC[A/G]GGGTTTCCAGGCCACGTATGCCATGAATCCAGTTCAAGAGGTTGACTCTGATGTGACTAC
CTTCTCAGCCAGTTGGTTAGAGTCTAACCAGCTAATGACATCGTTACACTTGTCAGTGAT[C/G]GTCTTCTTGTCATCTTCACTGATCTTGTCCTTCAGTTTTTCATCCTCTACAGTTGACTTC
AGCCCTGGTTTGACTGGTCTTAAGGGAGCCGCCGGAGCCCAAGGTCAAGCTGGATACAAAGGIA/TIGAACAGGGTCTGAAGGGTTCCCCAGGTACTCCTGGAGACAGAGGACAACCAGGACCCCCAG
TTGTGTGATGACAGTGATTGTGGTGATGATAACGATGAAGAAAACGAAGGAGAGGACAAT[A/G]GCGATGCTTTTAGTCAGAGTAACCCAACCTACATCCCTCCAAAATGATTTATAGGGCACA
ATACTCTCCAACCAGCCCAAGCTACAGTCCAACAAGCCCCTCATACTCTCCAAGCTCTCCI[A/T]AACTTCAGCCCTCAGTCACCTTCTTACTCTCCAACCAGCCCATCCTATAGCCCAACAAGC
CCAGGACAACCTAGCAATTCGCATGGTCGCGAACACTGTCTGGAACTAGTAAAGGAGCAT[A/CIGAATATTTGTCTGGAATGATATCAAATGTGACGTTCCCTTACATTTTATTTGTGAAAAGG
GAAGGTGGCTGCCATCAAAGCCCATCTGAAGATGATTCAAGAAGAACAGGAGAAGCTGAGIA/G]CAAGAAGAAGAGGAGAGAATCAGGCTGGAGGAAGAGGCGGAGAAGGCGCGTGAGGAACAG
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APPENDIX C

PS_C35823_1199_[A/G]
PS_C39731_379_[A/C]
ILL_C6061_1289_[T/G]

GTATGTAGGGGGTTTGCTTGTAATATTTGCTTATGTGGCTGCGTTAGTGCCTAATAGAAT[T/CITTTTTGGGGTTTTGAGTTTTCTTTGGTTTCTTCTGTGGGGCATGCCTGTCTGTCGGACTT
CGGGTTCCGACTTCCATGGCCACCGTCCTGCTGTCTATATCGACCAACACC ATGGT[A/C]TCTCATTAGCGTCAGTGTTAGGCGCCTTAACCGGACGTTTGGTTCATCCCACAGCGCCAG
AATGTATGAAGTAATTGGCTTATTCTTATGAATATTTTTAGCTTACATACAAAAGGCAAGGC[T/G]TGTTAAGATTGTATGTGGCTCATGGGTTTTGTACAAAGGGAGATAACTCAGTCATGCATAGC

ILL_C980_261_[A/G]
PS_C451_[A/T]
PS_C10066_[A/T]
PS_C11654_[A/G]
PS_C11672_[C/G]
PS_C11679_[A/G]
PS_11783_[T/G]
PS_11952_[A/G]
PS_11962_[A/G]
PS_12081_[A/G]
PS_12272_[A/G]
PS_12342_[T/G]
PS_12499_[T/C]
PS_12587_[A/C]
PS_14242_[T/C]
PS_14379_[C/G]
PS_14847_[T/C]
PS_C15086_[T/C]
PS_C15108_[A/G]
PS_C1517_[T/C]
PS_C15389_[A/C]
PS_C15513_[A/C]
PS_C16693_[C/G]
PS_C19057_[A/G]
PS_C23053_[T/G]
PS_C23079_[A/G]

ACGATTGTATCGTATTTATGTAAGCAGAAAGCCACTAGACTCGTGTTAAGGACAAGTTAT[T/C]GTCTTTACAATGCAGGAGAAGTGCCAGCCCTCTCATGTGCAGCAAGCTGTGTCAATGACGG
TTGCAACGACCGAATAACGTCATCGGTAGGGTAAAACTAACCTGTCTCACGACGGTCTAA[A/TICCCAGCTCACGTTCCCTATTAGTGGGTGAACAATCCAACGCTTGGCGAATTCTGCTTCGC
TGAAACATATAGCTATAAGATACGACTATATACATGACACTACCGTGTAACAACCTTTAC[A/T]CCACTTCAGCCTTCAAAGTTCTCGTTTGAATATTTGCTACTACCACCAAGATCTGCACCC
AATGACACAACAAAGAAGCCATTCAATGATAAAGCAGAAACCGACAAATTGAGATATCAGIA/G]GAGAGATGGGAGACTACAAACCGCCAAAGGGTGGTAAGACAGGTGGGAAGGTAGAAGATG
AATCATGTGGTTAAATAGGAAACTTTCCCCGATTAAGAAGTGATTATTCGGATACAAATG[C/GJACGAGAAAGCACACGCGCCCCCGAGCTTGCAACTATCAGCCACAACAAGCAGGGTGTCTC
ACTGCAGGAGGACCTTGATTCGGAGAAAGAGAGCAGGAATAAGGCAGAGAAACAGAAGAGIA/GIGACCTTAATGAGGAACTGGAGGCTCTGAAGACCGAGTTTGAGGCAGAATTGGACAGCACA
CACCTTGCAAGGGACAGTGTGTGGTTTTCCGATCTTGTTACCCCAGTATCCTCGTCGGAC[T/G]GGAATGACCGACAGTTTGGCCAGAATGATGGCACCACGGATAGCAGTGGCAACTTCCTTG

GTGGGCAGAGCAGAGGAGGGAGAGAGAGGATGCACAGGCCAAATACCGTCAGCGTCAAGA[A/G]GAGAAACAGAGAGAACGAGAACGAAAGATTCAGAAGATCCTTGAGAGAGAACAGCAGCTC

CACATCTCACATCACTCCTACGCTGACGACAGGCAACTTCTCAACAACTTCAATATTGAA[A/G]ATGCTAAAGATGAAATCAAACGGATGGAATCATGCACCACAGATATCAAATCCTGGATGC
GGAGAAAGTACCTGAGAAAGAATCAAAAGATTCAGAAGAAAAAACTGAAACTGCTGAGAA[A/G]GGAGAAGATGAAGAAAAGGAAAAGTCCAAACCAGAAGATGAGAGTGAGAAGCCTGAAGAC
AACTAGCTAATAAGCCGCAGGCTGATCCAAAAGCGAGGCCCGAAAGCCTCTTTCCTAGCA[A/G]TACAAGAACTGCTAGATTATCCGGTATTACCCCATGTTTCCATGAGCTATCCCCAACTTC
ATCAGTTTGACTGATTATATTGCTGTGAAAGAGAAGTATGCCAAATATTTGGCTCACTCC[T/G]CCGGCAGATACCAGGTGAAGAGATTCCGCAAGGCACAATGCCCCATTGTGGAGAGACTTG
GTCAGCGTTGCACAACAGTTACATTTCCAGCATTTCAAAATTGTTATACAAGGGAGGTAA[T/CITCTCCACAGTACCTTTGTTTGATCTTTTGCATGACCTATTGGTCAGCTCCCTGTGATGTC
CATCACCAGAACAGGGGGCCGCGCACAAACAACAACCTGGAAGGTTTCCATAATAGACTA[A/CIACCGCACATTGCCACATAATCATCCGAACATTTACAGATTTATCACTGTCATCCGGAAGA
CTACAAAGTTACAATAAACGATGTCAGAATAAAGAAATATGAAGATTTCCACAGAAACTA[T/CIGATGCCAAGGCTCACTACGACAGAATGATCAAGGCCGGAGTGTTCCAGTCAATACGATCG
GCCCTCTCCCGGATCACGTCAGCATCGTCGAGCCCAAGGATGAGCCCGCCCCAGCTCAACIC/G]TTACAGTGAGCAGAAGGGAGCTAAGCCTTCAGCAGATGCTACTCCAGCTCCACCTATTGT
ACAGTAACATTGTTGTTGGCGAGATAATCCATGGTAACACGTGCAACATGTGGTCTCGCG[T/C]TGTCTTGCTGAAATATCTCCCTTCTGACGTCAATGGCGGGAATGAGGTGACGTTGGAGGA
TCTACAGTTTTGCTGTCTATTTTCTACTCGGGCAAGTCTTTTGTCTTATTTTGTGCCACC[T/CJAGCAGTATTCATCAGTGACCCTTGAAACGGGATGCGAAAAGAAAGACGTTCATCTCCCAA
TGCGACGTTTTTGTCAGTGGAGCAGGCAGGTCTCAAATTGCCAACGCCTGTCTTCGTAAT[A/G]GTTGTGATGAATGCTGAACACTCCCTTTAGGACATGCGCAGCGGGCAGTTTGAAGTTTAG
CGTGCACAGTTCAGGAAGAATTTGCCCTCAAAAGCCATGGGCAAAAGAGTAAGAGTGATG[T/CITGTACCCTTCCAGAATATGAGAAAATGTAAATGAAGGCATTAAAAGACGTCGAAACAATT
ATTCTTTTCAGTTTTAGTTTTCTTCAGTTTGTAACTTACAATGGCTTCGGTTGAGGAACT[A/CITGGAACAAACTTAAGAGTGCAGCTAACTGCAAATCTCTTCTGAAGAAACATCTTACAGAG
TCGAACATAAGACGTCAAGATGCAAAACGAAGCAGGTGAATTCGTTGATATGTACATCCC[A/CIAGAAAATGCTCTGCAAGCAACCGCATCATTGCTGCTAAAGACCACGCCTCCATCCAGATC
GGAGAAGAGACTTCAAGTGGTGCAACACCAGAAACAACAAGTCCAGTGACTGTTACCACT[C/G]ITAGCAGCAGATGACAAACCAACAGTGACTGAAGACTTCTCTGGCATCACTGAAGATACGT
CATTGCAACCAAGACTCATAGTCATGACGTCATCCTTCAAGCAATTCGGAAGTCACTTAA[A/G]GGAGAAGCAGCTATCATATCTATGAAGCTTGGGCCACATGCAGACTTCCAAGAATTACTT
TCGTCTTTCTTGGCTGGTGTGGTGGCTTTAGGAGTCGTCTTTTGAGCAGGTGGGGTTGTA[T/GITGTCTTTCTTCGGAGACTGGGCTGGTGGAGGCATCTGAGTTTTAAGTTCCTGCTTTTGAT
CTGTTTCGATCCGGTCGGCGGCCAGTTGCTTTGTATGCGGCCGCATAAATAGGCTGAGTG[A/G]CTTCGTTTGCCGTTACTCGTGTGTTGTTGCATCTCGATAAAACTACCAATATGTCAGGAC
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PS_C23169_[A/T]
PS_C23442_[T/G]
PS_C24026_[T/G]
PS_C24124_[T/G]
PS_C24216_[A/G]
PS_C24229_[A/G]
PS_C25199_[T/G]
PS_C25290_[A/C]
PS_C25384_[T/C]
PS_C25642_[T/C]
PS_C26263_[C/G]
PS_C27069_[T/G]
PS_C27339_[T/C]
PS_C34745_[T/C]
PS_C35945_[A/T]
PS_C36068_[A/C]
PS_C36540_[A/G]
PS_C38360_[C/G]
PS_C42647_[A/G]
PS_C42692_[A/G]
PS_C46532_[T/A]
PS_C46579_[G/T]
PS_C46624_[T/C]
PS_C46754_[T/C]
PS_C47728_[T/G]
PS_C48958_[A/G]
PS_C49403_[C/T]
PS_C459_[A/G]
PS_C47062_[C/T]

GCCCGACTCATTATCAGAGGTGGGTACTCCTGCTCTTTAATAGTTGAATGCATTCTAGCT[A/T]GTTACTGGCATACATAAATCGATGCCACAAATCCAAAAGGATTCTGCCTATGTGTCTTTT
GCCTGGTCCTGACGGTATAGTGAATGAGCACATAAAGAAGGCTGGTAGATCGCTGTTGCA[T/G]CATATTGCCTTACTATTCAATGCCATTATTACGTTTGAATACATTCCTAAATCATTTTCT
TGGGTTTAGTTTGAATTTCTTAAGGGTGGATTTTTTGGTGTTGTTGTATTTATTTGTGAT[T/G]JAGTTTGAATGTGGGGTTGTGTTGGGCCCCAGCCCAGTAGGTGAGTGTAGTTTGGTTGATT
CTTCTTAGAGGGACGGGCGACGCTTAGTCGCACGAAGTAGAGCAATAACAGGTCTGTGAT([T/G]CCCTTAGATGTCCAGGGCCGCACGCGCGCTACACTGAAAGAGTCAACGGGGATGCCCACC
AGGCTCATCTGCCTCGACATAGAGACTGTCAACAGGAGAGGTTCTAAAAGACCCAAGACA[A/GJAGTCTAAGACCTTGGTGGTGGACAGAATCAAGTAGTTTTAGGTTGCTTTTGCAGGCTCCA
TCGGCGGGAGGCCTACCGGAAACGAAAGTCTTCGGGTTCCAGGGGAAGTATGGTTGCAAA[A/G]CTGAAACTTAAAGGAATTGACGGAAGGGCACCACCAGGAGTGGAGCCTGCGGCTTAATTT
TCATGGACAGGGGACTTACACCTACGCTGCCACTGGTACTCGTTATGTCGGCACGTGGAT[T/GIGATGGGAAGAGGGATTGTCATGGGGAGCTTGTCCATGCTAACCACAAATATGTGGGCACA
ATAGTCCTCTGTCTTAGCAGGCGGCCCTGTGGCGCAACGGTAGCGCGTCTGACTCCAGAT[A/CIAGAAGGTTGCGTGTTCAAATCACGTCGGGGTCAATTCAAAGTTTTGCTATTTTGAATAAA
TTGTGGAATGTACGTCCACGCTGAAGACATCGACACACAATGTGGTGGTAAACACACCAC[T/CIGGTTAAGGCGCCTAACGCTGACGCTAAGCAGAGACCATAAAAGGTGTTGGTCGATATAGA
TACTTTCGTTTCCGTCTGTTTGTAAGTGGCGTTGCAAGAGGTCAAATATTCTTGCAATAC[T/C]GCCTTACGACAACTCATGGTAGGCGTAACAGTGCCTGCGAGAACGATGAGACTGGGTTCA
AAGGATCAACTTCTTGTACAGAAAATGATTTTGGAAGAGGCTAAAACATATCACCGCAAC[C/G]TCTCCATGTGCTGGATTGACTACAAAAAAGCATACGACTCTGTCCCTCATGAATGGATTC
CAGACTCTTGACTTCAGTATCTAGTGTGACCACCACGAGCGGCAATAACTGCAGCACAGC[T/G]TCTATGCATGGAGTGCACCAATCGATTGATGAAGGCCACTGGCACCTGGAACCACACTCT
GGAGATAGCAGAAAACGTGCTACCGATCCCATATGGTCAATGAAAACGTATAACATCGAC[T/CITAGTCGACATCAAAGACGACGAACCTAACTTGTACTACTTGAAAGACGGACCGCCGAGAG
CTCTGATGCCAGCGTTTATGAAGTGTATGCCCTTCCTAAGCTGTATGCCAAGCTCTTGTA[T/C]TGCGTGTCATGCGCCATCCACTCCAAGGTGGTGAGGAACAGGTCCCGTGAGGCCAGGAAG
CCCGTTACATTGTCGGCGCAGAGACTCTCGACCAGTGAGCTATTACGCACTCTTTAAATGIA/T]IATGGCTGCTTCTAAGCCAACATCCTGGTTGTTTCAGAATCTCCACCTCCTTTCCCACTTA
ATCACTCGCATACTATGGACCTAATATGGCATATCGGAGGTTACTGTGTGTACATCCCCA[A/CIGCGTCATGTACACAGGTAAAATTTCGTAAAACTTAGAAAAAATTCAAGGGTGGGACACAT
TCGCGTCAGGTAACCTTTGAGCGACCTATGACCGTCCAATCAAAGGCGAGACGGCCGAACIA/GIGATTTAACCAATCAGACAACGGCTACTATTTAGGGTTCGGCGGGACTTACAAAATGGATT
GTCGTTGGTGAAGGCGCAGCAAAGGAACGACTTCAGGCCTTAGAATTTCATCAACATAAC[C/G]CTGTGCTGTAAGATTGCCCTGAATAACATGAAGATCGCTCCTGAAACGTGCGTTTATTGC
AAGACGCCCTACAGCGAAAGCATTTGCCAAGTATGTTTTCATTAATCAAGAACGAAAGTCIA/GIGAGGTTCGAAGACGATCAGATACCGTCGTAGTTCTGACCGTAAACTATGCCAACTGGCAG
TTCGTGCCCCGGTCCGTACCCATGTCCGCATCAGGTCTCCAAGGTTCACAGCCTCTAGCC[A/GJATAGAACAATGTAGGTAAGGGAAGTCGGCAAATTCGATCCGTAACTTCGGGACAAGGATT
ATACTCTCCAACCAGCCCAAGCTACAGTCCAACAAGCCCCTCATACTCTCCAAGCTCTCCI[A/TIAACTTCAGCCCTCAGTCACCTTCTTACTCTCCAACCAGCCCATCCTATAGCCCAACAAGC
GGCCACATAATATCTCAGCTCAGCTATTTTCTCGGCCTTTTCACAAGCATACTCGTAGTA[T/G]GCATTGCGAACGCCTTCCACACTGGCCATTCGGAGACGGAGGTTGTAACGGAACGAACGG
GCACGTCTGTCCTCCTTGCGCTGGGCCAGTGCCACATACAGAGGTTTTGACACAATGATA[T/C]GACCATTCATCTCGGTCACAGCCTTGGTTGCCTCCTCTGGAGAGCTGAAGCACACAAAGC
TTCTATTGTTTCTTCTAAATCCCCTTCATCTTCACTAGCTGTGAACTCTTCATCACTTCC[T/CITTTGATTCTTTGGACTTTTGGGGAGTTTCTGTTTCTGTTTCATCTTGAATGCTTGCAGGC
AGATCAGGAATGTGCAGCAAGATCCAAGACAATCTTCCGATGACGACAGTTATTTTACCC[T/G]JACCGATGACGTTATTCGGTCGTTGCAATGGTAATCCTGCTCAGTACGAGAGGAACCGCAG
CTTGGGTAACCATACGTCCCGTACCCATCAATCAGTGTCTCCAAGGTCCAGCCTCTAGCCIA/GJATAGAACAATGTAGGTAAGGGAAGTCGGCAAATTCGATCCGTAACTTCGGGATAAGGATT
AACTTGATGAACAAGAACAAATACGTCGTTCACTATCGTAATCTGCAGCTGTACTTATCG(T/CITGGGAATGAAACTCACGAAAATTCACAGGGCGCTCGAGTTCGATCAAACTCCTTGGATGG
TGCTGCACTCCCACCTATGCTACACCTTTCATGTCGCTTCACAATGCCTAACTGAAGTCA[A/G]GCTCAACAGGGTCTTCTTTCCCCGCCGAGGATTCCAAGCCCGTTCCCTTTGGCTGTGGTT
AGAAGTTCAGTCTCCTGACAGCTGTTACTACAACGCAGGCGCCGATGACGCCGTAAGAGA(T/CIGTCGCTGTGTCGGAACTAGCTGCAACGGTGGCAACACTTAAGGAGAGAAAAGATGGATTT
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PS_C15235_[T/C]
PS_C15450_[T/C]
PS_C23852_[T/C]
PS_C24289_[C/G]
PS_C24450_[A/G]
PS_C25160_[A/C]
PS_C25478_[T/G]
PS_C25608_[A/T]
PS_C26361_[T/C]
PS_C27036_[T/C]
PS_C36141_[T/C]
PS_C36180_[A/C]
PS_C36256_[G/T]
PS_C38489_[A/G]
PS_C45957_[A/T]
PS_C46576_[T/G]
PS_C46778_[C/T]
ILL_C45_3002_[G/T]

AGCAGTCTGAAACACTGACCAGAATACCCTGCCGCCTGTTAGTCGATCAAGACAAATGAC[T/CICCTTAAACAGATGAAATCACTTTTAGACCACAGCATGATAAGAACTTACACTTGAATCTA
ACAGACTTCTGGGTGTATCCTTCACCTTATTCCCCTGCGTCAGGAAGATCAGCGTTTCTT[T/C]CCGCGATGAGGTTTCTGTTTGCATATTGTATTGCGGCCTCGTCCGGCTCCACGGCAACCG
AGTCCGACTCCTTACCCATTTAAAGTTTGAGAATAGGTTGAGGACGTTTCGTCCCCAAGG[T/CICTCTAATCATTCGCTTTACCGGATAAAACTGTTTTTCCCGAGCGCCAGCTATCCTGAGGG
CACTTTTGTACATAAAAATATTTTAAAATTATGCTTAAAAATTATGGGAAGGGGAGGGGG|C/G]CATTGATTTTGTACATGACATGCAGGGGGTCACTGTCACATGATTTCATCTTTACCACGA
AAGACGCCCTACAGCGAAAGCATTTGCCAAGTATGTTTTCATTAATCAAGAACGAAAGTC[A/G]GAGGTTCGAAGACGATCAGATACCGTCGTAGTTCCGACCGTAAACTATGCCAACTGGCAG
GCGTGCGTTTTGACTTTGTGCGTGTGTGGAGGTGGTGTGCGGATGTGGCAAGCGAAAAAA[A/CICCGCATGTTTGGCACTTATTTGGGCCCGTTTTCGCTTAACCCCCTAACCCTAACCCTATC
GCGAAGCAGAATTCGCCAAGCGTTGGATTGTTCACCCACTAATAGGGAACGTGAGCTGGG[T/GITTAGACCGTCGTGAGACAGGTTAGTTTTACCCTACCGATGACGTTATTCGGTCGTTGCAA
AACCATGGAACGAATGGTAAACAATAGATTAACATGGTATCTTGAAACCAATAACCTTATI[A/TIACAAATATTCAATGTGGTTTCAGGAAAAATCGTAGTACCATTGATCATTTGGTACGTTTA
GTGAAATTGGGTTTAACGTCGTGCTTGAGAATATTTCGCTCATATGACGACGTGCATGCG[T/CIGTGTATGTGTATGTGCGGCTGCTTGTACTAGCCCAGACTGAAGCTGGTTTTATAGTGCTA
TCAGACTCTTGACTTCAGTATCTAGTGTGACCACCACGAGCGGCAATAACTGCAGCACAGI[T/C]GTCTATGCATGGAGTGCACCAATCGATTGATGAAGGCCATTGGCACCTGGAACCACACTC
GTGGAGTTATATGCTGTTTTATGCCGTTTTGGGCAAATAATGAATTTGTGCCATTTTCAA[T/CICCAATATGGCCGCCAAACGATGATGTTTTTGATATGCATGTAAGAACACGAAATGTTAAG
AATTTCACAACAAATTAGGTTAAAATCACCACTGCCACAACAATGTGAGTGTCTGAGTTA[A/CITCTCCTGAGGGTCAATTTGAAGTCAAATGATAAGAATATCATGAAATATGTTCACTGCTG
ACGGAAGAATGGACCGAGGAGACAGGGGTGACCGACGACCCAAGCCATACTAGAACAGTT[T/G]ACTCATTTGCCGGCTAGAACAGCCATCTTCACTGAAGAGCATTTTAGCCATCATCTCATT
CACTGGTCAGTTATGACCGTATATACCAAAGATTAAGTAGAGCCCTGCGTTTGCCTTATA[A/G]TCAGGTTTACAAAGTTGTAAACAAATCGCTAACAGAGCCAGGGGTCGTATCAACATCAAA
ACTTTCTTCAAGTCGCAGAAGCAACTTCCATTCATCCAGTCACACCAGGGTCTTCCTTTC[A/TIATCAGGTCAAGGTCGTCCATCCATCGTCTCACTAGGGTCTTCCATCCAGTCACCAGGGTC
GTTCGTGGTATCACGTGATTTATAATCTTAATCCTTAGATAAGTGGTAAGGAAAGGGGGG(T/GIGTGTTTAGTTTTCTTGGGTTGTTAGTATTACCCATTGTGAGAAGTCGTCAACATTAATTG
CCTACCTATATACAGACAGTCATTCATACCCAACATAGGATCAATCAACCACAGCATTTC[T/CICTTCACACAGAATACGCAATTGTAGCTGTTGGTCAGTACAGGCGCGGGTTTAAACGTCGC
TCCAAATCCGTATCCCGAAGAACATGCAGTTTATGGGCAAGTTGAAGCATTGTCAAATGGA(T/GIGATTCTGAGCTTGAGGGTTATATTATCAACCGTGTTGTTGGGAAGACAGCTTTCTTCAACGT

ILL_C1384_793_[A/T]
ILL_C5433_233_[A/G]
ILL_C14033_777_[T/C]
ILL_C22347_319_[C/T]

ACAAAAACTCATCTCTAAATGCTAAAGTAAATAATTCCAGTCAGATTGGTCTAGGCTACAC[A/TICAGAAACTTAGGGATGGTGTGAAGCTGACCGTTTCCTCTTTAATAGAAGGCAAGAACTTCAA
CTGATGGCTGGAGATTGTCAAGGTACTCTCTGAGGTATTCTCCATGCGTAACACAAAACAC[A/G]CAATGTCCTAGATGAAGATGACATTATTCATCACCCGGTCTCTTCTTGTACTCTTGAAGATT
CGGCCTGCATCGCAGAAATGTCACTATCCAGCTTCCTCTTCTGGCCTTGGAGTGATGAACT[T/CIGTAGCTGTCAGCTCATTGACTCTGTCAAGAGCCTCTGTCAGCTCAGCTTCTGCATTCTTGCGGC
ATTCTAATGATTAAATTACATTCTATTACAAACTCGAACTGATTGTGGAACTCTTCACATTT[T/C]JCCATGCGTTGGTATGTTTGGTATAAATATCAGACGCAAGTTCTAATGGTTGAATAACGTTCT
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Table S4.2: Diversity statistics, minor allele frequency (MAF), observed- (H,) and expected
(He) heterozygosity and F;s values, including Hardy-Weinberg equilibrium P-value per locus
per population.

AS(F,)

Locus MAF H, H. F;s P-value
ILL_C2122_257 [A/G] 0.071 0.143 0.135 -0.077 1.000
PS_C15402_271 [T/A] 0.052 0.103 0.100 -0.055 1.000
ILL_C253 1545 [A/C] 0.086 0.172 0.160 -0.094 1.000

ILL_C428 225 [A/G] 0.345 0.483 0.460 -0.068 1.000
PS_C23094_578_[G/C] 0.196 0.250 0.321 0.208 0.248
ILL_C20682_843 [A/T] 0.040 0.080 0.078 -0.042 1.000
PS_C34490_403_[A/G] 0.393 0.571 0.486 -0.198 0.441
PS_C25208 377_[T/G] N/A N/A N/A N/A N/A

ILL_C1783_492 [T/G] 0.034 0.069 0.068 -0.036 1.000

ILL_C929 734 [T/C] 0.096 0.192 0.177 -0.106 1.000
PS_C11665 287 [A/G] 0.328 0.517 0.448 -0.174 0.675

ILL_C2141 350 [T/A] 0.431 0.517 0.499 -0.055 1.000
PS_C23591_200 [T/C] N/A N/A N/A N/A N/A
PS_C15689_162_[A/T] 0.138 0.276 0.242 -0.160 1.000
ILL_C229 2772 [A/G] 0.086 0.172 0.160 -0.094 1.000
ILL_C22574_507_[A/C] 0.103 0.207 0.189 -0.115 1.000
PS_C15088 268 [A/G] 0.321 0.643 0.444 -0.474 0.028

ILL_C2406_641_[T/C] 0.207 0.276 0.334 0.159 0.557
PS_C12925 666 _[A/G] 0.160 0.320 0.274 -0.190 1.000
PS_C11984_159 [T/G] 0.466 0.931 0.506 -0.871 0.000
ILL_C22449 261 [A/G] 0.190 0.379 0.313 -0.234 0.546
PS_C11970_157_[A/G] 0.196 0.393 0.321 -0.244 0.551
PS_C23051_368 [A/G] 0.250 0.500 0.386 -0.333 0.521

ILL_C6012_280_[T/C] 0.414 0.621 0.494 -0.279 0.243
ILL_C2903 1043 [T/A] 0.310 0.483 0.436 -0.128 0.691
PS_C34501_638_[A/G] 0.052 0.034 0.100 0.648 0.061
PS_C12352 527 [T/C] 0.393 0.571 0.486 -0.198 0.444
PS_C34725 229 [T/C] 0.190 0.310 0.313 -0.010 1.000

PS_C15230 93 [A/G] 0.426 0.481 0.498 0.015 1.000
PS_C23075_525_[G/C] 0.224 0.310 0.354 0.108 0.602

ILL_C3835 411 [A/G] 0.328 0517  0.448  -0.174 0.664
PS_C24743 123 [T/G] 0.241 0.483 0.373 -0.318 0.153
ILL_C5634 234 [A/G] 0.448 0.345 0.503 0.303 0.140
PS_C23630_237_[T/C] 0.052 0.103 0.100 -0.055 1.000

ILL_C1813 300 [T/G] 0.339 0.536 0.456 -0.195 0.431
PS_C12218_188 [A/G] 0.121 0.241 0.216 -0.137 1.000
PS_C36136_185_[T/C] 0.276 0.483 0.407 -0.208 0.396
PS_C23070_1364_[A/G] 0.207 0.345 0.334 -0.051 1.000
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ILL_C618_116_[A/G] 0.214 0357 0.343  -0.061 1.000
PS_C1652_228 [A/C] 0.138  0.138 0242  0.420 0.067
PS_C25083_285_[A/G] 0.161  0.107 0.275  0.603 0.009
ILL_C394_1510_[A/G] 0.483  0.690 0.508  -0.381 0.071
PS_C24267_71_[A/G] 0379 0.759  0.479  -0.611 0.001
PS_C34507_1191_[T/C] 0241 0276 0373  0.247 0.301
PS_C36273_73_[A/C] N/A N/A N/A N/A N/A
PS_C35977_153_[T/C] 0071 0.000 0.135  1.000 0.001
PS_C16093_142_[T/C] 0.190 0379 0.313  -0.234 0.552
PS_C16031_147_[A/G] 0.224 0379 0354  -0.091 1.000
ILL_C5106_273_[T/C] 0.069 0.138 0.131  -0.074 1.000
PS_C00512_245_[T/C] 0.052 0.103 0.100  -0.055 1.000
ILL_C140_2421_[A/G] 0.241 0483 0373  -0.318 0.158
PS_C36237_70_[C/G] 0071 0143 0.135  -0.077 1.000
PS_C34670_302_[A/C] 0.034 0.069 0.068  -0.036 1.000
ILL_C21880_1003_[G/C] 0328 0517 0448  -0.174 0.671
PS_C47330_170_[A/C] 0397 0.655 0.487  -0.369 0.116
PS_C36522_249 [G/C] 0.442 0500 0.503  -0.013 1.000
PS_C34604_423_[A/T] 0.207 0345 0.334  -0.051 1.000
PS_C34501_77_[T/G] 0.069 0.000 0.131  1.000 0.001
PS_C28810_290_[A/C] N/A N/A N/A N/A N/A
PS_C28886_317_[T/C] N/A N/A N/A N/A N/A
ILL_C31_1387_[T/C] 0293 0379 0422  0.085 0.656
ILL_C844_440_[T/C] 0.017 0.034 0.034  -0.018 1.000
PS_C46857_366_[T/C] 0.036 0.071 0.070  -0.037 1.000
PS_C34605_382_[A/G] 0019 0.037 0.037  -0.019 1.000
ILL_C853_1199_[A/G] 0.052 0.103 0.100  -0.055 1.000
ILL_C1002_85_[T/A] 0310 0.621 0436  -0.450 0.028
PS_C11659 399 [T/C] 0.034 0.069 0.068  -0.036 1.000
ILL_C4791_1099_[T/G] 0.483 0552  0.508  -0.105 0.715
ILL_C300_4982_[A/G] 0.036 0.071 0.070  -0.037 1.000
ILL_C4593_326_[T/G] 0362 0517 0470  -0.120 0.702
PS_C46533_541_[T/C] 0069 0.138 0.131  -0.074 1.000
PS_C15351_193_[A/G] 0.414  0.483 0.494  0.005 1.000
PS_C15018_147_[T/G] 0.089 0.107 0.166  0.341 0.176
PS_C38608_168_[T/C] 0500 1.000 0.509  -1.000 0.000
ILL_C387_215_[A/G] N/A N/A N/A N/A N/A
ILL_C5339_366_[T/C] 0.052 0.103 0.100  -0.055 1.000
PS_C34511_71_[T/G] 0.038 0.077 0.075  -0.040 1.000
PS_C14838_228_[T/C] 0.018 0.036 0.036  -0.018 1.000
ILL_C20267_102_[T/C] 0.224  0.448  0.354  -0.289 0.290
PS_C46674_204_[C/G] 0.155 0.241 0.267  0.079 0.507
ILL_C1878_506_[T/C] 0089  0.179 0.166  -0.098 1.000
PS_C36563_85_[T/G] 0.096 0.192 0.177  -0.106 1.000
ILL_C2735_326_[T/G] 0.017 0.034 0.034  -0.018 1.000
ILL_C250_199_[T/C] 0071  0.071 0.135  0.462 0.105
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PS_C47845 238 [T/C] 0.370 0.444 0.475 0.047 1.000
ILL_C1363_269 [T/C] 0.207 0.414 0.334 -0.261 0.304
ILL_C18774_676_[T/C] 0.052 0.103 0.100 -0.055 1.000
PS_C23647_375_[A/G] 0.068 0.136 0.130 -0.073 1.000
ILL_C2028 1228 [A/T] 0.071 0.143 0.135 -0.077 1.000
PS _C11985 171 _[A/G] 0.212 0.192 0.340 0.424 0.052
PS_C11911 576 _[A/C] 0.017 0.034 0.034 -0.018 1.000
ILL_C1254 187 [A/G] 0.286 0.429 0.416 -0.050 1.000
ILL_C20427_267_[T/C] 0.056 0.111 0.107 -0.059 1.000
PS_C21989 160 _[T/G] 0.121 0.241 0.216 -0.137 1.000
PS_C12069 1181 _[T/C] 0.052 0.103 0.100 -0.055 1.000
ILL_C327_1076_[C/G] 0.017 0.034 0.034 -0.018 1.000
PS_C11847_438 [T/C] 0.260 0.440 0.393 -0.143 1.000
PS_C47375_253 [A/G] 0.414 0.000 0.494 1.000 0.000
PS_C34420 787 _[A/G] N/A N/A N/A N/A N/A
ILL_C2915 875 [T/C] 0.188 0.375 0.311 -0.231 0.552
ILL_C22491 727 _[T/C] 0.276 0.483 0.407 -0.208 0.395
ILL_C911 1343 [T/A] 0.259 0.517 0.390 -0.349 0.135
PS_C12196_434 [G/C] 0.328 0.448 0.448 -0.018 1.000
PS_C14297 369 [T/G] 0.125 0.179 0.223 0.184 0.353
PS_C47340_198 [A/G] 0.100 0.040 0.184 0.778 0.006
PS_C36706_579_[T/C] 0.155 0.310 0.267 -0.184 1.000
PS_C46597_301_[C/G] 0.034 0.069 0.068 -0.036 1.000
ILL_C2040_1251_[A/T] 0.121 0.172 0.216 0.188 0.331
PS_C35683 190 [A/G] 0.310 0.414 0.436 0.033 1.000
PS_C46532_529 [A/T] N/A N/A N/A N/A N/A
PS_C15379_78 [A/C] 0.328 0.448 0.448 -0.018 1.000
PS_C11871_171_[A/G] 0.310 0.414 0.436 0.033 1.000
PS_C35823 1199 [A/G] N/A N/A N/A N/A N/A
PS_C39731_379_[A/C] 0.052 0.103 0.100 -0.055 1.000
ILL_C6061_ 1289 [T/G] 0.466 0.517 0.506 -0.039 1.000
ILL_C980_261_[A/G] 0.089 0.179 0.166 -0.098 1.000
Mean 0.197 0.301 0.281 -0.040
CR(2000)

Locus MAF H, H. Fis P-value
ILL_C2122_257_[A/G] 0.111 0.111 0.203 0.438 0.170
PS_C15402_ 271 [T/A] 0.028 0.056 0.056 -0.029 1.000
ILL_C253_1545_[A/C] 0.111 0.222 0.203 -0.125 1.000

ILL_C428 225 [A/G] 0.361 0.278 0.475 0.398 0.124
PS_C23094 578 [G/C] 0.056 0.111 0.108 -0.059 1.000
ILL_C20682_843 [A/T] 0.042 0.083 0.083 -0.043 1.000
PS_C34490_403_[A/G] 0.250 0.500 0.386 -0.333 0.526
PS_C25208 377_[T/G] 0.026 0.053 0.053 -0.027 1.000

ILL_C1783_492_[T/G] 0.158 0.316 0.273 -0.187 1.000

ILL_C929 734 [T/C] N/A N/A N/A N/A N/A
PS_C11665_287 [A/G] 0.139 0.167 0.246 0.303 0.268
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ILL_C2141_350_[T/A] 0.474 0316 0512  0.367 0.160
PS_C23591_200_[T/C] 0231 0462 0369  -0.300 1.000
PS_C15689_162_[A/T] 0.132 0263 0235  -0.152 1.000
ILL_C229_2772_[A/G] 0.056  0.111  0.108  -0.059 1.000
ILL_C22574_507_[A/C] 0.105 0.105 0.193  0.441 0.157
PS_C15088_268_[A/G] 0306 0389 0437  0.084 1.000
ILL_C2406_641_[T/C] 0.056  0.111  0.108  -0.059 1.000
PS_C12925_666_[A/G] 0.182 0364 0312  -0.222 1.000
PS_C11984_159 [T/G] 0.444  0.889 0508  -0.800 0.003
ILL_C22449 261 _[A/G] 0.184 0368 0309  -0.226 1.000
PS_C11970_157_[A/G] 0211 0421 0341  -0.267 0.537
PS_C23051_368_[A/G] 0.029 0.059 0.059  -0.030 1.000
ILL_C6012_280_[T/C] 0289 0263 0422 0360 0.122
ILL_C2903_1043_[T/A] 0278 0333 0413  0.169 0.558
PS_C34501_638_[A/G] 0.026  0.053  0.053  -0.027 1.000
PS_C12352_527_[T/C] 0353 0353 0471  0.227 0.333
PS_C34725_229 [T/C] 0.265 0294 0401  0.244 0.530
PS_C15230_93_[A/G] 0.474 0211 0512  0.578 0.017
PS_C23075_525_[G/C] 0389 0333 0489  0.299 0.316
ILL_C3835_411_[A/G] 0.139 0.167 0246  0.303 0.275
PS_C24743_123_[T/G] 0.289 0579 0422  -0.407 0.263
ILL_C5634_234 [A/G] 0368 0316 0478  0.321 0.166
PS_C23630_237_[T/C] 0.026  0.053  0.053  -0.027 1.000
ILL_C1813_300_[T/G] 0342 0368 0462  0.182 0.621
PS_C12218_188_[A/G] 0.194 0389 0322  -0.241 1.000
PS_C36136_185_[T/C] 0421 0316 0501  0.352 0.159
PS_C23070_1364_[A/G] 0.158 0316 0273  -0.187 1.000
ILL_C618_116_[A/G] 0.194 0389 0322  -0.241 1.000
PS_C1652_228 [A/C] N/A N/A N/A N/A N/A
PS_C25083_285_[A/G] 0.105  0.000  0.193 1.000 0.003
ILL_C394_1510_[A/G] 0395 0263 0491  0.449 0.066
PS_C24267_71_[A/G] 0421 0842 0501  -0.727 0.002
PS_C34507_1191_[T/C] 0421 0316 0501  0.352 0.165
PS_C36273_73_[A/C] 0.083 0167 0.157  -0.091 1.000
PS_C35977_153_[T/C] N/A N/A N/A N/A N/A
PS_C16093_142_[T/C] 0421 0526 0501  -0.080 1.000
PS_C16031_147_[A/G] 0237 0368 0371  -0.019 1.000
ILL_C5106_273_[T/C] 0250 0250 0387  0.333 0.212
PS_C00512_245_[T/C] 0.029 0059 0059  -0.030 1.000
ILL_C140_2421_[A/G] 0250 0278 038  0.259 0.261
PS_C36237_70_[C/G] 0395 0474 0491  0.009 1.000
PS_C34670_302_[A/C] N/A N/A N/A N/A N/A
ILL_C21880_1003_[G/C] 0.194 0278 0322  0.113 0.507
PS_C47330_170_[A/C] 0316 0632 0444  -0.462 0.117
PS_C36522_249 [G/C] 0222 0333 0356  0.036 1.000
PS_C34604_423_[A/T] 0.158 0316 0273  -0.187 1.000
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PS_C34501_77_[T/G] 0.316 0.000  0.444 1.000 0.000
PS_C28810_290_[A/C] N/A N/A N/A N/A N/A
PS_C28886_317_[T/C] N/A N/A N/A N/A N/A
ILL_C31_1387_[T/C] 0421 0421 0501  0.136 0.637
ILL_C844_440_[T/C] 0.028 0.056 0.056  -0.029 1.000
PS_C46857_366_[T/C] 0.088 0.176  0.166  -0.097 1.000
PS_C34605_382_[A/G] 0.026 0.053 0.053  -0.027 1.000
ILL_C853_1199 [A/G] 0.184 0368 0309  -0.226 1.000
ILL_C1002_85_[T/A] 0263 0526 0398  -0.357 0.277
PS_C11659_399 [T/C] 0.056 0.111  0.108  -0.059 1.000
ILL_C4791_1099 [T/G] 0342 0368 0462  0.182 0.612
ILL_C300_4982_[A/G] N/A N/A N/A N/A N/A
ILL_C4593_326_[T/G] 0.417 0500 0.500  -0.029 1.000
PS_C46533_541 _[T/C] N/A N/A N/A N/A N/A
PS_C15351_193_[A/G] 0395 0579  0.491  -0.212 0.632
PS_C15018_147_[T/G] N/A N/A N/A N/A N/A
PS_C38608_168_[T/C] 0.500 1.000 0.514  -1.000 0.000
ILL_C387_215_[A/G] N/A N/A N/A N/A N/A
ILL_C5339_366_[T/C] 0.028 0.056 0.056  -0.029 1.000
PS_C34511_71_[T/G] 0079 0.158 0.149  -0.086 1.000
PS_C14838 228 [T/C] 0263 0526 0398  -0.357 0.264
ILL_C20267_102_[T/C] 0.132 0263 0235  -0.152 1.000
PS_C46674_204_[C/G] 0263 0421 0398  -0.086 1.000
ILL_C1878_506_[T/C] 0.026 0.053 0.053  -0.027 1.000
PS_C36563_85_[T/G] 0.063 0125 0.121  -0.067 1.000
ILL_C2735_326_[T/G] N/A N/A N/A N/A N/A
ILL_C250 199 _[T/C] N/A N/A N/A N/A N/A
PS_C47845_238_[T/C] 0342 0368 0462  0.182 0.612
ILL_C1363_269 [T/C] 0.406 0313  0.498  0.352 0.289
ILL_C18774_676_[T/C] 0.182 0364 0312  -0.222 1.000
PS_C23647_375_[A/G] 0286 0571  0.423  -0.400 0.507
ILL_C2028_1228_[A/T] 0.139 0.167 0.246  0.303 0.268
PS_C11985 171 [A/G] 0208 0250 0.344  0.242 0.395
PS_C11911_576_[A/C] 0.132 0263 0235  -0.152 1.000
ILL_C1254_187 [A/G] 0250 0.500 0.386  -0.333 0.528
ILL_C20427_267_[T/C] 0.029 0.059 0.059  -0.030 1.000
PS_C21989 160 _[T/G] 0.053 0105 0.102  -0.056 1.000
PS_C12069_1181_[T/C] 0.026 0.053  0.053  -0.027 1.000
ILL_C327_1076_[C/G] 0.079 0.053 0.149  0.638 0.082
PS_C11847_438_[T/C] 0.438 0750 0.508  -0.524 0.118
PS_C47375_253_[A/G] N/A N/A N/A N/A N/A
PS_C34420_787_[A/G] 0.028 0.056 0.056  -0.029 1.000
ILL_C2915_875_[T/C] 0.139 0278 0246  -0.161 1.000
ILL_C22491_727_[T/C] 0333 0.333 0457  0.250 0.308
ILL_C911_1343_[T/A] 0237 0474 0371  -0.310 0.526
PS_C12196_434_[G/C] 0316 0.632  0.444  -0.462 0.111
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PS_C14297_369 [T/G] 0.316 0.421 0.444 0.026 1.000
PS_C47340 198 [A/G] 0.316 0.000 0.444 1.000 0.000
PS_C36706_579_[T/C] 0.079 0.158 0.149 -0.086 1.000
PS_C46597_301_[C/G] 0.118 0.235 0.214 -0.133 1.000
ILL_C2040_1251_[A/T] 0.211 0.316 0.341 0.050 1.000
PS_C35683_190 [A/G] 0.368 0.632 0.478 -0.357 0.319
PS_C46532_529 [A/T] N/A N/A N/A N/A N/A
PS_C15379_78 [A/C] 0.250 0.375 0.387 0.000 1.000
PS_C11871_171_[A/G] 0.447 0.474 0.508 0.042 1.000
PS_C35823 1199 _[A/G] 0.105 0.000 0.193 1.000 0.003
PS_C39731_379 [A/C] 0.289 0.474 0.422 -0.152 1.000
ILL_C6061_1289 [T/G] N/A N/A N/A N/A N/A
ILL_C980 261 [A/G] 0.194 0.278 0.322 0.113 0.501
Mean 0.218 0.300 0.312 0.012
CR(2011)

Locus MAF H, H. Fis P-value
ILL_C2122 257 [A/G] 0.207 0.345 0.334 -0.051 1.000
PS_C15402 271 _[T/A] 0.148 0.296 0.257 -0.174 1.000
ILL_C253 1545 [A/C] 0.069 0.138 0.131 -0.074 1.000

ILL_C428 225 [A/G] 0.317 0.433 0.440 -0.001 1.000
PS_C23094 578 [G/C] 0.080 0.160 0.150 -0.087 1.000
ILL_C20682_843 [A/T] 0.100 0.200 0.184 -0.111 1.000
PS_C34490 403 _[A/G] 0.207 0.345 0.334 -0.051 1.000
PS_C25208 377_[T/G] 0.071 0.143 0.135 -0.077 1.000

ILL_C1783_492 [T/G] 0.207 0.414 0.334 -0.261 0.298

ILL_C929 734 [T/C] 0.022 0.043 0.043 -0.022 1.000
PS_C11665_287 [A/G] 0.138 0.276 0.242 -0.160 1.000

ILL_C2141_350_[T/A] 0.400 0.467 0.488 0.028 1.000
PS_C23591 200 [T/C] 0.031 0.063 0.063 -0.032 1.000
PS_C15689_162_[A/T] 0.111 0.222 0.201 -0.125 1.000
ILL_C229 2772 [A/G] 0.121 0.172 0.216 0.188 0.318
ILL_C22574_507_[A/C] 0.083 0.167 0.155 -0.091 1.000
PS_C15088 268 [A/G] 0.375 0.679 0.477 -0.448 0.043

ILL_C2406_641_[T/C] 0.121 0.172 0.216 0.188 0.346
PS_C12925 666 _[A/G] 0.136 0.273 0.241 -0.158 1.000
PS_C11984_159 [T/G] 0.483 0.966 0.508 -0.933 0.000
ILL_C22449 261 _[A/G] 0.283 0.367 0.413 0.097 0.655
PS_C11970_157_[A/G] 0.217 0.233 0.345 0.313 0.104
PS_C23051_368 [A/G] 0.114 0.227 0.206 -0.128 1.000

ILL_C6012_280_[T/C] 0.283 0.367 0.413 0.097 0.655
ILL_C2903_ 1043 [T/A] 0.352 0.704 0.465 -0.543 0.009
PS_C34501_638_[A/G] 0.017 0.033 0.033 -0.017 1.000
PS_C12352 527 [T/C] 0.500 0.571 0.509 -0.143 0.698
PS_C34725 229 [T/C] 0.224 0.379 0.354 -0.091 1.000

PS_C15230 93 [A/G] 0.481 0.423 0.509 0.153 0.448
PS_C23075_525 [G/C] 0.345 0.414 0.460 0.084 0.682
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ILL_C3835_411_[A/G] 0.217 0300 0.345  0.116 0.582
PS_C24743_123_[T/G] 0328 0655  0.448  -0.487 0.009
ILL_C5634_234_[A/G] 0367 0.533 0472  -0.148 0.695
PS_C23630_237_[T/C] 0.050 0.100 0.097  -0.053 1.000
ILL_C1813_300_[T/G] 0.267 0.467 0.398  -0.193 0.637
PS_C12218_188_[A/G] 0.196 0321 0321  -0.018 1.000
PS_C36136_185_[T/C] 0.467 0.467 0.506  0.063 0.730
PS_C23070_1364 _[A/G] 0217 0233 0345 0313 0.111
ILL_C618_116_[A/G] 0231 0385 0.362  -0.083 1.000
PS_C1652_228 [A/C] 0.033 0000 0066  1.000 0.015
PS_C25083_285_[A/G] 0.483 0.233 0.508  0.533 0.002
ILL_C394_1510_[A/G] 0.233 0400 0364  -0.118 1.000
PS_C24267_71_[A/G] 0.117 0233 0210  -0.132 1.000
PS_C34507_1191_[T/C] 0339 0393 0456  0.124 0.665
PS_C36273_73_[A/C] 0.050  0.100 0.097  -0.053 1.000
PS_C35977_153_[T/C] 0.034 0.000 0068  1.000 0.016
PS_C16093_142_[T/C] 0.467 0.600 0.506  -0.205 0.458
PS_C16031_147_[A/G] 0200 0333 0325  -0.042 1.000
ILL_C5106_273_[T/C] 0.185 0.296 0.307  0.018 1.000
PS_C00512_245_[T/C] 0.023  0.045 0.045  -0.023 1.000
ILL_C140_2421_[A/G] 0250 0367 0.381  0.022 1.000
PS_C36237_70_[C/G] 0383 0500 0481  -0.058 1.000
PS_C34670_302_[A/C] 0.033  0.067 0.066  -0.034 1.000
ILL_C21880_1003_[G/C] 0375 0393 0477  0.162 0.438
PS_C47330_170_[A/C] 0.241 0483 0.373  -0.318 0.147
PS_C36522_249 [G/C] 0.420 0.600 0.497  -0.232 0.408
PS_C34604_423_[A/T] 0.150 0.233  0.259  0.085 0.506
PS_C34501_77_[T/G] 0.483  0.100 0508  0.800 0.000
PS_C28810_290_[A/C] 0.017 0.033 0.033  -0.017 1.000
PS_C28886_317_[T/C] N/A N/A N/A N/A N/A
ILL_C31_1387_[T/C] 0300 0.533 0427  -0.270 0.202
ILL_C844_440_[T/C] 0.034 0069 0068 -0.036 1.000
PS_C46857_366_[T/C] 0179  0.286  0.299  0.026 1.000
PS_C34605_382_[A/G] 0.034 0.069 0.068  -0.036 1.000
ILL_C853_1199_[A/G] 0.103  0.207 0.189  -0.115 1.000
ILL_C1002_85_[T/A] 0.450  0.900 0.503  -0.818 0.000
PS_C11659 399 [T/C] 0.067 0.133 0.127  -0.071 1.000
ILL_C4791_1099_[T/G] 0.500 0.58 0509  -0.172 0.469
ILL_C300_4982_[A/G] 0.054  0.107 0.103  -0.057 1.000
ILL_C4593_326_[T/G] 0.500 0.667 0.508  -0.333 0.137
PS_C46533_541_[T/C] 0.067 0.133 0.127  -0.071 1.000
PS_C15351_193_[A/G] 0.483 0500 0.508  -0.001 1.000
PS_C15018_147_[T/G] 0.067 0.133 0.127  -0.071 1.000
PS_C38608_168_[T/C] 0.482 0964 0.508  -0.931 0.000
ILL_C387_215_[A/G] 0.074  0.000 0.140  1.000 0.001
ILL_C5339_366_[T/C] 0.050 0.100 0.097  -0.053 1.000
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PS_C34511_71_[T/G] 0.093 0.185 0.171 -0.102 1.000
PS_C14838 228 [T/C] 0.125 0.250 0.223 -0.143 1.000
ILL_C20267_102_[T/C] 0.276 0.483 0.407 -0.208 0.390
PS_C46674 204 [C/G] 0.200 0.267 0.325 0.167 0.303
ILL_C1878 506 _[T/C] 0.150 0.233 0.259 0.085 0.497
PS_C36563_85_[T/G] 0.143 0.190 0.251 0.222 0.339
ILL_C2735_326_[T/G] 0.017 0.033 0.033 -0.017 1.000
ILL_C250 199 [T/C] N/A N/A N/A N/A N/A
PS_C47845 238 [T/C] 0.328 0.448 0.448 -0.018 1.000
ILL_C1363_269 [T/C] 0.379 0.276 0.479 0.414 0.044
ILL_C18774_676_[T/C] 0.212 0.423 0.340 -0.268 0.555
PS_C23647_375_[A/G] 0.154 0.308 0.265 -0.182 1.000
ILL_C2028 1228 [A/T] 0.150 0.300 0.259 -0.176 1.000
PS_C11985_171_[A/G] 0.375 0.583 0.479 -0.244 0.387
PS_C11911 576 _[A/C] 0.138 0.207 0.242 0.130 0.426
ILL_C1254 187 [A/G] 0.232 0.393 0.363 -0.102 1.000
ILL_C20427_267_[T/C] 0.154 0.308 0.265 -0.182 1.000
PS_C21989_160_[T/G] 0.231 0.385 0.362 -0.083 1.000
PS_C12069 1181 [T/C] 0.117 0.233 0.210 -0.132 1.000
ILL_C327_1076_[C/G] N/A N/A N/A N/A N/A
PS_C11847_438 [T/C] 0.386 0.591 0.485 -0.246 0.394
PS_C47375_253_[A/G] N/A N/A N/A N/A N/A
PS_C34420 787 _[A/G] 0.017 0.034 0.034 -0.018 1.000
ILL_C2915_875_[T/C] 0.225 0.250 0.358 0.283 0.209
ILL_C22491 727 _[T/C] 0.317 0.367 0.440 0.153 0.414
ILL_C911_1343 [T/A] 0.300 0.467 0.427 -0.111 0.682
PS_C12196_434 [G/C] 0.414 0.621 0.494 -0.279 0.261
PS_C14297_369_[T/G] 0.379 0.621 0.479 -0.318 0.131
PS_C47340_198 [A/G] 0.400 0.000 0.488 1.000 0.000
PS_C36706_579_[T/C] 0.155 0.310 0.267 -0.184 1.000
PS_C46597_301_[C/G] 0.155 0.310 0.267 -0.184 1.000
ILL_C2040_1251_[A/T] 0.138 0.207 0.242 0.130 0.417
PS_C35683 190 [A/G] 0.267 0.400 0.398 -0.023 1.000
PS_C46532_529 [A/T] N/A N/A N/A N/A N/A
PS_C15379_78_[A/C] 0.375 0.393 0.477 0.162 0.422
PS_C11871_171_[A/G] 0.333 0.400 0.452 0.100 0.695
PS_C35823 1199 [A/G] N/A N/A N/A N/A N/A
PS_C39731_379 _[A/C] 0.125 0.250 0.223 -0.143 1.000
ILL_C6061_1289 [T/G] 0.033 0.067 0.066 -0.034 1.000
ILL_C980 261 [A/G] 0.143 0.286 0.249 -0.167 1.000
Mean 0.219 0.316 0.305 -0.028
GB(2003)

Locus MAF H, H. Fis P-value
ILL_C2122_257_[A/G] N/A N/A N/A N/A N/A
PS_C15402 271 [T/A] 0.065 0.130 0.125 -0.070 1.000
ILL_C253 1545 [A/C] 0.045 0.091 0.089 -0.048 1.000
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ILL_C428_225_[A/G] 0.229 0458 0361  -0.297 0.271
PS_C23094_578_[G/C] 0.125 0250 0223  -0.143 1.000
ILL_C20682_843_[A/T] 0.022 0043  0.043  -0.022 1.000
PS_C34490_403_[A/G] 0271 0375 0.403  0.051 1.000
PS_C25208 377_[T/G] N/A N/A N/A N/A N/A
ILL_C1783_492_[T/G] N/A N/A N/A N/A N/A
ILL_C929_734_[T/C] 0.022 0043  0.043  -0.022 1.000
PS_C11665_287 [A/G] 0229 0375 0361  -0.061 1.000
ILL_C2141_350_[T/A] 0500 0500 0511  0.000 1.000
PS_C23591_200_[T/C] 0313  0.625 0.439  -0.455 0.057
PS_C15689_162_[A/T] 0.083 0167 0.156  -0.091 1.000
ILL_C229_2772_[A/G] 0.167 0.167 0284  0.400 0.086
ILL_C22574_507_[A/C] 0.104 0208 0191  -0.116 1.000
PS_C15088_268_[A/G] 0.409  0.636  0.495  -0.316 0.211
ILL_C2406_641_[T/C] 0.146 0292 0254  -0.171 1.000
PS_C12925_666_[A/G] 0.174 0348 0294  -0.211 1.000
PS_C11984_159 [T/G] 0.417 0833 0496  -0.714 0.002
ILL_C22449 261_[A/G] 0313 0542 0439  -0.261 0.347
PS_C11970_157_[A/G] 0229 0375 0361  -0.061 1.000
PS_C23051_368_[A/G] 0375 0.750  0.484  -0.600 0.031
ILL_C6012_280_[T/C] 0.458 0583  0.507  -0.175 0.677
ILL_C2903_1043_[T/A] 0375 0583 0479  -0.244 0.381
PS_C34501_638_[A/G] 0.125  0.000 0223  1.000 0.000
PS_C12352_527_[T/C] 0.354  0.458  0.467  -0.002 1.000
PS_C34725_229 [T/C] 0271 0292 0403  0.262 0.301
PS_C15230_93_[A/G] 0.458  0.417 0.507  0.161 0.440
PS_C23075_525_[G/C] 0261 0522 0394  -0.353 0.276
ILL_C3835_411_[A/G] 0333 0500 0.454  -0.125 1.000
PS_C24743_123_[T/G] 0.250 0.500 0.383  -0.333 0.279
ILL_C5634_234_[A/G] 0396 0375 0483  0.216 0.386
PS_C23630_237_[T/C] N/A N/A N/A N/A N/A
ILL_C1813_300_[T/G] 0.167 0333 0284  -0.200 1.000
PS_C12218_188_[A/G] 0.125 0250 0223  -0.143 1.000
PS_C36136_185_[T/C] 0.417 0667 0496  -0.371 0.107
PS_C23070_1364 _[A/G] 0250 0333 0383  0.111 0.600
ILL_C618_116_[A/G] 0313 0625 0439  -0.455 0.048
PS_C1652_228 [A/C] 0.125  0.167 0223  0.238 0.303
PS_C25083_285_[A/G] 0.021 0042 0.042  -0.021 1.000
ILL_C394_1510_[A/G] 0354 0375 0467  0.180 0.382
PS_C24267_71_[A/G] 0.417 0833 0496  -0.714 0.000
PS_C34507_1191_[T/C] 0250 0333 0383  0.111 0.594
PS_C36273_73_[A/C] N/A N/A N/A N/A N/A
PS_C35977_153_[T/C] 0.167 0.000 0284  1.000 0.000
PS_C16093_142_[T/C] 0292 0250 0422 0395 0.059
PS_C16031_147_[A/G] 0271 0542 0403  -0.371 0.131
ILL_C5106_273_[T/C] 0.063 0125 0.120  -0.067 1.000
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PS_C00512_245_[T/C] N/A N/A N/A N/A N/A
ILL_C140 2421 [A/G] 0.167 0333 0284  -0.200 1.000
PS_C36237_70_[C/G] 0.043 0.087 0.085  -0.045 1.000
PS_C34670_302_[A/C] N/A N/A N/A N/A N/A
ILL_C21880_1003_[G/C] 0208 0250 0.337  0.242 0.247
PS_C47330_170_[A/C] 0313 0625 0439  -0.455 0.047
PS_C36522_249 [G/C] 0295 0500 0.426  -0.201 0.616
PS_C34604_423_[A/T] 0.250 0.417 0383  -0.111 1.000
PS_C34501_77_[T/G] 0.063 0.042 0.120  0.644 0.068
PS_C28810_290_[A/C] N/A N/A N/A N/A N/A
PS_C28886_317_[T/C] N/A N/A N/A N/A N/A
ILL_C31_1387_[T/C] 0.458 0500 0.507  -0.007 1.000
ILL_C844_440_[T/C] 0.042 0.083 0.082  -0.043 1.000
PS_C46857_366_[T/C] N/A N/A N/A N/A N/A
PS_C34605_382_[A/G] N/A N/A N/A N/A N/A
ILL_C853_1199_[A/G] 0.146 0292 0254  -0.171 1.000
ILL_C1002_85_[T/A] 0250 0.417 0383  -0.111 1.000
PS_C11659_399 [T/C] 0.042 0083 0.082  -0.043 1.000
ILL_C4791_1099 [T/G] 0229 0292 0361  0.174 0.550
ILL_C300_4982_[A/G] 0.043 0087 0.085  -0.045 1.000
ILL_C4593_326_[T/G] 0229 0292 0361  0.174 0.564
PS_C46533_541_[T/C] 0.021 0042 0.042  -0.021 1.000
PS_C15351_193_[A/G] 0500 0.583 0.511  -0.167 0.689
PS_C15018_147_[T/G] N/A N/A N/A N/A N/A
PS_C38608_168_[T/C] 0.500 1.000 0.511  -1.000 0.000
ILL_C387_215_[A/G] N/A N/A N/A N/A N/A
ILL_C5339_366_[T/C] 0.063 0125 0.120  -0.067 1.000
PS_C34511_71_[T/G] 0.095 0190 0.177  -0.105 1.000
PS_C14838 228 [T/C] 0.021 0.042 0.042  -0.021 1.000
ILL_C20267_102_[T/C] 0.250 0.417 0383  -0.111 1.000
PS_C46674_204_[C/G] 0.146 0292 0254  -0.171 1.000
ILL_C1878_506_[T/C] 0.042 0.083 0.082  -0.043 1.000
PS_C36563_85_[T/G] 0.136 0273 0.241  -0.158 1.000
ILL_C2735_326_[T/G] 0.042 0.083 0.082  -0.043 1.000
ILL_C250 199 [T/C] 0.042 0.083 0.082  -0.043 1.000
PS_C47845_238_[T/C] 0313 0292 0439 0321 0.151
ILL_C1363_269 [T/C] 0333 0.333 0454  0.250 0.357
ILL_C18774_676_[T/C] 0.043  0.087 0.085  -0.045 1.000
PS_C23647_375_[A/G] 0.065 0130 0.125  -0.070 1.000
ILL_C2028_1228_[A/T] 0.042 0.083 0.082  -0.043 1.000
PS_C11985 171 [A/G] 0.130 0.174 0.232  0.233 0.319
PS_C11911_576_[A/C] 0.104 0125 0.191  0.330 0.215
ILL_C1254_187 [A/G] 0375 0500 0.479  -0.067 1.000
ILL_C20427_267_[T/C] 0.063 0125 0.120 -0.067 1.000
PS_C21989 160 _[T/G] 0.125 0250 0223  -0.143 1.000
PS_C12069_1181_[T/C] 0.021 0.042 0.042  -0.021 1.000
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ILL_C327_1076_[C/G] 0.042 0.000 0.082 1.000 0.024
PS_C11847_438_[T/C] 0.341 0.500 0.460 -0.113 1.000
PS_C47375_253_[A/G] 0.500 0.000 0.511 1.000 0.000
PS_C34420_787_[A/G] N/A N/A N/A N/A N/A
ILL_C2915_875_[T/C] 0.174 0.348 0.294 -0.211 1.000
ILL_C22491_727_[T/C] 0.478 0.609 0.510 -0.220 0.413
ILL_C911_1343_[T/A] 0.354 0.458 0.467 -0.002 1.000
PS_C12196_434_[G/C] 0.354 0.625 0.467 -0.366 0.181
PS_C14297_369_[T/G] 0.458 0.583 0.507 -0.175 0.666
PS_C47340_198_[A/G] 0.067 0.000 0.129 1.000 0.034
PS_C36706_579_[T/C] 0.083 0.167 0.156 -0.091 1.000
PS_C46597_301_[C/G] 0.125 0.250 0.223 -0.143 1.000
ILL_C2040_1251_[A/T] 0.146 0.208 0.254 0.164 0.390
PS_C35683_190_[A/G] 0.438 0.375 0.503 0.238 0.254
PS_C46532_529_[A/T] 0.042 0.083 0.082 -0.043 1.000
PS_C15379_78_[A/C] 0.292 0.417 0.422 -0.008 1.000
PS_C11871_171_[A/G] 0.458 0.667 0.507 -0.343 0.217
PS_C35823_1199_[A/G] N/A N/A N/A N/A N/A
PS_C39731_379_[A/C] N/A N/A N/A N/A N/A
ILL_C6061_1289_ [T/G] 0.326 0.478 0.449 -0.088 1.000
ILL_C980_261_[A/G] 0.146 0.292 0.254 -0.171 1.000
Mean 0.218 0.320 0.305 -0.032
RP(2003)

Locus MAF H, H. Fis P-value
ILL_C2122_257 [A/G] N/A N/A N/A N/A N/A
PS_C15402_271_[T/A] 0.032 0.064 0.062 -0.033 1.000
ILL_C253_1545_[A/C] 0.122 0.204 0.217 0.050 0.540

ILL_C428 225 [A/G] 0.304 0.451 0.427 -0.066 0.740
PS_C23094_578_[G/C] 0.098 0.118 0.179 0.335 0.050
ILL_C20682_843 [A/T] 0.063 0.125 0.119 -0.067 1.000
PS_C34490_403_[A/G] 0.337 0.388 0.451 0.132 0.348
PS_C25208 _377_[T/G] 0.010 0.020 0.020 -0.010 1.000

ILL_C1783_492_[T/G] 0.137 0.235 0.239 0.006 1.000

ILL_C929_734_[T/C] N/A N/A N/A N/A N/A
PS_C11665_287_[A/G] 0.167 0.292 0.281 -0.050 1.000

ILL_C2141_350_[T/A] 0.418 0.510 0.492 -0.048 1.000
PS_C23591_200_[T/C] 0.281 0.521 0.409 -0.288 0.074
PS_C15689_162_[A/T] 0.214 0.429 0.340 -0.273 0.096
ILL_C229 2772_[A/G] 0.100 0.200 0.182 -0.111 1.000
ILL_C22574_507_[A/C] 0.098 0.078 0.179 0.557 0.002
PS_C15088_268_[A/G] 0.489 0.383 0.505 0.234 0.123

ILL_C2406_641_[T/C] 0.049 0.098 0.094 -0.052 1.000
PS_C12925_666_[A/G] 0.100 0.200 0.182 -0.111 1.000
PS_C11984_159 [T/G] 0.490 0.860 0.505 -0.721 0.000
ILL_C22449 261 _[A/G] 0.216 0.275 0.342 0.189 0.206
PS_C11970_157_[A/G] 0.240 0.440 0.368 -0.206 0.240
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PS_C23051_368_[A/G] 0071  0.143  0.135  -0.077 1.000
ILL_C6012_280_[T/C] 0.353 0471 0.461  -0.030 1.000
ILL_C2903_1043_[T/A] 0311 0356 0433 0171 0.301
PS_C34501_638_[A/G] 0.020 0.040 0.040  -0.020 1.000
PS_C12352_527_[T/C] 0378 0347 0.475  0.262 0.075
PS_C34725_229 [T/C] 0230 0300 0358  0.153 0.249
PS_C15230_93_[A/G] 0.460  0.520  0.502  -0.047 1.000
PS_C23075_525_[G/C] 0.265 0373 0.393  0.043 0.724
ILL_C3835_411_[A/G] 0225 0216 0.353  0.382 0.013
PS_C24743_123_[T/G] 0.108 0216 0.194  -0.121 1.000
ILL_C5634_234_[A/G] 0353 0510 0.461  -0.116 0.542
PS_C23630_237_[T/C] 0.108 0.176 0.194  0.083 0.447
ILL_C1813_300_[T/G] 0.196 0353  0.318  -0.120 0.655
PS_C12218_188_[A/G] 0.157 0314 0267  -0.186 0.329
PS_C36136_185_[T/C] 0373 0314 0472 0329 0.018
PS_C23070_1364_[A/G] 0.265 0.412 0393  -0.058 1.000
ILL_C618_116_[A/G] 0.069 0.098 0.129  0.233 0.199
PS_C1652_228 [A/C] 0.137 0157 0239  0.338 0.038
PS_C25083_285_[A/G] 0.069 0.098 0.129  0.233 0.209
ILL_C394_1510_[A/G] 0.420  0.440  0.492  0.097 0.552
PS_C24267_71_[A/G] 0.500 1.000 0.505  -1.000 0.000
PS_C34507_1191_[T/C] 0316  0.388 0437  0.104 0.527
PS_C36273_73_[A/C] 0051 0.061 0.098  0.368 0.098
PS_C35977_153_[T/C] 0.060 0.000 0.114  1.000 0.000
PS_C16093_142_[T/C] 0.500 0.490 0.505  0.020 1.000
PS_C16031_147 [A/G] 0.284 049 0411  -0.205 0.301
ILL_C5106_273_[T/C] 0.245 0367 0.374  0.007 1.000
PS_C00512_245_[T/C] 0.020 0.039 0.039  -0.020 1.000
ILL_C140_2421_[A/G] 0255 0314 0.384  0.174 0.246
PS_C36237_70_[C/G] 0.398  0.388  0.484  0.191 0.229
PS_C34670_302_[A/C] 0.020 0.039 0.039  -0.020 1.000
ILL_C21880_1003_[G/C] 0363 0.294  0.467  0.364 0.017
PS_C47330_170_[A/C] 0315 0.587 0.436  -0.360 0.022
PS_C36522_249 _[G/C] 0327 0.449  0.444  -0.021 1.000
PS_C34604_423_[A/T] 0225 0373 0353  -0.067 1.000
PS_C34501_77_[T/G] 0.461  0.255 0.502  0.487 0.001
PS_C28810_290_[A/C] 0.049  0.020 0.094  0.790 0.000
PS_C28886_317_[T/C] 0010 0.020 0.020  -0.010 1.000
ILL_C31_1387_[T/C] 0390 0.460 0.481  0.033 0.774
ILL_C844_440_[T/C] 0.029  0.059 0.058  -0.030 1.000
PS_C46857_366_[T/C] 0.130  0.140 0.228  0.381 0.019
PS_C34605_382_[A/G] 0.011  0.022 0.022 -0.011 1.000
ILL_C853_1199_[A/G] 0.147 0.255 0.253  -0.016 1.000
ILL_C1002_85_[T/A] 0.167 0.294 0.281  -0.059 1.000
PS_C11659 399 [T/C] 0.010 0.020 0.020  -0.010 1.000
ILL_C4791_1099_[T/G] 0.441  0.412 0.498  0.165 0.256
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ILL_C300_4982_[A/G] 0031 0.061 0.060  -0.032 1.000
ILL_C4593_326_[T/G] 0353 0510 0461  -0.116 0.553
PS_C46533_541_[T/C] N/A N/A N/A N/A N/A
PS_C15351_193_[A/G] 0.480 0569 0504  -0.139 0.426
PS_C15018_147_[T/G] 0.020 0.039 0.039  -0.020 1.000
PS_C38608_168_[T/C] 0.500 0.959  0.505  -0.918 0.000
ILL_C387_215_[A/G] 0031 0.021 0.061 0656 0.031
ILL_C5339_366_[T/C] 0.030 0.060 0.059  -0.031 1.000
PS_C34511_71_[T/G] 0.049 0.098 0.094  -0.052 1.000
PS_C14838_228_[T/C] 0.198 0229 0321  0.278 0.072
ILL_C20267_102_[T/C] 0388 0.367 0480  0.226 0.135
PS_C46674_204_[C/G] 0270 0300 0398  0.239 0.141
ILL_C1878_506_[T/C] N/A N/A N/A N/A N/A
PS_C36563_85_[T/G] 0.125 0250 0221  -0.143 1.000
ILL_C2735_326_[T/G] 0.074  0.106 0.139  0.228 0.208
ILL_C250_199_[T/C] 0.020 0.039 0.039  -0.020 1.000
PS_C47845_238_[T/C] 0410 0.460  0.489  0.049 0.773
ILL_C1363_269_[T/C] 0296 0306 0421  0.265 0.084
ILL_C18774_676_[T/C] 0.075 0.150 0.141  -0.081 1.000
PS_C23647_375_[A/G] 0.130 0261 0229  -0.150 1.000
ILL_C2028_1228_[A/T] 0.100 0.160 0.182  0.111 0.376
PS_C11985_171_[A/G] 0250 0239 0379  0.362 0.027
PS_C11911_576_[A/C] 0.157 0314 0.267  -0.186 0.324
ILL_C1254 187 [A/G] 0235 0388 0.363  -0.079 1.000
ILL_C20427_267_[T/C] 0.050 0.100 0.096  -0.053 1.000
PS_C21989_160_[T/G] 0.130 0220 0228  0.027 1.000
PS_C12069_1181_[T/C] N/A N/A N/A N/A N/A
ILL_C327_1076_[C/G] 0.010 0.020 0.020  -0.010 1.000
PS_C11847_438_[T/C] 0.436  0.404  0.497  0.178 0.226
PS_C47375_253_[A/G] N/A N/A N/A N/A N/A
PS_C34420_787_[A/G] 0.010 0.020 0.020  -0.010 1.000
ILL_C2915_875_[T/C] 0.149 0298 0.256  -0.175 0.564
ILL_C22491_727_[T/C] 0.422 0569 0.493  -0.166 0.381
ILL_C911_1343_[T/A] 0363  0.490 0.467  -0.060 0.766
PS_C12196_434_[G/C] 0.433  0.422 0497  0.140 0.384
PS_C14297 369 _[T/G] 0.441  0.529  0.498  -0.074 0.790
PS_C47340_198_[A/G] 0.440  0.000 0.498  1.000 0.000
PS_C36706_579_[T/C] 0.157 0314 0.267  -0.186 0.326
PS_C46597_301_[C/G] 0.088 0.176 0.162  -0.097 1.000
ILL_C2040_1251_[A/T] 0.127 0255 0.225  -0.146 1.000
PS_C35683_190_[A/G] 0392 0431 0481  0.095 0.549
PS_C46532_529_[A/T] 0010 0.020 0.020  -0.010 1.000
PS_C15379_78_[A/C] 0.447 0511  0.500  -0.033 1.000
PS_C11871_171_[A/G] 0.480 0569  0.504  -0.139 0.399
PS_C35823_1199 [A/G] N/A N/A N/A N/A N/A
PS_C39731_379_[A/C] 0.150 0.220 0.258  0.137 0.256
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ILL_C6061_ 1289 [T/G] 0.010 0.021 0.021 -0.011 1.000
ILL_C980_261_[A/G] 0.098 0.196 0.179 -0.109 1.000
Mean 0.214 0.281 0.290 0.037
RP(2011)

Locus MAF H, H. F;s P-value
ILL_C2122_257 [A/G] 0.103 0.207 0.189 -0.115 1.000
PS_C15402_271 [T/A] 0.086 0.172 0.160 -0.094 1.000
ILL_C253_1545_[A/C] 0.065 0.129 0.123  -0.069 1.000

ILL_C428 225 [A/G] 0.167 0.333 0.282 -0.200 0.567
PS_C23094_578_[G/C] 0.081 0.161 0.151 -0.088 1.000
ILL_C20682_843 [A/T] N/A N/A N/A N/A N/A
PS_C34490_403_[A/G] 0.375 0.536 0.477 -0.143 0.691
PS_C25208 377_[T/G] 0.048 0.097 0.094 -0.051 1.000

ILL_C1783_492_[T/G] 0.145 0.290 0.252 -0.170 1.000

ILL_C929 734 [T/C] 0.037 0.074 0.073 -0.038 1.000
PS_C11665_287 [A/G] 0.167 0.333 0.282 -0.200 0.567

ILL_C2141 350 [T/A] 0.400 0.667 0.488 -0.389 0.062
PS_C23591_200 [T/C] N/A N/A N/A N/A N/A
PS_C15689 162 [A/T] 0.113 0.161 0.204 0.195 0.314
ILL_C229 2772_[A/G] 0.050 0.100 0.097 -0.053 1.000
ILL_C22574 507_[A/C] 0.067 0.133 0.127 -0.071 1.000
PS_C15088_268_[A/G] 0.403 0.677 0.489 -0.408 0.058

ILL_C2406_641 [T/C] 0.109 0.219 0.198 -0.123 1.000
PS_C12925 666_[A/G] 0.204 0.333 0.331 -0.027 1.000
PS_C11984 159 [T/G] 0.484 0.903 0.508 -0.808 0.000
ILL_C22449 261_[A/G] 0.323 0.452 0.444 -0.033 1.000
PS_C11970_157 [A/G] 0.167 0.267 0.282 0.040 1.000
PS_C23051_368_[A/G] 0.114 0.227 0.206 -0.128 1.000

ILL_C6012_280 [T/C] 0.150 0.300 0.259 -0.176 1.000
ILL_C2903_1043_[T/A] 0.411 0.607 0.493 -0.254 0.270
PS_C34501_638_[A/G] N/A N/A N/A N/A N/A
PS_C12352_527_[T/C] 0.317 0.500 0.440 -0.155 0.676
PS_C34725 229 [T/C] 0.317 0.300 0.440 0.307 0.090

PS_C15230_93 [A/G] 0.440 0.640 0.503 -0.299 0.230
PS_C23075_525_[G/C] 0.258 0.452 0.389 -0.179 0.639

ILL_C3835_411_[A/G] 0.200 0.267 0.325 0.167 0.311
PS_C24743 123 [T/G] 0.290 0.516 0.419 -0.253 0.372

ILL_C5634_234 [A/G] 0.467 0.600 0.506 -0.205 0.470
PS_C23630 237 _[T/C] 0.078 0.156 0.146 -0.085 1.000

ILL_C1813_300_[T/G] 0.167 0.333 0.282 -0.200 0.553
PS_C12218 188 [A/G] 0.177 0.290 0.297 0.005 1.000
PS_C36136_185_[T/C] 0.317 0.500 0.440 -0.155 0.672
PS_C23070_1364 [A/G] 0.203 0.344 0.329 -0.062 1.000

ILL_C618_116_[A/G] 0.052 0.103 0.100 -0.055 1.000

PS_C1652_228 [A/C] 0.031 0.063 0.062 -0.032 1.000
PS_C25083 285 [A/G] 0.367 0.267 0.472 0.426 0.027
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ILL_C394_1510_[A/G] 0383 0567 0481  -0.199 0.448
PS_C24267_71_[A/G] 0281 0563 0411  -0.391 0.068
PS_C34507_1191_[T/C] 0250 0367 0381  0.022 1.000
PS_C36273_73_[A/C] N/A N/A N/A N/A N/A
PS_C35977_153_[T/C] N/A N/A N/A N/A N/A
PS_C16093_142_[T/C] 0.452  0.387 0503  0.218 0.267
PS_C16031_147_[A/G] 0323 0452 0444  -0.033 1.000
ILL_C5106_273_[T/C] 0241 0345 0373  0.058 0.651
PS_C00512_245_[T/C] 0.017 0033 0.033  -0.017 1.000
ILL_C140_2421_[A/G] 0.183 0367 0.305  -0.224 0.545
PS_C36237_70_[C/G] 0333 0400 0452  0.100 0.676
PS_C34670_302_[A/C] N/A N/A N/A N/A N/A
ILL_C21880_1003_[G/C] 0.250 0433 0381  -0.156 0.635
PS_C47330_170_[A/C] 0300 0.533 0427 -0.270 0.228
PS_C36522_249 [G/C] 0293 0379 0422  0.085 0.664
PS_C34604_423_[A/T] 0.183 0367 0.305  -0.224 0.551
PS_C34501_77_[T/G] 0344 0063 0458  0.861 0.000
PS_C28810_290_[A/C] 0.031 0.063 0.062  -0.032 1.000
PS_C28886_317_[T/C] 0.031 0063 0.062  -0.032 1.000
ILL_C31_1387_[T/C] 0339 0226 0455  0.496 0.012
ILL_C844_440_[T/C] 0.048  0.097 0.094  -0.051 1.000
PS_C46857_366_[T/C] 0.129 0258 0.228  -0.148 1.000
PS_C34605_382_[A/G] 0.032 0065 0.063  -0.033 1.000
ILL_C853_1199 [A/G] 0.177 0355  0.297  -0.216 0.551
ILL_C1002_85_[T/A] 0.422 0844 0496  -0.730 0.000
PS_C11659_399_[T/C] 0.065 0129  0.123  -0.069 1.000
ILL_C4791_1099_[T/G] 0387 0645 0482  -0.360 0.074
ILL_C300_4982_[A/G] 0.048  0.097 0.094  -0.051 1.000
ILL_C4593_326_[T/G] 0.450  0.567 0.503  -0.145 0.709
PS_C46533_541 _[T/C] 0.141 0281 0.246  -0.164 1.000
PS_C15351_193_[A/G] 0.435 0548 0500  -0.115 0.726
PS_C15018_147 [T/G] 0016 0032 0032 -0.016 1.000
PS_C38608_168_[T/C] 0.484 0968 0508  -0.938 0.000
ILL_C387_215_[A/G] 0.020 0.040 0.040  -0.020 1.000
ILL_C5339_366_[T/C] 0.161 0258 0275  0.046 1.000
PS_C34511_71_[T/G] 0.018 0036 0036  -0.018 1.000
PS_C14838_228_[T/C] 0.067 0133 0127  -0.071 1.000
ILL_C20267_102_[T/C] 0.226 0387 0355  -0.107 1.000
PS_C46674_204_[C/G] 0.283 0433 0413  -0.067 1.000
ILL_C1878_506_[T/C] 0.094 0188 0.173  -0.103 1.000
PS_C36563_85_[T/G] 0.107 0214 0195  -0.120 1.000
ILL_C2735_326_[T/G] 0.050 0.100  0.097  -0.053 1.000
ILL_C250_199_[T/C] N/A N/A N/A N/A N/A
PS_C47845_238_[T/C] 0355  0.452 0465  0.014 1.000
ILL_C1363_269_[T/C] 0304 0250 0431  0.409 0.067
ILL_C18774_676_[T/C] 0.086 0172 0.160  -0.094 1.000
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PS_C23647_375_[A/G] 0.167 0.250 0.284 0.100 0.511
ILL_C2028 1228 [A/T] 0.067 0.133 0.127 -0.071 1.000
PS_C11985_171 [A/G] 0.346 0.538 0.462 -0.190 0.659
PS_C11911 576 _[A/C] 0.083 0.100 0.155 0.345 0.161
ILL_C1254 187 [A/G] 0.350 0.433 0.463 0.048 1.000
ILL_C20427_267_[T/C] N/A N/A N/A N/A N/A
PS_C21989_160_[T/G] 0.145 0.226 0.252 0.090 0.503
PS_C12069 1181 [T/C] 0.033 0.067 0.066 -0.034 1.000
ILL_C327_1076_[C/G] N/A N/A N/A N/A N/A
PS_C11847 438 [T/C] 0.340 0.680 0.458 -0.515 0.019
PS_C47375_253 [A/G] N/A N/A N/A N/A N/A
PS_C34420 787 _[A/G] 0.017 0.033 0.033 -0.017 1.000
ILL_C2915 875 _[T/C] 0.286 0.476 0.418 -0.167 0.631
ILL_C22491 727 _[T/C] 0.283 0.500 0.413 -0.231 0.371
ILL_C911 1343 [T/A] 0.333 0.467 0.452 -0.050 1.000
PS_C12196_434_[G/C] 0.500 0.438 0.508 0.125 0.498
PS_C14297_369 [T/G] 0.339 0.548 0.455 -0.224 0.420
PS_C47340_198_[A/G] 0.344 0.000 0.458 1.000 0.000
PS_C36706_579 [T/C] 0.129 0.258 0.228 -0.148 1.000
PS_C46597_301_[C/G] 0.100 0.200 0.183 -0.111 1.000
ILL_C2040_1251 [A/T] 0.031 0.063 0.062 -0.032 1.000
PS_C35683_190 [A/G] 0.350 0.500 0.463 -0.099 0.711
PS_C46532_529 [A/T] 0.016 0.032 0.032 -0.016 1.000
PS_C15379_78_[A/C] 0.483 0.552 0.508 -0.105 0.727
PS_C11871_171 [A/G] 0.367 0.467 0.472 -0.005 1.000
PS_C35823 1199 _[A/G] 0.031 0.000 0.062 1.000 0.015
PS_C39731 379 [A/C] 0.078 0.156 0.146 -0.085 1.000
ILL_C6061_1289 [T/G] 0.017 0.034 0.034 -0.018 1.000
ILL_C980 261 [A/G] 0.150 0.300 0.259 -0.176 1.000
Mean 0.209 0.314 0.294 -0.063
SD(2004)

Locus MAF H, H. Fis P-value
ILL_C2122 257 [A/G] 0.011 0.022 0.022 -0.011 1.000
PS_C15402_271_[T/A] 0.077 0.154 0.144 -0.083 1.000
ILL_C253 1545 [A/C] 0.113 0.175 0.202 0.124 0.398

ILL_C428_225 [A/G] 0.228 0.370 0.356 -0.049 1.000
PS_C23094 578 [G/C] 0.076 0.152 0.142 -0.082 1.000
ILL_C20682_843 [A/T] 0.061 0.073 0.116 0.361 0.117
PS_C34490 403 _[A/G] 0.370 0.348 0.471 0.254 0.104
PS_C25208 377_[T/G] 0.011 0.022 0.022 -0.011 1.000

ILL_C1783_492 [T/G] 0.076 0.152 0.142 -0.082 1.000

ILL_C929 734 [T/C] 0.054 0.054 0.104 0.471 0.083
PS_C11665_287 [A/G] 0.081 0.116 0.151 0.222 0.232

ILL_C2141_350 _[T/A] 0.344 0.467 0.457 -0.033 1.000
PS_C23591 200 _[T/C] 0.095 0.189 0.174 -0.104 1.000
PS_C15689 162 [A/T] 0.189 0.378 0.310 -0.233 0.318
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ILL_C229_2772_[A/G] 0.057 0114 0108  -0.060 1.000
ILL_C22574_507_[A/C] 0.185 0326 0305  -0.082 1.000
PS_C15088_268_[A/G] 0478 0511 0505  -0.024 1.000
ILL_C2406_641_[T/C] 0211 0378 0337  -0.134 0.651
PS_C12925_666_[A/G] 0.158 0.263 0269  0.010 1.000
PS_C11984_159 [T/G] 0.488 0.881 0506  -0.763 0.000
ILL_C22449 261_[A/G] 0261 0522 0390  -0.353 0.016
PS_C11970_157_[A/G] 0.141 0239 0.245  0.015 1.000
PS_C23051_368_[A/G] 0.278  0.481 0409  -0.200 0.623
ILL_C6012_280_[T/C] 0.477  0.455  0.505  0.089 0.562
ILL_C2903_1043_[T/A] 0.242 0424 0373  -0.155 0.641
PS_C34501_638_[A/G] 0.043 0.000 0084  1.000 0.000
PS_C12352_527_[T/C] 0364 0500 0468  -0.080 0.748
PS_C34725_229 [T/C] 0.344 0378 0457  0.163 0.331
PS_C15230_93_[A/G] 0.409 0455 0489  0.060 0.765
PS_C23075_525_[G/C] 0.130 0261 0229  -0.150 1.000
ILL_C3835_411_[A/G] 0.402 0587 048  -0.221 0.211
PS_C24743_123_[T/G] 0304 0522 0428  -0.232 0.173
ILL_C5634_234 [A/G] 0389 0378 0481  0.205 0.225
PS_C23630_237_[T/C] 0.116  0.140 0208  0.321 0.088
ILL_C1813_300_[T/G] 0.152 0217 0261  0.158 0.255
PS_C12218 188_[A/G] 0.174 0304 0290  -0.059 1.000
PS_C36136_185_[T/C] 0.435 0435 0497  0.115 0.551
PS_C23070_1364_[A/G] 0.109 0174 0196  0.102 0.424
ILL_C618_116_[A/G] 0.196 0348 0318  -0.105 1.000
PS_C1652_228 [A/C] 0.083 0083 0154  0.455 0.020
PS_C25083_285_[A/G] 0.033 0065 0064  -0.034 1.000
ILL_C394_1510_[A/G] 0.435 0435 0497  0.115 0.542
PS_C24267_71_[A/G] 0.490 0979 0505  -0.959 0.000
PS_C34507_1191_[T/C] 0337 0349 0452  0.220 0.177
PS_C36273_73_[A/C] 0.054 0109  0.104  -0.057 1.000
PS_C35977_153_[T/C] 0.045 0.000 0088  1.000 0.001
PS_C16093_142_[T/C] 0359  0.500 0.465  -0.087 0.743
PS_C16031_147_[A/G] 0261 0435 0390  -0.127 0.703
ILL_C5106_273_[T/C] 0.190 0238 0312  0.228 0.149
PS_C00512_245_[T/C] 0.023 0045 0.045  -0.023 1.000
ILL_C140_2421_[A/G] 0.163 0239 0276  0.124 0.313
PS_C36237_70_[C/G] 0.054 0109  0.104  -0.057 1.000
PS_C34670_302_[A/C] 0.011 0022 0.022 -0.011 1.000
ILL_C21880_1003_[G/C] 0239 0478 0368  -0.314 0.049
PS_C47330_170_[A/C] 0333 0556 0451  -0.250 0.242
PS_C36522_249 [G/C] 0.400 0.400 0485  0.167 0.341
PS_C34604_423_[A/T] 0217 0304 0344  0.106 0.430
PS_C34501_77_[T/G] 0208 0375 0333  -0.137 0.660
PS_C28810_290_[A/C] 0.198 0.146 0321  0.541 0.001
PS_C28886_317_[T/C] 0.044 0089 0.086  -0.047 1.000
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ILL_C31_1387_[T/C] 0.478  0.565  0.505  -0.133 0.560
ILL_C844_440_[T/C] 0.044  0.089 0.086  -0.047 1.000
PS_C46857_366_[T/C] 0078  0.111  0.145  0.225 0.225
PS_C34605_382_[A/G] N/A N/A N/A N/A N/A
ILL_C853_1199_[A/G] 0.152 0304 0.261  -0.179 0.571
ILL_C1002_85_[T/A] 0292 0500 0418  -0.210 0.295
PS_C11659 399 [T/C] 0.098 0.109 0.178  0.384 0.041
ILL_C4791_1099_[T/G] 0.489  0.674  0.505  -0.348 0.032
ILL_C300_4982_[A/G] 0.012 0.024 0.024  -0.012 1.000
ILL_C4593_326_[T/G] 0.196 0348 0.318  -0.105 1.000
PS_C46533_541_[T/C] 0.021  0.042 0.041  -0.021 1.000
PS_C15351_193_[A/G] 0337 0457 0452  -0.022 1.000
PS_C15018_147_[T/G] 0.033  0.067 0.065  -0.034 1.000
PS_C38608_168_[T/C] 0500 1.000 0.506  -1.000 0.000
ILL_C387_215_[A/G] 0.098 0.000 0.178  1.000 0.000
ILL_C5339_366_[T/C] 0076  0.152  0.142  -0.082 1.000
PS_C34511_71_[T/G] 0.044  0.089 0.086  -0.047 1.000
PS_C14838_228_[T/C] 0.136 0.273  0.238  -0.158 1.000
ILL_C20267_102_[T/C] 0228 0413 035  -0.172 0.407
PS_C46674_204_[C/G] 0.286 0476 0413  -0.167 0.447
ILL_C1878_506_[T/C] 0.043  0.043 0.084 0477 0.060
PS_C36563_85_[T/G] 0.107 0.119 0.194 0378 0.046
ILL_C2735_326_[T/G] 0061 0.122 0.116  -0.065 1.000
ILL_C250_199_[T/C] 0.054  0.109 0.104  -0.057 1.000
PS_C47845_238_[T/C] 0318  0.409 0.439  0.057 0.734
ILL_C1363_269_[T/C] 0391 0478 0.482  -0.004 1.000
ILL_C18774_676_[T/C] 0.081  0.097 0.151  0.347 0.168
PS_C23647_375_[A/G] 0.024  0.049 0.048  -0.025 1.000
ILL_C2028_1228_[A/T] 0.033  0.065 0.064  -0.034 1.000
PS_C11985_171_[A/G] 0.133  0.133  0.234  0.423 0.016
PS_C11911_576_[A/C] 0.044  0.089 0.086  -0.047 1.000
ILL_C1254 187 [A/G] 0.276  0.447  0.405  -0.119 0.691
ILL_C20427_267_[T/C] 0.047 0.093  0.090  -0.049 1.000
PS_C21989_160_[T/G] 0.196 0391 0.318  -0.243 0.173
PS_C12069_1181_[T/C] 0.054  0.109 0.104  -0.057 1.000
ILL_C327_1076_[C/G] 0.054  0.022 0.104  0.789 0.002
PS_C11847_438_[T/C] 0.477 0364  0.505 0271 0.080
PS_C47375_253_[A/G] 0.457  0.000 0.502  1.000 0.000
PS_C34420_787_[A/G] 0011  0.022 0.022  -0.011 1.000
ILL_C2915_875_[T/C] 0209 0279 0.335  0.157 0.343
ILL_C22491_727_[T/C] 0304 0348  0.428  0.179 0.288
ILL_C911_1343_[T/A] 0250 0370 0.379  0.014 1.000
PS_C12196_434_[G/C] 0371 0514 0474  -0.101 0.728
PS_C14297 369 _[T/G] 0.402  0.500 0.486  -0.040 1.000
PS_C47340_198_[A/G] 0.029 0.000 0.056  1.000 0.015
PS_C36706_579_[T/C] 0.174 0348 0.290  -0.211 0.305
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PS_C46597_301_[C/G] 0.178 0.311 0.296 -0.064 1.000
ILL_C2040_1251 [A/T] 0.105 0.116 0.190 0.380 0.045
PS_C35683_190 [A/G] 0.341 0.409 0.455 0.090 0.509
PS_C46532_529 [A/T] 0.043 0.087 0.084 -0.045 1.000
PS_C15379_78_[A/C] 0.397 0.590 0.485 -0.231 0.202
PS_C11871_171_[A/G] 0.500 0.478 0.505 0.043 0.773
PS_C35823 1199 [A/G] N/A N/A N/A N/A N/A
PS_C39731 379 [A/C] 0.056 0.111 0.106 -0.059 1.000
ILL_C6061_ 1289 [T/G] 0.386 0.455 0.480 0.041 0.761
ILL_C980_261_[A/G] 0.152 0.304 0.261 -0.179 0.581
Mean 0.201 0.281 0.279 0.036
SD(2010)

Locus MAF H, H. Fis P-value
ILL_C2122_257_[A/G] 0.065 0.065  0.123 0.466 0.106
PS_C15402 271 [T/A] 0.058 0.115 0.111 -0.061 1.000
ILL_C253 1545 [A/C] 0.065 0.129 0.123 -0.069 1.000

ILL_C428 225 [A/G] 0.242 0.355 0.373 0.033 1.000
PS_C23094_578_[G/C] 0.083 0.100 0.155 0.345 0.157
ILL_C20682_843 [A/T] 0.053 0.105 0.102 -0.056 1.000
PS_C34490_403_[A/G] 0.444 0.519 0.503 -0.050 1.000
PS_C25208 377_[T/G] 0.016 0.032 0.032 -0.016 1.000

ILL_C1783_492 [T/G] 0.017 0.033 0.033 -0.017 1.000

ILL_C929 734 [T/C] 0.063 0.125 0.120 -0.067 1.000
PS_C11665_287 [A/G] 0.143 0.143 0.249 0.417 0.059

ILL_C2141_350 [T/A] 0.500 0.586 0.509 -0.172 0.483
PS_C23591_200_[T/C] 0.045 0.091 0.091 -0.048 1.000
PS_C15689 162 [A/T] 0.145 0.226 0.252 0.090 0.495
ILL_C229 2772_[A/G] 0.117 0.167 0.210 0.191 0.326
ILL_C22574 507_[A/C] 0.113 0.226 0.204 -0.127 1.000
PS_C15088_268_[A/G] 0.500 0.667 0.508 -0.333 0.147

ILL_C2406_641 [T/C] 0.133 0.267 0.235 -0.154 1.000
PS_C12925 666_[A/G] 0.100 0.200 0.185 -0.111 1.000
PS_C11984 159 [T/G] 0.400 0.800 0.488 -0.667 0.001
ILL_C22449 261 _[A/G] 0.226 0.258 0.355 0.262 0.141
PS_C11970_157 [A/G] 0.258 0.323 0.389 0.158 0.363
PS_C23051_368_[A/G] 0.111 0.222 0.203 -0.125 1.000

ILL_C6012_280 [T/C] 0.484 0.452 0.508 0.096 0.717
ILL_C2903_1043_[T/A] 0.323 0.452 0.444 -0.033 1.000
PS_C34501_638 [A/G] 0.161 0.000 0.275 1.000 0.000
PS_C12352_ 527 _[T/C] 0.407 0.593 0.492 -0.227 0.429
PS_C34725 229 [T/C] 0.417 0.367 0.494 0.246 0.252

PS_C15230_93 [A/G] 0.383 0.500 0.481 -0.058 1.000
PS_C23075_525_[G/C] 0.217 0.367 0.345 -0.080 1.000

ILL_C3835 411 [A/G] 0.371 0.355 0.474 0.240 0.252
PS_C24743 123 [T/G] 0.233 0.400 0.364 -0.118 1.000
ILL_C5634_234 [A/G] 0.371 0.226 0.474 0.516 0.005
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PS_C23630_237_[T/C] 0.065 0129 0.123  -0.069 1.000
ILL_C1813_300_[T/G] 0258 0452 0389  -0.179 0.638
PS_C12218_188_[A/G] 0.100 0200 0.183  -0.111 1.000
PS_C36136_185_[T/C] 0383 0433 0481  0.083 0.707
PS_C23070_1364_[A/G] 0.177 0226 0297  0.226 0.209
ILL_C618_116_[A/G] 0268 0393 0399  -0.002 1.000
PS_C1652_228 [A/C] 0.113 0.161 0204  0.195 0.321
PS_C25083_285_[A/G] 0.117 0.100 0.210  0.515 0.029
ILL_C394_1510_[A/G] 0339 0419 0455  0.064 0.697
PS_C24267_71_[A/G] 0.468 0935 0.506  -0.879 0.000
PS_C34507_1191_[T/C] 0379 0345 0479  0.268 0.230
PS_C36273_73_[A/C] 0.048 0.097 0.094  -0.051 1.000
PS_C35977_153_[T/C] 0.161  0.000  0.275 1.000 0.000
PS_C16093_142_[T/C] 0.435 0548 0.500  -0.115 0.718
PS_C16031_147_[A/G] 0323 0452 0444  -0.033 1.000
ILL_C5106_273_[T/C] 0.117 0233 0210 -0.132 1.000
PS_C00512_245_[T/C] 0.020 0.040 0.040  -0.020 1.000
ILL_C140_2421_[A/G] 0.167 0267 0.282  0.040 1.000
PS_C36237_70_[C/G] 0200 0333 0325  -0.042 1.000
PS_C34670_302_[A/C] 0.016 0.032 0.032 -0.016 1.000
ILL_C21880_1003_[G/C] 0339 0419 0455  0.064 0.693
PS_C47330_170_[A/C] 0328 0517 0.448  -0.174 0.679
PS_C36522_249 [G/C] 0350 0.500 0.463  -0.099 0.708
PS_C34604_423_[A/T] 0323 0.387 0444  0.114 0.673
PS_C34501_77_[T/G] 0.048 0032 0094  0.650 0.052
PS_C28810_290_[A/C] N/A N/A N/A N/A N/A
PS_C28886_317_[T/C] N/A N/A N/A N/A N/A
ILL_C31_1387_[T/C] 0367 0.667 0.472  -0.435 0.042
ILL_C844_440_[T/C] 0.016 0032 0032 -0.016 1.000
PS_C46857_366_[T/C] 0.121 0241 0216  -0.137 1.000
PS_C34605_382_[A/G] 0016 0032 0032 -0.016 1.000
ILL_C853_1199 [A/G] 0.145 0290 0.252  -0.170 1.000
ILL_C1002_85_[T/A] 0339 0613 0455  -0.368 0.109
PS_C11659 399 [T/C] 0.017 0.033 0.033  -0.017 1.000
ILL_C4791_1099_[T/G] 0.419 0516 0495  -0.060 1.000
ILL_C300_4982_[A/G] 0.048 0.097 0.094  -0.051 1.000
ILL_C4593_326_[T/G] 0.250 0.500 0381  -0.333 0.150
PS_C46533_541_[T/C] N/A N/A N/A N/A N/A
PS_C15351_193_[A/G] 0500 0613 0508  -0.226 0.291
PS_C15018_147 [T/G] 0.033 0.067 0.066 -0.034 1.000
PS_C38608_168_[T/C] 0.500 1.000 0508  -1.000 0.000
ILL_C387_215_[A/G] N/A N/A N/A N/A N/A
ILL_C5339_366_[T/C] 0.017 0034 0034  -0.018 1.000
PS_C34511_71_[T/G] 0.020 0.040 0.040  -0.020 1.000
PS_C14838_228_[T/C] 0.194 0387 0317  -0.240 0.566
ILL_C20267_102_[T/C] 0.183 0300 0305  -0.002 1.000
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PS_C46674_204_[C/G] 0.217 0.300 0.345 0.116 0.591
ILL_C1878 506 _[T/C] 0.081 0.161 0.151 -0.088 1.000
PS_C36563_85 [T/G] 0.068 0.136 0.130 -0.073 1.000
ILL_C2735_326_[T/G] 0.107 0.214 0.195 -0.120 1.000
ILL_C250_199 [T/C] 0.097 0.129 0.178 0.262 0.230
PS_C47845 238 [T/C] 0.400 0.400 0.488 0.167 0.451
ILL_C1363_269 [T/C] 0.226 0.194 0.355 0.446 0.021
ILL_C18774_676_[T/C] 0.130 0.259 0.230 -0.149 1.000
PS_C23647_375_[A/G] 0.212 0.423 0.340 -0.268 0.550
ILL_C2028 1228 [A/T] 0.054 0.107 0.103 -0.057 1.000
PS_C11985_171 [A/G] 0.160 0.160 0.274 0.405 0.084
PS_C11911 576 _[A/C] 0.048 0.097 0.094 -0.051 1.000
ILL_C1254 187 [A/G] 0.208 0.333 0.337 -0.011 1.000
ILL_C20427_267_[T/C] 0.100 0.200 0.183 -0.111 1.000
PS_C21989 160 [T/G] 0.117 0.233 0.210 -0.132 1.000
PS_C12069_1181_[T/C] 0.065 0.129 0.123 -0.069 1.000
ILL_C327_1076_[C/G] 0.016 0.032 0.032 -0.016 1.000
PS_C11847 438 [T/C] 0.327 0.423 0.449 0.039 1.000
PS_C47375_253 [A/G] 0.323 0.000 0.444 1.000 0.000
PS_C34420 787 _[A/G] 0.017 0.033 0.033 -0.017 1.000
ILL_C2915 875 [T/C] 0.313 0.375 0.439 0.127 0.636
ILL_C22491 727 _[T/C] 0.362 0.379 0.470 0.179 0.418
ILL_C911 1343 [T/A] 0.323 0.387 0.444 0.114 0.675
PS_C12196_434_[G/C] 0.435 0.613 0.500 -0.247 0.274
PS_C14297_369 [T/G] 0.355 0.387 0.465 0.155 0.435
PS_C47340_198_[A/G] 0.034 0.000 0.068 1.000 0.019
PS_C36706_579 [T/C] 0.133 0.267 0.235 -0.154 1.000
PS_C46597_301_[C/G] 0.113 0.161 0.204 0.195 0.317
ILL_C2040_1251 [A/T] 0.117 0.233 0.210 -0.132 1.000
PS_C35683_190 [A/G] 0.387 0.452 0.482 0.048 1.000
PS_C46532_529 [A/T] 0.033 0.067 0.066 -0.034 1.000
PS_C15379_78_[A/C] 0.446 0.393 0.503 0.205 0.282
PS_C11871_171 [A/G] 0.468 0.548 0.506 -0.101 0.726
PS_C35823 1199 _[A/G] N/A N/A N/A N/A N/A
PS_C39731 379 [A/C] 0.194 0.323 0.317 -0.033 1.000
ILL_C6061_1289 [T/G] 0.333 0.400 0.452 0.100 0.696
ILL_C980 261 [A/G] 0.100 0.067 0.183 0.630 0.013
Mean 0.208 0.285 0.290 0.027
WC(F,)

Locus MAF H, H. Fis P-value
ILL_C2122_257_[A/G] 0.056 0.111 0.108 -0.059 1.000
PS_C15402_271_[T/A] 0.079 0.158 0.149 -0.086 1.000
ILL_C253_1545_[A/C] 0.028 0.056 0.056 -0.029 1.000

ILL_C428 225 [A/G] 0.211 0.316 0.341 0.050 1.000
PS_C23094 578 [G/C] 0.118 0.235 0.214 -0.133 1.000
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ILL_C20682_843_[A/T] 0.029 0059 0059  -0.030 1.000
PS_C34490_403_[A/G] 0342 0474 0462  -0.052 1.000
PS_C25208 377_[T/G] N/A N/A N/A N/A N/A
ILL_C1783_492_[T/G] 0.158 0316 0273  -0.187 1.000
ILL_C929_734_[T/C] N/A N/A N/A N/A N/A
PS_C11665_287 [A/G] 0.184 0263 0309  0.124 0.489
ILL_C2141_350_[T/A] 0316 0526 0444  -0.218 0.614
PS_C23591_200_[T/C] N/A N/A N/A N/A N/A
PS_C15689_162_[A/T] 0.026  0.053  0.053  -0.027 1.000
ILL_C229_2772_[A/G] 0053 0105 0.102  -0.056 1.000
ILL_C22574_507_[A/C] 0.026  0.053  0.053  -0.027 1.000
PS_C15088_268_[A/G] 0368 0.526 0.478  -0.131 1.000
ILL_C2406_641_[T/C] 0.132 0263 0235  -0.152 1.000
PS_C12925_666_[A/G] 0.147 0294 0258  -0.172 1.000
PS_C11984_159 [T/G] 0.500 1.000 0514  -1.000 0.000
ILL_C22449 261_[A/G] 0263 0526 0398  -0.357 0.264
PS_C11970_157_[A/G] 0222 0333 0356  0.036 1.000
PS_C23051_368_[A/G] 0059 0118 0.114  -0.063 1.000
ILL_C6012_280_[T/C] 0263 0316 0398  0.186 0.553
ILL_C2903_1043_[T/A] 0.105 0211 0193  -0.118 1.000
PS_C34501_638_[A/G] 0.079 0053 0149  0.638 0.087
PS_C12352_527_[T/C] 0.472 0389 0513  0.220 0.371
PS_C34725_229 [T/C] 0263 0316 0398  0.186 0.548
PS_C15230_93_[A/G] 0.500 0667 0.514  -0.333 0.338
PS_C23075_525_[G/C] 0263 0421 0398  -0.086 1.000
ILL_C3835_411_[A/G] 0.158 0211 0273  0.208 0.367
PS_C24743_123_[T/G] 0.105 0211 0193  -0.118 1.000
ILL_C5634 234 [A/G] 0421 0632 0501  -0.295 0.361
PS_C23630_237_[T/C] 0.028 0.056 0.056  -0.029 1.000
ILL_C1813_300_[T/G] 0211 0316 0341  0.050 1.000
PS_C12218_188_[A/G] 0.184 0368 0309  -0.226 1.000
PS_C36136_185_[T/C] 0289 0474 0422  -0.152 1.000
PS_C23070_1364_[A/G] 0342 0368 0462  0.182 0.603
ILL_C618_116_[A/G] 0.184 0263 0309  0.124 0.487
PS_C1652_228 [A/C] 0.167 0238 0285  0.143 0.446
PS_C25083_285_[A/G] 0269 0538 0409  -0.368 0.500
ILL_C394_1510_[A/G] 0500 0684 0514  -0.368 0.198
PS_C24267_71_[A/G] 0.452 0905 0508  -0.826 0.000
PS_C34507_1191_[T/C] 0237 0263 0371 0272 0.241
PS_C36273_73_[A/C] N/A N/A N/A N/A N/A
PS_C35977_153_[T/C] 0.053  0.000  0.102 1.000 0.026
PS_C16093_142_[T/C] 0368 0316 0478 0321 0.167
PS_C16031_147_[A/G] 0237 0368 0371  -0.019 1.000
ILL_C5106_273_[T/C] 0395 0474 0491  0.009 1.000
PS_C00512_245_[T/C] 0.056  0.111  0.108  -0.059 1.000
ILL_C140_2421_[A/G] 0.105 0211 0193  -0.118 1.000
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PS_C36237_70_[C/G] 0237 0474 0371  -0.310 0.521
PS_C34670_302_[A/C] N/A N/A N/A N/A N/A
ILL_C21880_1003_[G/C] 0.474 0421 0512  0.156 0.637
PS_C47330_170_[A/C] 0222 0444 0356  -0.286 0.522
PS_C36522_249 _[G/C] 0353  0.588  0.471  -0.288 0.595
PS_C34604_423_[A/T] 0.237 0474 0371  -0.310 0.514
PS_C34501_77_[T/G] 0429  0.095 0.502  0.806 0.001
PS_C28810_290_[A/C] 0.048  0.095 0.093  -0.050 1.000
PS_C28886_317_[T/C] N/A N/A N/A N/A N/A
ILL_C31_1387_[T/C] 0.447 0263 0.508  0.468 0.062
ILL_C844_440_[T/C] 0.056  0.111  0.108  -0.059 1.000
PS_C46857_366_[T/C] 0.158 0.211  0.273  0.208 0.367
PS_C34605_382_[A/G] N/A N/A N/A N/A N/A
ILL_C853_1199_[A/G] 0079  0.158 0.149  -0.086 1.000
ILL_C1002_85_[T/A] 0381 0.762 0.483  -0.615 0.014
PS_C11659 399 [T/C] 0.026  0.053 0.053  -0.027 1.000
ILL_C4791_1099_[T/G] 0289  0.474 0422  -0.152 1.000
ILL_C300_4982_[A/G] 0.026  0.053 0.053  -0.027 1.000
ILL_C4593_326_[T/G] 0.417 0.611  0.500  -0.257 0.620
PS_C46533_541_[T/C] 0.048  0.095 0.093  -0.050 1.000
PS_C15351_193_[A/G] 0.447 0579  0.508  -0.171 0.655
PS_C15018_147_[T/G] 0.026  0.053 0.053  -0.027 1.000
PS_C38608_168_[T/C] 0.500 1.000 0.514  -1.000 0.000
ILL_C387_215_[A/G] 0.038 0.077 0.077  -0.040 1.000
ILL_C5339_366_[T/C] 0.053  0.000 0.102  1.000 0.028
PS_C34511_71_[T/G] 0111 0222 0.203  -0.125 1.000
PS_C14838_228_[T/C] 0.184 0368 0.309  -0.226 1.000
ILL_C20267_102_[T/C] 0237 0474 0371  -0.310 0.531
PS_C46674_204_[C/G] 0.105 0211 0.193  -0.118 1.000
ILL_C1878_506_[T/C] 0.147 0294 0.258  -0.172 1.000
PS_C36563_85_[T/G] 0.167 0333  0.287  -0.200 1.000
ILL_C2735_326_[T/G] 0.079  0.158  0.149  -0.086 1.000
ILL_C250_199_[T/C] N/A N/A N/A N/A N/A
PS_C47845_238_[T/C] 0306 0.389  0.437  0.084 1.000
ILL_C1363_269_[T/C] 0361 0.278 0.475  0.398 0.120
ILL_C18774_676_[T/C] 0200 0.400 0.331  -0.250 1.000
PS_C23647_375_[A/G] 0214  0.429 0.349  -0.273 1.000
ILL_C2028_1228_[A/T] 0.105 0211 0.193  -0.118 1.000
PS_C11985_171_[A/G] 0.194  0.167 0.322  0.468 0.082
PS_C11911_576_[A/C] 0.105 0211 0.193  -0.118 1.000
ILL_C1254_187_[A/G] 0211 0316 0.341  0.050 1.000
ILL_C20427_267_[T/C] 0.105 0211 0.193  -0.118 1.000
PS_C21989_160_[T/G] 0211 0211 0.341  0.367 0.146
PS_C12069_1181_[T/C] 0.053  0.105 0.102  -0.056 1.000
ILL_C327_1076_[C/G] 0.026  0.053 0.053  -0.027 1.000
PS_C11847_438_[T/C] 0.206 0.412  0.337  -0.259 1.000
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PS_C47375_253 [A/G] N/A N/A N/A N/A N/A
PS_C34420 787 _[A/G] N/A N/A N/A N/A N/A
ILL_C2915_875_[T/C] 0.139 0.167 0.246 0.303 0.272
ILL_C22491 727 _[T/C] 0.395 0.579 0.491 -0.212 0.633
ILL_C911 1343 [T/A] 0.237 0.368 0.371 -0.019 1.000
PS_C12196_434 [G/C] 0421 0526 0501  -0.080 1.000
PS_C14297_369 [T/G] 0.447 0.474 0.508 0.042 1.000
PS_C47340 198 [A/G] 0.421 0.000 0.501 1.000 0.000
PS_C36706_579_[T/C] N/A N/A N/A N/A N/A
PS_C46597_301_[C/G] N/A N/A N/A N/A N/A
ILL_C2040_1251_[A/T] 0.368 0.526 0.478 -0.131 1.000
PS_C35683_190 [A/G] 0.368 0.316 0.478 0.321 0.168
PS_C46532 529 [A/T] N/A N/A N/A N/A N/A
PS_C15379_78 [A/C] 0.289 0.474 0.422 -0.152 1.000
PS _C11871_171 [A/G] 0.500 0.474 0.514 0.053 1.000
PS_C35823 1199 _[A/G] N/A N/A N/A N/A N/A
PS_C39731 379 [A/C] 0.132 0.263 0.235 -0.152 1.000
ILL_C6061_1289 [T/G] 0.053 0.105 0.102 -0.056 1.000
ILL_C980 261 [A/G] 0.132 0.263 0.235 -0.152 1.000
Mean 0.218 0.316 0.307 -0.035
WC(F,)

Locus MAF H, H. Fi P-value
ILL_C2122_257_[A/G] 0.021 0.042 0.041 -0.021 1.000
PS_C15402_271 [T/A] 0.031 0.021 0.061 0.656 0.031
ILL_C253_1545_[A/C] 0.010 0.021 0.021 -0.011 1.000

ILL_C428 225 [A/G] 0.327 0.490 0.444 -0.114 0.524
PS_C23094_578_[G/C] 0.076 0.152 0.142 -0.082 1.000
ILL_C20682_843 [A/T] 0.042 0.083 0.081 -0.043 1.000
PS_C34490_403_[A/G] 0.102 0.204 0.185 -0.114 1.000
PS_C25208 377 [T/G] N/A N/A N/A N/A N/A

ILL_C1783_492_[T/G] 0.071 0.143 0.134 -0.077 1.000

ILL_C929 734 [T/C] N/A N/A N/A N/A N/A
PS_C11665_287 [A/G] 0.061 0.122 0.116 -0.065 1.000

ILL_C2141_350 [T/A] 0.286 0.408 0.412 0.000 1.000
PS_C23591_200_[T/C] 0.034 0.069 0.068 -0.036 1.000
PS_C15689 162 [A/T] 0.010 0.020 0.020 -0.010 1.000
ILL_C229 2772 [A/G] 0.010 0.020 0.020 -0.010 1.000
ILL_C22574 507_[A/C] 0.031 0.061 0.060 -0.032 1.000
PS_C15088_268_[A/G] 0.286 0.531 0.412 -0.300 0.065

ILL_C2406_641 [T/C] 0.133 0.224 0.232 0.024 1.000
PS_C12925 666_[A/G] 0.136 0.273 0.238 -0.158 1.000
PS_C11984 159 [T/G] 0.388 0.776 0.480 -0.633 0.000
ILL_C22449 261 _[A/G] 0.378 0.510 0.475 -0.086 0.767
PS_C11970 157 [A/G] 0.143 0.286 0247  -0.167 0.559
PS_C23051_368_[A/G] 0.243 0.486 0.373 -0.321 0.150
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ILL_C6012_280_[T/C] 0316 0469 0437  -0.085 0.735
ILL_C2903_1043_[T/A] 0.286  0.449 0412  -0.100 0.727
PS_C34501_638_[A/G] 0.429  0.000  0.495 1.000 0.000
PS_C12352_527_[T/C] 0.479  0.458 0504  0.082 0.553
PS_C34725_229 [T/C] 0.185 0326 0305  -0.082 1.000
PS_C15230_93_[A/G] 0.245 0362 0374 0021 1.000
PS_C23075_525_[G/C] 0347 0531 0458  -0.171 0.334
ILL_C3835_411_[A/G] 0.265 0.449 0394  -0.152 0.453
PS_C24743_123_[T/G] 0.245 0490 0374  -0.324 0.045
ILL_C5634 234 [A/G] 0.194 0347 0316  -0.110 0.669
PS_C23630_237_[T/C] 0.010 0.020 0020 -0.010 1.000
ILL_C1813_300_[T/G] 0439 0510 0.498  -0.036 1.000
PS_C12218_188_[A/G] 0.020 0.041 0.040  -0.021 1.000
PS_C36136_185_[T/C] 0398 0.469 0484  0.020 1.000
PS_C23070_1364_[A/G] 0.031 0061 0.060  -0.032 1.000
ILL_C618_116_[A/G] 0.102 0204 0185  -0.114 1.000
PS_C1652_228 [A/C] 0.480 0.184 0504  0.632 0.000
PS_C25083_285_[A/G] 0.032 0.064 0.062  -0.033 1.000
ILL_C394_1510_[A/G] 0316 0510 0437  -0.180 0.332
PS_C24267_71_[A/G] 0490 0980 0.505  -0.960 0.000
PS_C34507_1191_[T/C] 0.041 0082 0.079  -0.043 1.000
PS_C36273_73_[A/C] N/A N/A N/A N/A N/A
PS_C35977_153_[T/C] 0306 0.000  0.429 1.000 0.000
PS_C16093_142_[T/C] 0276 0388  0.403  0.029 1.000
PS_C16031_147_[A/G] 0.235 0469 0363  -0.307 0.050
ILL_C5106_273_[T/C] 0235 0347 0363  0.034 0.714
PS_C00512_245_[T/C] 0.012 0.024 0.024  -0.012 1.000
ILL_C140_2421_[A/G] 0480 0592 0.504  -0.186 0.263
PS_C36237_70_[C/G] 0.053 0.106 0.102  -0.056 1.000
PS_C34670_302_[A/C] N/A N/A N/A N/A N/A
ILL_C21880_1003_[G/C] 0.173 0224 0290 0217 0.146
PS_C47330_170_[A/C] 0.480 0.878 0.504  -0.758 0.000
PS_C36522_249 [G/C] 0344 0521 0456  -0.154 0.363
PS_C34604_423_[A/T] 0.347 0490 0458  -0.081 0.752
PS_C34501_77_[T/G] 0327 0.000 0444  1.000 0.000
PS_C28810_290_[A/C] N/A N/A N/A N/A N/A
PS_C28886_317_[T/C] N/A N/A N/A N/A N/A
ILL_C31_1387_[T/C] 0.429  0.694  0.495  -0.417 0.011
ILL_C844_440_[T/C] 0.041 0082 0.079  -0.043 1.000
PS_C46857_366_[T/C] 0.052 0.104 0.100  -0.055 1.000
PS_C34605_382_[A/G] N/A N/A N/A N/A N/A
ILL_C853_1199 [A/G] 0.102 0204 0.185  -0.114 1.000
ILL_C1002_85_[T/A] 0.255 0.469 0384  -0.235 0.134
PS_C11659_399 [T/C] 0204  0.408 0.328  -0.256 0.172
ILL_C4791_1099_[T/G] 0.480 0.469 0504  0.060 0.774
ILL_C300_4982_[A/G] N/A N/A N/A N/A N/A
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ILL_C4593_326_[T/G] 0.479 0667 0504  -0.336 0.038
PS_C46533_541_[T/C] N/A N/A N/A N/A N/A
PS_C15351_193_[A/G] 0.479  0.404 0504  0.190 0.235
PS_C15018_147_[T/G] N/A N/A N/A N/A N/A
PS_C38608_168_[T/C] 0500 1.000 0.505  -1.000 0.000
ILL_C387_215_[A/G] 0031 0020 0060  0.656 0.025
ILL_C5339_366_[T/C] 0.020 0041 0.040  -0.021 1.000
PS_C34511_71_[T/G] 0.085 0170 0.157  -0.093 1.000
PS_C14838_228_[T/C] 0.102 0204 0185  -0.114 1.000
ILL_C20267_102_[T/C] 0296 0551 0421  -0.322 0.040
PS_C46674_204_[C/G] 0.020 0041 0.040  -0.021 1.000
ILL_C1878_506_[T/C] 0.010 0.020 0.020  -0.010 1.000
PS_C36563_85_[T/G] 0.050 0.100 0.096  -0.053 1.000
ILL_C2735_326_[T/G] 0.010 0.020 0.020  -0.010 1.000
ILL_C250_199_[T/C] N/A N/A N/A N/A N/A
PS_C47845_238_[T/C] 0.149 0298 0256  -0.175 0.572
ILL_C1363_269_[T/C] 0319 0426 0439 0021 1.000
ILL_C18774_676_[T/C] 0.043 0085 0082  -0.044 1.000
PS_C23647_375_[A/G] 0.091 0182 0167  -0.100 1.000
ILL_C2028_1228_[A/T] 0.020 0.041 0.040  -0.021 1.000
PS_C11985_171_[A/G] 0.103 0051 0.18  0.721 0.001
PS_C11911 _576_[A/C] 0.020 0.041 0.040  -0.021 1.000
ILL_C1254_187_[A/G] 0357 0429 0464  0.067 0.760
ILL_C20427_267_[T/C] 0031 0.061 0.060  -0.032 1.000
PS_C21989_160_[T/G] 0.286 0.449 0412  -0.100 0.721
PS_C12069_1181_[T/C] 0.092 0184 0.169  -0.101 1.000
ILL_C327_1076_[C/G] 0.010 0.020 0.020 -0.010 1.000
PS_C11847_438_[T/C] 0341 0634 0455  -0.410 0.015
PS_C47375_253_[A/G] 0378 0.020 0475  0.957 0.000
PS_C34420_787_[A/G] N/A N/A N/A N/A N/A
ILL_C2915_875_[T/C] 0.125 0250 0221  -0.143 1.000
ILL_C22491_727_[T/C] 0316 0469 0437  -0.085 0.754
ILL_C911_1343_[T/A] 0.194 0388 0316  -0.241 0.177
PS_C12196_434_[G/C] 0500 0.592  0.505  -0.184 0.271
PS_C14297_369_[T/G] 0375 0625 0474  -0.333 0.045
PS_C47340_198_[A/G] 0333  0.000  0.449 1.000 0.000
PS_C36706_579_[T/C] 0.122 0245 0217  -0.140 1.000
PS_C46597_301_[C/G] 0235 0429 0363  -0.193 0.249
ILL_C2040_1251_[A/T] 0.041 0082 0.079  -0.043 1.000
PS_C35683_190_[A/G] 0276 0388  0.403  0.029 1.000
PS_C46532_529 [A/T] 0.102 0204 0185  -0.114 1.000
PS_C15379_78_[A/C] 0388 0.286 0480  0.398 0.006
PS_C11871_171_[A/G] 0316 0510 0437  -0.180 0.318
PS_C35823_ 1199 [A/G] N/A N/A N/A N/A N/A
PS_C39731_379_[A/C] N/A N/A N/A N/A N/A
ILL_C6061_1289 [T/G] 0.418 0633 0492  -0.300 0.087
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ILL_C980_261 [A/G] 0.444 0.578 0.499 -0.170 0.365
Mean 0.211 0.297 0.284 -0.036
WS(2004)

Locus MAF H, H. Fis P-value
ILL_C2122_ 257 [A/G] N/A N/A N/A N/A N/A
PS_C15402_271_[T/A] 0.023 0.045 0.045 -0.023 1.000
ILL_C253 1545 [A/C] 0.100 0.100 0.185 0.444 0.156

ILL_C428 225 [A/G] 0.172 0.344 0.289 -0.208 0.548
PS_C23094_578 [G/C] 0.094 0.188 0.173 -0.103 1.000
ILL_C20682_843 [A/T] 0.040 0.080 0.078 -0.042 1.000
PS_C34490_403_[A/G] 0.333 0.400 0.452 0.100 0.687
PS_C25208 377_[T/G] N/A N/A N/A N/A N/A

ILL_C1783_492 [T/G] 0.094 0.188 0.173 -0.103 1.000

ILL_C929 734 [T/C] 0.050 0.100 0.097 -0.053 1.000
PS_C11665_287 [A/G] 0.081 0.161 0.151 -0.088 1.000

ILL_C2141_350 [T/A] 0.452 0.516 0.503 -0.042 1.000
PS_C23591 200 _[T/C] 0.045 0.091 0.089 -0.048 1.000
PS_C15689_162_[A/T] 0.076 0.091 0.142 0.351 0.146
ILL_C229 2772 [A/G] 0.133 0.267 0.235 -0.154 1.000
ILL_C22574 507 _[A/C] 0.242 0.364 0.373 0.010 1.000
PS_C15088 268 [A/G] 0.333 0.467 0.452 -0.050 1.000

ILL_C2406_641 [T/C] 0.065 0.129 0.123 -0.069 1.000
PS_C12925 666 _[A/G] N/A N/A N/A N/A N/A
PS_C11984_159 [T/G] 0.500 1.000 0.510 -1.000 0.000
ILL_C22449 261 [A/G] 0.188 0.375 0.310 -0.231 0.567
PS_C11970_157_[A/G] 0.250 0.438 0.381 -0.167 0.649
PS_C23051_368 [A/G] 0.250 0.500 0.387 -0.333 0.513

ILL_C6012_280_[T/C] 0.355 0.452 0.465 0.014 1.000
ILL_C2903 1043 [T/A] 0.250 0.375 0.387 0.000 1.000
PS_C34501_638_[A/G] 0.063 0.000 0.119 1.000 0.001
PS_C12352 527 [T/C] 0.333 0.467 0.452 -0.050 1.000
PS_C34725_229 [T/C] 0.274 0.226 0.405 0.433 0.021

PS_C15230 93 [A/G] 0.422 0.469 0.496 0.039 1.000
PS_C23075_525_[G/C] 0.439 0.515 0.500 -0.046 1.000

ILL_C3835 411 [A/G] 0.281 0.375 0.411 0.072 0.668
PS_C24743 123 [T/G] 0.197 0.333 0.321 -0.054 1.000

ILL_C5634 234 [A/G] 0.258 0.455 0.388 -0.188 0.642
PS_C23630_237_[T/C] 0.173 0.115 0.292 0.597 0.013

ILL_C1813 300 [T/G] 0.106 0.212 0.193 -0.119 1.000
PS_C12218_188 [A/G] 0.290 0.387 0.419 0.061 0.687
PS_C36136_185_[T/C] 0.313 0.250 0.437 0.418 0.034
PS_C23070_1364_[A/G] 0.197 0.212 0.321 0.329 0.079

ILL_C618 116 _[A/G] 0.152 0.242 0.261 0.057 0.560

PS_C1652_228 [A/C] 0.167 0.152 0.282 0.455 0.024
PS_C25083 285 [A/G] 0.016 0.031 0.031 -0.016 1.000

ILL_C394 1510 [A/G] 0.469 0.500 0.506 -0.004 1.000
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PS_C24267_71_[A/G] 0.500 1.000 0.508  -1.000 0.000
PS_C34507_1191_[T/C] 0.431  0.448 0.499  0.086 0.699
PS_C36273_73_[A/C] 0.094 0.125 0.173  0.264 0.235
PS_C35977_153_[T/C] 0.091 0.000 0.168  1.000 0.000
PS_C16093_142_[T/C] 0.422 0344  0.49  0.295 0.152
PS_C16031_147_[A/G] 0375 0.625 0.476  -0.333 0.138
ILL_C5106_273_[T/C] 0222 029 0.352  0.143 0.571
PS_C00512_245_[T/C] N/A N/A N/A N/A N/A
ILL_C140_2421_[A/G] 0.125 0.188  0.222  0.143 0.388
PS_C36237_70_[C/G] 0226  0.194  0.355  0.446 0.022
PS_C34670_302_[A/C] 0.015 0.030 0.030 -0.015 1.000
ILL_C21880_1003_[G/C] 0.281 0438 0411  -0.082 1.000
PS_C47330_170_[A/C] 0391 0.609 0.487  -0.278 0.369
PS_C36522_249 [G/C] 0.333 0424 0451  0.045 1.000
PS_C34604_423_[A/T] 0203 0219 0.329 0324 0.082
PS_C34501_77_[T/G] 0.470  0.636  0.506  -0.277 0.180
PS_C28810_290_[A/C] 0364  0.121 0470  0.738 0.000
PS_C28886_317_[T/C] 0.030 0061 0.060  -0.031 1.000
ILL_C31_1387_[T/C] 0371 0419 0.474  0.101 0.701
ILL_C844_440_[T/C] 0.032 0065 0.063  -0.033 1.000
PS_C46857_366_[T/C] 0111 0222 0.201  -0.125 1.000
PS_C34605_382_[A/G] 0.063 0125 0.121  -0.067 1.000
ILL_C853_1199_[A/G] 0.031 0.063 0.062  -0.032 1.000
ILL_C1002_85_[T/A] 0.424 0727  0.496  -0.489 0.011
PS_C11659 399 [T/C] 0.032 0.065 0.063  -0.033 1.000
ILL_C4791_1099_[T/G] 0273 0364 0.403  0.083 0.666
ILL_C300_4982_[A/G] 0.107 0214  0.195  -0.120 1.000
ILL_C4593_326_[T/G] 0.167 0273 0282  0.018 1.000
PS_C46533_541_[T/C] 0.015 0.030 0.030 -0.015 1.000
PS_C15351_193_[A/G] 0.422 0406 0.496  0.167 0.454
PS_C15018_147_[T/G] 0.063 0.125 0.119  -0.067 1.000
PS_C38608_168_[T/C] 0.483  0.967 0.508  -0.935 0.000
ILL_C387_215_[A/G] 0.117 0.033 0210  0.838 0.002
ILL_C5339_366_[T/C] 0.048  0.097 0.094  -0.051 1.000
PS_C34511_71_[T/G] 0016 0.031 0.031  -0.016 1.000
PS_C14838_228_[T/C] 0.136 0273 0.239  -0.158 1.000
ILL_C20267_102_[T/C] 0.141 0219 0.246  0.095 0.469
PS_C46674_204_[C/G] 0304 0.464 0431  -0.098 1.000
ILL_C1878_506_[T/C] 0.015 0.030 0.030 -0.015 1.000
PS_C36563_85_[T/G] 0.224 0310 0.354  0.108 0.588
ILL_C2735_326_[T/G] 0.017 0.034 0.034  -0.018 1.000
ILL_C250_199_[T/C] N/A N/A N/A N/A N/A
PS_C47845_238_[T/C] 0367 0.400 0.472  0.139 0.453
ILL_C1363_269_[T/C] 0359  0.406 0.468  0.118 0.475
ILL_C18774_676_[T/C] 0.053  0.105 0.102  -0.056 1.000
PS_C23647_375_[A/G] 0129  0.194 0.228  0.139 0.399
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ILL_C2028_1228_[A/T] 0.167 0.333 0.282 -0.200 0.563
PS_C11985_171_[A/G] 0.233 0.267 0.364 0.255 0.166
PS_C11911_576_[A/C] 0.156 0.250 0.268 0.052 0.566
ILL_C1254_187_[A/G] 0.442 0.577 0.503 -0.169 0.689
ILL_C20427_267_[T/C] 0.018 0.036 0.036 -0.018 1.000
PS_C21989_160_[T/G] 0.182 0.303 0.302 -0.019 1.000
PS_C12069_1181_[T/C] 0.030 0.061 0.060 -0.031 1.000
ILL_C327_1076_[C/G] 0.047 0.031  0.091 0.650 0.052
PS_C11847_438_[T/C] 0.233 0.400 0.364 -0.118 1.000
PS_C47375_253_[A/G] 0.015 0.030 0.030 -0.015 1.000
PS_C34420_787_[A/G] 0.016 0.032 0.032 -0.016 1.000
ILL_C2915_875_[T/C] 0.232 0.321 0.363 0.098 0.601
ILL_C22491_727_[T/C] 0.435 0.484 0.500 0.016 1.000
ILL_C911_1343 [T/A] 0.234 0.281 0.365 0.216 0.295
PS_C12196_434_[G/C] 0.375 0.650 0.481 -0.387 0.159
PS_C14297_369_[T/G] 0.422 0.469 0.496 0.039 1.000
PS_C47340_198_[A/G] 0.182 0.000 0.302 1.000 0.000
PS_C36706_579_[T/C] 0.167 0.273 0.282 0.018 1.000
PS_C46597_301_[C/G] 0.097 0.129 0.178 0.262 0.233
ILL_C2040_1251_[A/T] 0.125 0.250 0.223 -0.143 1.000
PS_C35683_190_[A/G] 0.297 0.406 0.424 0.027 1.000
PS_C46532_529 [A/T] N/A N/A N/A N/A N/A
PS_C15379_78_[A/C] 0.389 0.704 0.484 -0.481 0.032
PS_C11871_171_[A/G] 0.485 0.545 0.507 -0.092 0.741
PS_C35823 1199 [A/G] N/A N/A N/A N/A N/A
PS_C39731_379_[A/C] 0.197 0.333 0.321 -0.054 1.000
ILL_C6061_1289_[T/G] 0.121 0.241 0.216 -0.137 1.000
ILL_C980_261_[A/G] 0.097 0.194 0.178 -0.107 1.000
Mean 0.209 0.290 0.293 0.026
WS(2011)

Locus MAF H, H. Fis P-value
ILL_C2122_257_[A/G] 0.056 0.111 0.111 -0.059 1.000
PS_C15402_271_[T/A] 0.125 0.250 0.233 -0.143 1.000
ILL_C253_1545_[A/C] 0.056 0.111 0.111 -0.059 1.000

ILL_C428 225_[A/G] 0.222 0.444 0.366 -0.286 1.000
PS_C23094_578_[G/C] 0.056 0.111 0.111 -0.059 1.000
ILL_C20682_843_[A/T] N/A N/A N/A N/A N/A
PS_C34490_403_[A/G] 0.222 0.444 0.366 -0.286 1.000
PS_C25208 377 [T/G] N/A N/A N/A N/A N/A

ILL_C1783_492_[T/G] 0.125 0.250 0.233 -0.143 1.000

ILL_C929 734 [T/C] N/A N/A N/A N/A N/A
PS_C11665_287_[A/G] N/A N/A N/A N/A N/A

ILL_C2141_350_[T/A] 0.375 0.500 0.500 -0.067 1.000
PS_C23591_200_[T/C] N/A N/A N/A N/A N/A
PS_C15689_162_[A/T] 0.125 0.250 0.233 -0.143 1.000
ILL_C229_2772_[A/G] N/A N/A N/A N/A N/A
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ILL_C22574_507_[A/C] 0.167 0333  0.294  -0.200 1.000
PS_C15088_268_[A/G] 0.500 0556 0529  -0.111 1.000
ILL_C2406_641_[T/C] 0.063 0.125 0.125  -0.067 1.000
PS_C12925_666_[A/G] 0.100 0200 0200  -0.111 1.000
PS_C11984_159 [T/G] 0500 1.000 0.529  -1.000 0.010
ILL_C22449 _261_[A/G] 0389 0333 0503  0.299 0.491
PS_C11970_157_[A/G] 0250 0.250 0.400  0.333 0.391
PS_C23051_368_[A/G] 0.071 0143 0.143  -0.077 1.000
ILL_C6012_280_[T/C] 0.188  0.125 0.325  0.590 0.205
ILL_C2903_1043_[T/A] 0.500 0333 0.529  0.333 0.510
PS_C34501_638_[A/G] 0.222 0.000 0.366  1.000 0.013
PS_C12352_527_[T/C] 0389 0778 0503  -0.636 0.171
PS_C34725_229 [T/C] 0.167 0.111  0.294  0.600 0.171
PS_C15230_93_[A/G] 0.500 0.429 0538  0.143 1.000
PS_C23075_525_[G/C] 0222 0.000 0.366  1.000 0.011
ILL_C3835_411_[A/G] 0.111 0222 0209  -0.125 1.000
PS_C24743_123_[T/G] 0222 0.444 0366  -0.286 1.000
ILL_C5634 234 [A/G] 0500 0778 0529  -0.556 0.215
PS_C23630_237_[T/C] 0.167 0333  0.294  -0.200 1.000
ILL_C1813_300_[T/G] 0.111 0222 0209  -0.125 1.000
PS_C12218_188_[A/G] 0.125 0.250 0.233  -0.143 1.000
PS_C36136_185_[T/C] 0.278 0556  0.425  -0.385 1.000
PS_C23070_1364_[A/G] 0333  0.000 0.471  1.000 0.005
ILL_C618_116_[A/G] 0.278 0556  0.425  -0.385 1.000
PS_C1652_228_[A/C] 0222 0.000 0.366  1.000 0.007
PS_C25083_285_[A/G] N/A N/A N/A N/A N/A
ILL_C394_1510_[A/G] 0.222 0.444 0366  -0.286 1.000
PS_C24267_71_[A/G] 0389 0.778 0.503  -0.636 0.178
PS_C34507_1191_[T/C] 0.444 0222 0523  0.550 0.167
PS_C36273_73_[A/C] N/A N/A N/A N/A N/A
PS_C35977_153_[T/C] 0222 0.000 0.366  1.000 0.012
PS_C16093_142_[T/C] 0.444 0222 0523  0.550 0.171
PS_C16031_147_[A/G] 0.222 0.444 0366  -0.286 1.000
ILL_C5106_273_[T/C] 0.125 0.250 0.233  -0.143 1.000
PS_C00512_245_[T/C] 0071  0.143  0.143  -0.077 1.000
ILL_C140_2421_[A/G] 0.056  0.111  0.111  -0.059 1.000
PS_C36237_70_[C/G] 0333  0.444 0471  0.000 1.000
PS_C34670_302_[A/C] 0.056  0.111  0.111  -0.059 1.000
ILL_C21880_1003_[G/C] 0.125 0250 0.233  -0.143 1.000
PS_C47330_170_[A/C] 0429 0571  0.527  -0.167 1.000
PS_C36522_249 [G/C] 0.500 0.500 0.533  0.000 1.000
PS_C34604_423_[A/T] 0222 0222 0366  0.357 0.335
PS_C34501_77_[T/G] 0.222 0.000 0.366  1.000 0.015
PS_C28810_290_[A/C] N/A N/A N/A N/A N/A
PS_C28886_317_[T/C] N/A N/A N/A N/A N/A
ILL_C31_1387_[T/C] 0222 0.444 0366  -0.286 1.000
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ILL_C844_440_[T/C] 0.056 0.111 0.111  -0.059 1.000
PS_C46857_366_[T/C] 0222 0444 0366  -0.286 1.000
PS_C34605_382_[A/G] N/A N/A N/A N/A N/A
ILL_C853_1199 [A/G] 0056 0111  0.111  -0.059 1.000
ILL_C1002_85_[T/A] 0333 0667 0.471  -0.500 0.457
PS_C11659_399 [T/C] 0.167 0333  0.294  -0.200 1.000
ILL_C4791_1099 [T/G] 0333 0444 0471  0.000 1.000
ILL_C300_4982_[A/G] 0.063 0125 0.125  -0.067 1.000
ILL_C4593_326_[T/G] 0389 0778 0.503  -0.636 0.174
PS_C46533_541 _[T/C] 0.111 0222 0209  -0.125 1.000
PS_C15351_193_[A/G] 0389  0.333  0.503  0.299 0.495
PS_C15018_147_[T/G] N/A N/A N/A N/A N/A
PS_C38608_168_[T/C] 0.500 1.000 0.533  -1.000 0.023
ILL_C387_215_[A/G] 0250 0.000  0.400 1.000 0.016
ILL_C5339_366_[T/C] 0.167 0333  0.294  -0.200 1.000
PS_C34511_71_[T/G] 0071 0143 0.143  -0.077 1.000
PS_C14838 228 [T/C] 0.188 0375 0325  -0.231 1.000
ILL_C20267_102_[T/C] 0222 0444 0366  -0.286 1.000
PS_C46674_204_[C/G] 0389 0.333  0.503  0.299 0.502
ILL_C1878_506_[T/C] 0056 0111 0.111  -0.059 1.000
PS_C36563_85_[T/G] 0.417 0.833 0530 -0.714 0.402
ILL_C2735_326_[T/G] N/A N/A N/A N/A N/A
ILL_C250 199 _[T/C] N/A N/A N/A N/A N/A
PS_C47845_238_[T/C] 0.438 0375 0525  0.238 0.520
ILL_C1363_269 [T/C] 0.444  0.444 0523  0.100 1.000
ILL_C18774_676_[T/C] 0.188 0375 0325  -0.231 1.000
PS_C23647_375_[A/G] 0.167 0333  0.303  -0.200 1.000
ILL_C2028_1228_[A/T] 0.063 0125 0.125  -0.067 1.000
PS_C11985 171 [A/G] 0.417 0167 0.530  0.657 0.157
PS_C11911_576_[A/C] 0.167 0333  0.294  -0.200 1.000
ILL_C1254_187 [A/G] 0250 0.500 0.400  -0.333 1.000
ILL_C20427_267_[T/C] N/A N/A N/A N/A N/A
PS_C21989_160_[T/G] 0222 0444 0366  -0.286 1.000
PS_C12069_1181_[T/C] 0.056 0.111 0.111  -0.059 1.000
ILL_C327_1076_[C/G] N/A N/A N/A N/A N/A
PS_C11847_438_[T/C] 0.278  0.556  0.425  -0.385 1.000
PS_C47375_253_[A/G] N/A N/A N/A N/A N/A
PS_C34420_787_[A/G] 0.056 0.111 0.111  -0.059 1.000
ILL_C2915_875_[T/C] 0250 0500 0.409  -0.333 1.000
ILL_C22491_727_[T/C] 0.125 0250 0.233  -0.143 1.000
ILL_C911_1343_[T/A] 0.278  0.556  0.425  -0.385 1.000
PS_C12196_434_[G/C] 0.444  0.444 0523  0.100 1.000
PS_C14297 369 [T/G] 0.438 0125 0525  0.746 0.056
PS_C47340_198_[A/G] 0222 0.000 0.366 1.000 0.010
PS_C36706_579 [T/C] 0.167 0333  0.294  -0.200 1.000
PS_C46597_301_[C/G] 0.188 0375 0325  -0.231 1.000
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ILL_C2040_1251_[A/T] 0.188 0.375 0.325 -0.231 1.000
PS_C35683_190_[A/G] 0.389 0.333 0.503 0.299 0.501
PS_C46532_529_[A/T] N/A N/A N/A N/A N/A
PS_C15379_78_[A/C] 0.444 0.444 0.523 0.100 1.000
PS_C11871_171_[A/G] 0.278 0.556 0.425 -0.385 1.000
PS_C35823_1199_[A/G] 0.111 0.000 0.209 1.000 0.061
PS_C39731_379_[A/C] 0.167 0.333 0.294 -0.200 1.000
ILL_C6061_1289 [T/G] 0.111 0.222 0.209 -0.125 1.000
ILL_C980_261_[A/G] 0.250 0.500 0.400 -0.333 1.000

Mean 0.239 0.327 0.346 -0.011

LXXXIIl | Page



APPENDIX C

Table S4.3: Summary of outlier results, numerical values highlighted denotes loci putatively under selection as indicated by the respective
tests. Where the locus name has been highlighted it shows a locus that has been identified as a locus under selection by both test methods
across any of the population cohorts (Bold: locus under directional selection; Underlined: locus under balancing selection).

Across all populations Across wild populations (2000-4) Across wild populations (2010/11) Across F, cultured populations
Lositan BayeScan Lositan BayeScan Lositan BayeScan Lositan BayeScan
P-value P-value P-value P-value
Locus (Simulated Fg < log;(PO) (Simulated F; < logy4(PO) (Simulated F, < log;4(PO) (Simulated Fy; < log;4(PO)
sample F) sample Fy) sample F) sample Fy)

ILL_C2122_257_[A/G] ns ns ns ns ns ns 0.046 ns
PS_C15402_271 _[T/A] 0.001 ns ns ns 0.001 ns ns ns
ILL_C253_1545_[A/C] 0.000 ns 0.002 ns 0.000 ns ns ns
ILL_C428 225 [A/G] 0.004 ns ns ns ns ns ns ns
PS_C23094_578_[G/C] 0.000 ns 0.000 ns 0.006 ns ns ns
ILL_C20682_843_[A/T] 0.004 ns 0.000 ns ns ns 0.031 ns
PS_C34490_403_[A/G] ns ns 0.004 ns ns ns ns ns
PS_C25208 _377_[T/G] ns ns ns ns ns ns ns ns
ILL_C1783_492_[T/G] ns ns ns ns ns ns ns ns
ILL_C929 734 _[T/C] ns ns ns ns ns ns ns ns
PS_C11665_287_[A/G] ns ns ns ns ns ns ns ns
ILL_C2141_350_[T/A] ns ns ns ns ns ns ns ns
PS_C23591_200_[T/C] 0.967 2.104 ns ns 0.000 ns ns ns
PS_C15689_162_[A/T] 0.041 ns ns ns 0.000 ns ns ns
ILL_C229 2772_[A/G] ns ns ns ns ns ns ns ns
ILL_C22574_507_[A/C] ns ns ns ns 0.010 ns ns ns
PS_C15088_268_[A/G] 0.008 ns ns ns ns ns ns ns
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ILL_C2406_641_[T/C] 0.017 ns ns ns 0.002 ns ns ns
PS_C12925 666_[A/G] 0.000 ns ns ns 0.006 ns 0.010 ns
PS_C11984_159 [T/G] 0.000 ns 0.006 ns 0.007 ns ns ns
ILL_C22449 261 [A/G] 0.005 ns 0.047 ns ns ns ns ns
PS_C11970_157_[A/G] 0.000 ns ns ns 0.008 ns 0.021 ns
PS_C23051_368_[A/G] ns ns ns ns 0.000 ns ns ns
ILL_C6012_280 [T/C] ns ns ns ns ns ns ns ns
ILL_C2903_1043_[T/A] ns ns 0.008 ns ns ns ns ns
PS_C34501_638_[A/G] 1.000 1000.000 1.000 1000.000 1.000 1000.000 1.000 1000.000
PS_C12352 527 [T/C] 0.002 -0.710 0.005 ns ns ns ns ns
PS_C34725_229 [T/C] 0.007 -0.959 0.005 ns ns ns ns ns
PS_C15230 93 [A/G] 0.008 -1.017 ns ns 0.049 ns ns ns
PS_C23075_525_[G/C] 1.000 1000.000 0.985 1000.000 0.995 ns ns ns
ILL_C3835 411 [A/G] ns ns ns ns ns ns ns ns
PS_C24743_123_[T/G] 0.011 ns ns ns 0.038 ns ns ns
ILL_C5634_ 234 [A/G] ns ns 0.032 ns ns ns ns ns
PS_C23630_237_[T/C] ns ns ns ns ns ns ns ns
ILL_C1813_300_[T/G] ns ns ns ns ns ns ns ns
PS_C12218_188_[A/G] 0.030 ns ns ns ns ns ns ns
PS_C36136_185_[T/C] ns ns ns ns ns ns 0.043 ns
PS_C23070_1364_[A/G] ns ns ns ns ns ns ns ns
ILL_C618_116_[A/G] ns ns ns ns ns ns 0.047 ns
PS_C1652_228 [A/C] 1.000 1000.000 1.000 1000.000 1.000 1000.000 0.995 1.273
PS_C25083_285_[A/G] 0.997 1000.000 ns ns 0.994 ns ns ns
ILL_C394_1510_[A/G] ns ns 0.044 ns 0.966 ns 0.048 ns
PS_C24267_71_[A/G] ns ns ns ns ns ns ns ns
PS_C34507_1191_[T/C] ns ns ns ns ns ns 0.001 ns
PS_C36273_73_[A/C] ns ns ns ns ns ns ns ns
PS_C35977_153_[T/C] 1.000 1000.000 1.000 1000.000 1.000 1000.000 1.000 1000.000
PS_C16093_142_[T/C] ns ns ns ns 0.029 ns ns ns
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PS_C16031_147_[A/G]
ILL_C5106_273_[T/C]
PS_C00512_245_[T/C]
ILL_C140_2421_[A/G]
PS_C36237_70_[C/G]
PS_C34670_302_[A/C]
ILL_C21880_1003_[G/C]
PS_C47330_170_[A/C]
PS_C36522_249_[G/C]
PS_C34604_423_[A/T]
PS_C34501_77_[T/G]
PS_C28810_290_[A/C]
PS_C28886_317_[T/C]
ILL_C31_1387_[T/C]
ILL_C844_440_[T/C]
PS_C46857_366_[T/C]
PS_C34605_382_[A/G]
ILL_C853_1199_[A/G]
ILL_C1002_85_[T/A]
PS_C11659_399_[T/C]
ILL_C4791_1099_[T/G]
ILL_C300_4982_[A/G]
ILL_C4593_326_[T/G]
PS_C46533_541_[T/C]
PS_C15351_193_[A/G]
PS_C15018_147_[T/G]
PS 38608 168 [T/C]
ILL_C387_215_[A/G]
ILL_C5339_366_[T/C]
PS_C34511_71_[T/G]

0.000
ns
0.000
ns
ns
0.000
ns
ns
0.003
0.002
ns
0.992
ns
0.047
0.000

ns
0.004
ns
0.000
ns
ns

0.000

ns
ns
ns
ns
1.560
ns
ns
ns
ns
ns
3.097
1000.000
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
1.042
ns
ns

ns

ns
ns
0.042
ns
ns
0.042
ns
0.000
0.033
0.003
ns
0.977
ns
ns
0.000
ns
ns
ns
ns
ns
ns
ns
ns
0.026
ns
ns
0.001
ns
0.003
0.003

ns
ns
ns
ns

1.433
ns
ns
ns
ns
ns
ns

3.097
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns

ns

ns
ns
0.000
ns
ns
0.000
ns
ns
ns
ns
ns
ns
1.000
ns
0.000
ns
ns
ns
ns
ns
ns
0.000
ns
ns
0.042
ns
0.000
ns
ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

0.002
ns
0.038
ns
ns
ns
ns
ns
ns
0.042
ns
ns
ns
ns
ns
ns
ns
ns
ns
0.050
ns
ns
ns
ns
ns
ns
0.032
ns
0.042

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns
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PS_C14838_228 [T/C] ns ns ns ns ns ns ns ns
ILL_C20267_102_[T/C] 0.010 ns ns ns 0.010 ns 0.002 ns
PS_C46674_204_[C/G] ns ns ns ns ns ns ns ns
ILL_C1878 506_[T/C] ns ns 0.005 ns ns ns ns ns
PS_C36563_85_[T/G] ns ns ns ns ns ns ns ns
ILL_C2735_326_[T/G] ns ns ns ns ns ns ns ns
ILL_C250_199_[T/C] ns ns ns ns 0.955 ns ns ns
PS_C47845 238 [T/C] 0.043 ns ns ns ns ns ns ns
ILL_C1363_269_[T/C] ns ns ns ns ns ns ns ns
ILL_C18774 676_[T/C] 0.044 ns ns ns 0.035 ns ns ns
PS_C23647_375_[A/G] 0.047 ns ns ns 0.000 ns ns ns
ILL_C2028 1228 [A/T] 0.007 ns ns ns ns ns 0.039 ns
PS_C11985_171_[A/G] ns ns 0.030 ns ns ns 0.006 ns
PS_C11911 576 _[A/C] 0.022 ns ns ns ns ns ns ns
ILL_C1254_187_[A/G] 0.006 ns ns ns ns ns ns ns
ILL_C20427 267 _[T/C] ns ns 0.000 ns ns ns ns ns
PS_C21989_160_[T/G] 0.019 ns ns ns 0.047 ns ns ns
PS_C12069_1181_[T/C] 0.002 ns 0.025 ns ns ns 0.042 ns
ILL_C327_1076_[C/G] 0.016 ns ns ns ns ns ns ns
PS_C11847_438_[T/C] 0.016 ns ns ns 0.000 ns 0.038 ns
PS_C47375_253_[A/G] 1.000 1000.000 1.000 1000.000 1.000 0.555 0.999 1.660
PS_C34420_787_[A/G] 0.000 ns 0.000 ns 0.000 ns ns ns
ILL_C2915_875_[T/C] 0.001 ns 0.004 ns 0.001 ns ns ns
ILL_C22491_727_[T/C] ns ns ns ns ns ns ns ns
ILL_C911_1343_[T/A] 0.000 ns 0.047 ns 0.000 ns 0.006 ns
PS_C12196_434_[G/C] ns ns ns ns ns ns ns ns
PS_C14297_369 _[T/G] ns ns 0.025 ns ns ns ns ns
PS_C47340_198_[A/G] ns 3.398 0.950 1.598 ns ns ns ns
PS_C36706_579 _[T/C] 0.004 ns ns ns 0.001 ns ns ns
PS_C46597_301_[C/G] ns ns 0.009 ns 0.005 ns ns ns
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ILL_C2040_1251_[A/T] ns ns ns ns ns ns ns ns
PS_C35683_190 [A/G] 0.035 ns 0.026 ns ns ns ns ns
PS_C46532_529 [A/T] ns ns ns ns ns ns ns ns
PS_C15379_78 [A/C] ns ns ns ns 0.029 ns ns ns
PS_C11871_171_[A/G] ns ns 0.005 ns ns ns ns ns
PS_(C35823 1199 [A/G] ns ns ns ns ns ns ns ns
PS_C39731_379_[A/C] ns ns ns ns 0.036 ns ns ns
ILL_C6061_1289_[T/G] 0.996 1000.000 0.977 3.699 0.970 ns 0.963 ns
ILL_C980_261_[A/G] ns ns ns ns ns ns ns ns
Directional selection 9 12 8 9 10 4 5 4
Balancing selection 48 1 33 0 33 0 21 0
Total 57 13 41 9 43 4 26 4
SD(2004) vs WS(2004) vs CR(2003) vs RP(2003) vs AS(F,) vs AS(F,) vs WC(F,) vs
SD(2010) WS(2011) CR(2011) RP(2011) WC(F,) vs WC(F,) SD(2004) SD(2010) RP(2003)
Lositan Lositan Lositan Lositan Lositan Lositan Lositan Lositan
P-value P-value P-value P-value P-value P-value P-value P-value
Locus (Simulated Fg < (Simulated Fg < (Simulated Fg < (Simulated Fg < (Simulated Fg < (Simulated F < (Simulated F < (Simulated F <
sample F) sample Fy) sample Fy) sample F) sample F) sample F) sample Fy) sample F)

ILL_C2122_257_[A/G] 0.719 0.000 ns ns ns ns ns 1.000
PS_C15402_271_[T/A] 0.407 ns 0.955 ns ns ns 0.000 ns
ILL_C253_1545_[A/C] 0.602 ns ns ns ns ns ns ns
ILL_C428_225_[A/G] 0.353 ns ns ns ns ns ns ns
PS_C23094_578_[G/C] 0.382 ns ns ns ns ns ns ns
ILL_C20682_843_[A/T] 0.091 0.000 ns 1.000 ns ns 0.000 ns
PS_C34490_403_[A/G] 0.581 ns ns ns ns ns ns ns
PS_C25208 _377_[T/G] 0.510 ns ns ns ns ns ns ns
ILL_C1783_492_[T/G] 0.835 0.000 ns ns ns ns ns ns
ILL_C929 734 _[T/C] 0.139 0.000 ns ns ns ns ns ns
PS_C11665_287_[A/G] 0.663 1.000 ns ns ns 0.979 ns ns
ILL_C2141_350_[T/A] 0.902 ns ns ns ns ns ns ns
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PS_C23591_200_[T/C] 0.542 0.000 0.990 1.000 ns 1.000 ns 1.000
PS_C15689_162_[A/T] 0.465 ns ns ns ns ns ns 0.996
ILL_C229_2772_[A/G] 0.689 1.000 ns ns ns ns ns ns
ILL_C22574 507_[A/C] 0.710 ns ns ns ns ns ns ns
PS_C15088_268_[A/G] 0.345 ns ns ns ns ns ns ns
ILL_C2406_641_[T/C] 0.693 0.000 ns ns ns ns ns ns
PS_C12925_666_[A/G] 0.573 ns 0.030 ns ns ns ns ns
PS_C11984_ 159 [T/G] 0.647 ns ns ns ns ns ns ns
ILL_C22449_261_[A/G] 0.440 ns ns ns ns ns ns ns
PS_C11970_157_[A/G] 0.856 0.000 ns ns ns ns ns ns
PS_C23051_368_[A/G] 0.951 ns ns ns ns 0.000 ns 0.030
ILL_C6012_280_[T/C] 0.318 ns ns ns ns ns ns ns
ILL_C2903_1043_[T/A] 0.622 ns ns ns ns ns ns 0.987
PS_C34501_638_[A/G] 0.946 ns 0.000 ns 0.955 ns ns ns
PS_C12352_527_[T/C] 0.389 ns ns ns ns ns 0.037 ns
PS_C34725 229 [T/C] 0.543 ns ns ns ns ns ns ns
PS_C15230_93_[A/G] 0.351 ns ns ns ns ns ns ns
PS_C23075_525_[G/C] 0.738 ns ns ns ns ns ns ns
ILL_C3835_411_[A/G] 0.379 ns ns ns ns ns ns ns
PS_C24743_123_[T/G] 0.609 ns ns ns ns ns ns ns
ILL_C5634_234_[A/G] 0.343 ns ns ns ns ns ns ns
PS_C23630_237_[T/C] 0.635 0.016 ns ns ns ns ns ns
ILL_C1813_300_[T/G] 0.814 0.000 ns ns ns ns ns ns
PS_C12218 188_[A/G] 0.745 ns ns ns ns ns ns ns
PS_C36136_185_[T/C] 0.491 ns ns ns ns ns ns ns
PS_C23070_1364_[A/G] 0.688 ns ns ns 0.971 ns ns ns
ILL_C618_116_[A/G] 0.613 ns ns ns ns ns ns ns
PS_C1652_228 [A/C] 0.454 ns 0.000 ns 0.952 ns ns ns
PS_C25083_285_[A/G] 0.874 ns 1.000 0.996 ns ns ns 0.994
ILL_C394_1510_[A/G] 0.974 ns ns ns ns ns ns ns
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PS_C24267_71_[A/G]
PS_C34507_1191_[T/C]
PS_C36273_73_[A/C]
PS_C35977_153_[T/C]
PS_C16093_142_[T/C]
PS_C16031_147_[A/G]
ILL_C5106_273_[T/C]
PS_C00512_245_[T/C]
ILL_C140_2421_[A/G]
PS_C36237_70_[C/G]
PS_C34670_302_[A/C]
ILL_C21880_1003_[G/C]
PS_C47330_170_[A/C]
PS_C36522_249_[G/C]
PS_C34604_423_[A/T]
PS_C34501_77_[T/G]
PS_C28810_290_[A/C]
PS_C28886_317_[T/C]
ILL_C31_1387_[T/C]
ILL_C844_440_[T/C]
PS_C46857_366_[T/C]
PS_C34605_382_[A/G]
ILL_C853_1199_[A/G]
ILL_C1002_85_[T/A]
PS_C11659_399_[T/C]
ILL_C4791_1099_[T/G]
ILL_C300_4982_[A/G]
ILL_C4593_326_[T/G]
PS_C46533_541_[T/C]
PS_C15351_193_[A/G]

0.365
0.423
0.261
0.941
0.613
0.547
0.707
0.500
0.296
0.978
0.513
0.745
0.270
0.444
0.779
0.990
0.999
0.500
0.770
0.570
0.529
0.500
0.339
0.457
0.900
0.565
0.613
0.527
0.804
0.920

ns
ns
1.000
ns
ns
ns
ns
0.000
ns
ns
0.000
ns
ns
ns
ns
ns
0.998
ns
ns
0.000
ns
0.000
0.000
ns
ns
ns
ns
ns
ns

ns

0.997
ns
ns

0.000
ns
ns
ns

0.000
ns
ns

0.000
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns

1.000
ns

1.000

ns

ns
ns
ns
1.000
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
0.972
ns
ns
ns
ns
0.990

ns

ns
ns
ns
ns
ns
ns
ns
ns

0.969
ns
ns
ns
ns

0.000
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns

ns

ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
1.000
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns

ns

ns
ns
1.000
ns
0.958
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
1.000

ns

ns
ns
1.000
ns
ns
ns
ns
ns
0.961
ns
ns
ns
ns
ns
ns
ns
0.000
ns
ns
ns
ns
ns
ns
0.987
ns
ns
0.000
ns
1.000

ns
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PS_C15018_147_[T/G]
PS 38608 168 [T/Cl
ILL_C387_215_[A/G]
ILL_C5339_366_[T/C]
PS_C34511_71_[T/G]
PS_C14838_228_[T/C]
ILL_C20267_102_[T/C]
PS_C46674_204_[C/G]
ILL_C1878_506_[T/C]
PS_C36563_85_[T/G]
ILL_C2735_326_[T/G]
ILL_C250_199_[T/C]
PS_C47845_238_[T/C]
ILL_C1363_269_[T/C]
ILL_C18774_676_[T/C]
PS_C23647_375_[A/G]
ILL_C2028_1228_[A/T]
PS_C11985_171_[A/G]
PS_C11911_576_[A/C]
ILL_C1254_187_[A/G]
ILL_C20427_267_[T/C]
PS_C21989_160_[T/G]
PS_C12069_1181_[T/C]
ILL_C327_1076_[C/G]
PS_C11847_438_[T/C]
PS_C47375_253_[A/G]
PS_C34420_787_[A/G]
ILL_C2915_875_[T/C]
ILL_C22491_727_[T/C]
ILL_C911_1343_[T/A]

0.405
0.288
0.986
0.831
0.527
0.541
0.502
0.602
0.599
0.491
0.569
0.613
0.632
0.940
0.542
0.998
0.544
0.346
0.411
0.558
0.696
0.737
0.266
0.625
0.888
0.970
0.510
0.747
0.515
0.608

0.000
0.050
ns
ns
ns
ns
ns
ns
0.000
ns
ns
ns
ns
ns
ns
0.000
ns
ns
0.002
ns
ns
ns
0.000
0.000
ns
ns
0.000
0.000
0.953

ns

1.000
ns
1.000
ns
ns
ns
ns
ns
0.962
ns
ns
ns
ns
ns
0.000
ns
ns
ns
ns
ns
0.957
0.979
ns
ns
ns
ns
0.000
ns
ns

ns

ns
ns
ns
ns
ns
ns
ns
ns
1.000
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns

ns

ns
ns
0.003
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
0.997
ns
0.026
ns

ns

ns
ns
1.000
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns

ns

ns
ns
ns
ns
ns
0.975
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns

ns

0.000
ns
0.000
ns
ns
ns
ns
0.975
0.997
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
1.000
ns
0.983
ns
ns
ns
ns

ns
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PS_C12196_434_[G/C] 0.519 ns ns ns ns ns ns ns
PS_C14297_369_[T/G] 0.440 ns ns ns ns 0.982 0.960 ns
PS_C47340_198_[A/G] 0.368 ns ns ns ns ns ns ns
PS_C36706_579_[T/C] 0.512 ns ns ns 1.000 ns ns 0.998
PS_C46597_301_[C/G] 0.673 ns ns ns 0.971 ns ns 1.000
ILL_C2040_1251_[A/T] 0.349 ns ns ns ns ns ns 0.995
PS_C35683_190 [A/G] 0.429 ns ns ns ns ns ns ns
PS_C46532_529 [A/T] 0.441 ns ns ns ns ns ns ns
PS_C15379_78_[A/C] 0.442 ns ns ns ns ns ns ns
PS_C11871 171 [A/G] 0.393 ns ns ns ns ns ns ns
PS_C35823_1199_[A/G] 0.500 1.000 0.965 ns ns ns ns ns
PS_C39731_379_[A/C] 0.971 ns ns ns 0.991 ns ns ns
ILL_C6061_1289_[T/G] 0.492 0.000 0.000 ns 0.973 ns ns ns
ILL_C980 261 [A/G] 0.609 ns ns ns ns ns ns ns
Directional selection 9 6 12 7 9 5 5 16
Balancing selection 0 23 9 0 3 1 3 5
Total 9 29 21 7 12 6 8 21
WC(F,) vs WC(F,) vs
RP(2011) WC(F,) vs RP(2003) RP(2011)
Lositan Lositan Lositan
P-value P-value P-value
Locus (Simulated Fg < (Simulated Fg < (Simulated Fg <
sample F) sample Fy) sample Fg)

ILL_C2122_257_[A/G]
PS_C15402_271_[T/A]
ILL_C253_1545_[A/C]
ILL_C428_225_[A/G]
PS_C23094_578_[G/C]
ILL_C20682_843_[A/T]
PS_C34490_403_[A/G]

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

XCll|Page



APPENDIX C

PS_C25208 377_[T/G]
ILL_C1783_492_[T/G]
ILL_C929_734_[T/C]
PS_C11665_287_[A/G]
ILL_C2141_350_[T/A]
PS_C23591_200_[T/C]
PS_C15689_162_[A/T]
ILL_C229_2772_[A/G]
ILL_C22574_507_[A/C]
PS_C15088_268_[A/G]
ILL_C2406_641_[T/C]
PS_C12925_666_[A/G]
PS_C11984_159_[T/G]
ILL_C22449_261_[A/G]
PS_C11970_157_[A/G]
PS_C23051_368_[A/G]
ILL_C6012_280_[T/C]
ILL_C2903_1043_[T/A]
PS_C34501_638_[A/G]
PS_C12352_527_[T/C]
PS_C34725_229_[T/C]
PS_C15230_93_[A/G]
PS_C23075_525_[G/C]
ILL_C3835_411_[A/G]
PS_C24743_123_[T/G]
ILL_C5634_234_[A/G]
PS_C23630_237_[T/C]
ILL_C1813_300_[T/G]
PS_C12218_188_[A/G]
PS_C36136_185_[T/C]

1.000
ns
0.993
ns
ns
ns
ns
0.000
ns
ns
ns
ns
ns
ns
ns
ns
ns
0.999
1.000
ns
ns
ns
ns
ns
ns
ns
ns
ns

ns

ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns

0.996
ns
ns
ns
ns
ns
ns

0.964
ns
ns
ns

ns

ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
0.999
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns

ns
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PS_C23070_1364_[A/G]
ILL_C618_116_[A/G]
PS_C1652_228_[A/C]
PS_C25083_285_[A/G]
ILL_C394_1510_[A/G]
PS_C24267_71_[A/G]
PS_C34507_1191_[T/C]
PS_C36273_73_[A/C]
PS_C35977_153_[T/C]
PS_C16093_142_[T/C]
PS_C16031_147_[A/G]
ILL_C5106_273_[T/C]
PS_C00512_245_[T/C]
ILL_C140_2421_[A/G]
PS_C36237_70_[C/G]
PS_C34670_302_[A/C]
ILL_C21880_1003_[G/C]
PS_C47330_170_[A/C]
PS_C36522_249_[G/C]
PS_C34604_423_[A/T]
PS_C34501_77_[T/G]
PS_C28810_290_[A/C]
PS_C28886_317_[T/C]
ILL_C31_1387_[T/C]
ILL_C844_440_[T/C]
PS_C46857_366_[T/C]
PS_C34605_382_[A/G]
ILL_C853_1199_[A/G]
ILL_C1002_85_[T/A]
PS_C11659_399_[T/C]

ns
ns
ns
ns
ns
ns
ns
ns
1.000
ns
ns
ns
ns
ns
ns
ns
0.964
ns
ns
ns
ns
0.000
0.980
ns
0.000
ns
0.983
ns
ns

ns

ns
ns

0.965
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns

0.971
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns

ns

ns
ns
1.000
0.972
ns
ns
ns
ns
0.990
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns

ns
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ILL_C4791_1099_[T/G]
ILL_C300_4982_[A/G]
ILL_C4593_326_[T/G]
PS_C46533_541_[T/C]
PS_C15351_193_[A/G]
PS_C15018_147_[T/G]
PS 38608 168 [T/C]
ILL_C387_215_[A/G]
ILL_C5339_366_[T/C]
PS_C34511_71_[T/G]
PS_C14838_228_[T/C]
ILL_C20267_102_[T/C]
PS_C46674_204_[C/G]
ILL_C1878_506_[T/C]
PS_C36563_85_[T/G]
ILL_C2735_326_[T/G]
ILL_C250_199_[T/C]
PS_C47845_238_[T/C]
ILL_C1363_269_[T/C]
ILL_C18774_676_[T/C]
PS_C23647_375_[A/G]
ILL_C2028_1228_[A/T]
PS_C11985_171_[A/G]
PS_C11911_576_[A/C]
ILL_C1254_187_[A/G]
ILL_C20427_267_[T/C]
PS_C21989_160_[T/G]
PS_C12069_1181_[T/C]
ILL_C327_1076_[C/G]
PS_C11847_438_[T/C]

ns
ns
ns
ns
ns
ns
ns
0.000
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
0.963
ns
0.000
ns

ns

ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
1.000
ns

ns

ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
0.953
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns

ns
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PS_C47375_253_[A/G]
PS_C34420_787_[A/G]
ILL_C2915_875_[T/C]
ILL_C22491_727_[T/C]
ILL_C911_1343_[T/A]
PS_C12196_434_[G/C]
PS_C14297 369_[T/G]
PS_C47340_198_[A/G]
PS_C36706_579_[T/C]
PS_C46597_301_[C/G]
ILL_C2040_1251_[A/T]
PS_C35683_190_[A/G]
PS_C46532_529_[A/T]
PS_C15379_78_[A/C]
PS_C11871_171_[A/G]
PS_C35823_1199_[A/G]
PS_C39731_379_[A/C]
ILL_C6061_1289_[T/G]
ILL_C980_261_[A/G]

ns
ns
ns
ns
ns
ns
ns
ns
0.989
0.979
1.000
ns
ns
ns
ns
0.980
ns
ns

ns

0.999
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns

0.999

0.960

0.999
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns

1.000

0.995

ns

Directional selection

Balancing selection

13

Total

18
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Scientific Contributions during Doctoral Candidature (2010-2012)

1. Published papers with indirect relevance to the work presented in this dissertation

2. Published papers, to date, directly emanating from the work presented in this

dissertation

3. Local conference presentations

4. International conference presentations
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1. Published papers with indirect relevance to the work presented in this dissertation:

Vervalle J, Hepple J, Jansen S, Du Plessis J, Wang P, Rhode C, Roodt-Wilding R (2012)
Integrated linkage map of Haliotis midae Linnaeus based on microsatellites and SNPs. J

Shellfish Res in press.

Slabbert R, Hepple J, Rhode C, Bester-Van der Merwe AE, Roodt-Wilding R (2012)
Microsatellite marker development in the abalone Haliotis midae using pyrosequencing

(454): characterisation and in silico analyses. Genet Mol Res 11: 2769-2779.

Rhode C, Roodt-Wilding R (2011) Bioinformatic survey of Haliotis midae microsatellites

reveals a non-random distribution of repeat motifs. Biol Bull 221: 147-54.

2. Published papers, to date, directly emanating from the work presented in this

dissertation:

Rhode C, Hepple J, Jansen S, Davis T, Vervalle J, Bester-van der Merwe AE, Roodt-Wilding
R (2012) A population genetic analysis of abalone domestication events in South Africa:

Implications for the management of the abalone resource. Aquaculture 356-357: 235-242.

3. Local conference presentations:

Rhode C*, Bester-van der Merwe AE, Roodt-Wilding R. Oral presentation: Molecular

signatures of selection in the genome of the South African abalone, Haliotis midae. Joint
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Conference of the South African Genetic Society and the South African Bioinformatics

Society. September 2012, Stellenbosch, Western Cape, South Africa.

Rhode C*, Hepple J, Jansen S, Davis T, Vervalle J, Bester-van der Merwe AE, Roodt-
Wilding R. Poster presentation: Population genetics of abalone (Haliotis midae)
domestication events in South Africa. Joint Conference of the South African Genetic Society
and the South African Bioinformatics Society. September 2012, Stellenbosch, Western Cape,
South Africa.

Rhode C*, Bester-van der Merwe A, Roodt-Wilding R. Oral presentation: From classical
breeding to genomics: An integrative approach to abalone domestication in South Africa.
Congress of the South African Society for Animal Science. July 2012, East London, Eastern

Cape, South Africa.

Rhode C*, Bester-van der Merwe AE, Roodt-Wilding R. Oral (invited) presentation:
Genetic variability of the South African abalone: Implications for aquaculture and
conservation. Critical Thinkers’ Platform on Aquaculture and Emerging Technologies in
South Africa hosted jointly by the Department of Agriculture Forestry and Fisheries (DAFF),
Department of Science and Technology (DST) and the National Science and Technology

Forum (NSTF). October 2011, Port Elizabeth, Eastern Cape, South Africa.

Van der Merwe AE*, Rhode C, Roodt-Wilding R. Oral presentation: Preserving South
African abalone for the future: Genetics to genomics and integrative resource management.
The Academy of Science of South Africa’s Annual Young Scientists’ Conference. October

2010, Pretoria, Guateng, South Africa.

Rhode C*, Roodt-Wilding R. Oral Presentation: Development of type | molecular markers
for the South African abalone (Haliotis midae), using an in silico mining approach. Biannual
Conference of the South African Genetics Society. April 2010, Bloemfontein, Free State,

South Africa

[*Presenting author]
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4. International conference presentations

Roodt-Wilding R*, Blaauw S, Du Plessis J, Rhode C, Bester-van der Merwe. Oral and
poster presentation: SNP marker technologies and applications for genetic improvement in
the South African abalone (Haliotis midae). Conference for the International Society for

Animal Genetics. July 2012, Cairns, Australia.

Rhode C*, Bester-van der Merwe A, Roodt-Wilding R. Oral presentation: Population
genetic analysis of cultured abalone (Haliotis midae) in South Africa: Considerations for
sustainable genetic improvement. International Symposium on Genetics in Aquaculture.

June 2012, Auburn, Alabama, USA.

Bester-van der Merwe A, Blaauw S, Du Plessis J., Rhode C*, Rouvay Roodt-Wilding. Oral
presentation: Development and utilization of in silico SNPs in the South African aquaculture
species, Haliotis midae. International Symposium on Genetics in Aquaculture. June 2012,

Auburn, Alabama, USA.

Roodt-Wilding R*, Rhode C, Bester-van der Merwe AE Oral presentation: Sustainable
genetic improvement of the South African abalone (Haliotis midae). International Abalone

Symposium. May 2012, Hobart, Tasmania, Australia.

Roodt-Wilding R*, Jansen S, Blaauw S, Du Plessis J, Vervalle J, Rhode C, Bester-van der
Merwe AE. Oral presentation: SNP technologies in cultivated South African abalone (Haliotis

midae). International Abalone Symposium. May 2012, Hobart, Tasmania, Australia.

Rhode C*, Roodt-Wilding R. Poster presentation: In silico strategies for type | molecular
marker development in South African Abalone (Haliotis midae). Annual International Plant

and Animal Genome Conference. January 2010, San Diego, CA, USA.

[*Presenting author]
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