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Abstract

‘Threatened’ species often exist as small, isolated populations, such as those on islands.
Characteristic consequences of this are inbreeding — the mating of closely related individuals — which
can result in reduced heterozygosity and increased risk of inbreeding depression. These species
sometimes undergo ‘rescue’, whereby well-intentioned parties translocate individuals from a healthy
(or sometimes the last remaining) population to a new destination to help the species recover.
Repeated translocations resulting in repeated founder effects can potentially lead to a decrease in
genetic diversity in the new populations. Translocations have been an integral factor in the recovery
of the Seychelles magpie robin (Copsychus sechellarum), an endangered species endemic to
Seychelles, but the potential genetic consequences of their translocation history have not yet been

explored.

For this project, 110 Seychelles magpie robin genomes, representing the five islands within the
Seychelles Archipelago on which the species currently exists, were re—sequenced and mapped
against a reference genome which was constructed de novo for the species. Mapping the re—
sequenced genomes against the species—specific reference allowed for identification of the genetic
variation in the form of single nucleotide polymorphisms (SNPs). These SNPs were used to identify
patterns of heterozygosity, homozygosity and autozygosity in each individual to investigate

inbreeding and genetic diversity across the islands.

With minimal genetic research previously undertaken on the Seychelles magpie robin, this project
offered the first analysis of the genetic profile of this endangered species. A very low level of
heterozygosity was observed, coupled with long homozygous segments that suggest recent
inbreeding, probably a consequence of the most recent population bottleneck experienced. Three of
the four translocated populations displayed less genetic diversity than the founder population from
which they were taken — the familiar pattern observed as a result of the evolutionary force of genetic
drift following founder events. Furthermore, and perhaps surprising given the recent time since the
new populations were established, population structure was observed among translocated

populations.

New awareness of this inbreeding and continued monitoring of the population will allow for
genetically informed management decisions, particularly concerning the future translocations

planned for this species.
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Chapter 1

General Introduction
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‘Early English colonists bestowed the name magpie robin, because the bird's bold plumage resembles
that of the European magpie, and its close relationship with humans is reminiscent of European
robins.’

Shah, N. (2002)

1.1 A Brief History of the Seychelles Magpie Robin

The Seychelles magpie robin (Scientific name: Copsychus sechellarum; Seychellois Creole
name: Pi Santez; herein also referred to as ‘magpie robin’) is a bird species in the family
Muscicapidae in the order Passeriformes. Once classified as a thrush — (Copsychus being
the Greek for blackbird) — and initially described in Newton’s ‘On an apparently undescribed
bird from the Seychelles Islands’ (1865) — the Seychelles magpie robin, and indeed other
Copsychus species, are now treated as part of the Old World Flycatcher family due to

advances in phylogenetic analyses (Sangster et al., 2010).

This charismatic bird has had a tumultuous history. One of 13 endemic bird species and the
most endangered (Gaymer et al., 1969; Nature Seychelles, 2018), the magpie robin once
inhabited at least eight of the 115 islands that make up the Seychelles Archipelago, and is
native to Mahé (Newton, 1867), Praslin (Blackburn, 1878), Aride (Hartlaub, 1877), South
East Island, St Anne (Skerrett, 2000), La Digue, Marianne and Alphonse (Ridgway, 1895;
Vesey-Fitzgerald, 1940). The Seychelles magpie robin is just one of many species to have
been affected by human actions over past centuries. Several factors are responsible for
driving the species to near—extinction in the mid—1900s, including agricultural intensification,
the introduction of exotic predators such as rats and cats and, as suggested from the
records of a visit by Landz and his research team in 1878, and specimen over—collection
(Gaymer et al., 1969; Wilson and Wilson, 1978; Watson et al., 1992). The outcome for this
species looked bleak in the middle of the last century. However, recent conservation efforts

from organisations including Birdlife International, the Royal Society for the Protection of

13



Birds (RSPB) and the Seychelles Magpie Robin Recovery Team (SMART) have led to a

recovery, by means of population expansion, from near extinction.

Records suggest the magpie robin populations were already experiencing a decline in the
mid 1800’s (Newton, 1867) and by 1965 there was a total of eight sighted and an estimated
total of 15 individuals remaining solely on the island of Frégate — the lowest ever recorded
number for the species (Dawson et al., 1965). Following this, multiple research expeditions
were undertaken to study the land birds of the Seychelles, and to monitor the magpie robin
population. The population size fluctuated over the following decades, with a maximum
count of 38 birds recorded in 1973 (High, 1974, cited in Watson et al., 1992) plummeting
once more in the 1980s (Edwards, undated). This final fall in numbers was the driving force
behind the recovery program implemented in 1990, which involved the eradication of birds
and mammals that prey upon the magpie robins, and the removal of invasive plant species
and subsequent habitat restoration: it resulted in an immediate population increase (Burt et

al., 2016).

Arguably the biggest contributing factor to the recent conservation success has been the
translocation of birds to environmentally suitable islands to help population recovery (Burt et
al., 2016). Burt et al. (2016) published a comprehensive overview of all translocations that
have occurred, by compiling both published and unpublished reports and island data, which |
outline here: In 1994, Cousin was the first island to receive birds by translocation from
Frégate. This occurred over three dates between 1994—1996 totalling 9 birds, and as the
population flourished no future translocations were required. Cousine Island received six
birds from Frégate in 1995-6 and one bird from Cousin. Again, no further translocations
were deemed necessary. Numerous early attempts were made to establish populations on
Aride (even prior to Cousin) but none was successful (Watson, 1978; Lucking & Ayrton,
1994; Parr, 1998; Millet & Shah, 2000). In 2002, another larger—scale attempt was made

whereby 15 individuals were moved to Aride Island from Frégate (Shah & Parr, 2002). The
14



future for this population seemed promising until 2014 when more than three—quarters of the
population perished with no confirmed reason. The most recent translocation was to Denis
Island, and took place in 2008, with 20 birds translocated (16 from Frégate, 4 from Cousin).
The Denis island population has seen continuous expansion and therefore not received any
more translocations. The census population now stands at over 300 individuals across five
islands (see Figure 1) Cousin: 50, Cousine: 50, Aride: 13, Frégate: 145, and Denis has a
minimum of 78 birds (SMART, 2019). As each population was established from only a few
founders, and mate choice was and remains restricted due to isolation and small population

sizes, inbreeding is likely to have occurred (Keller & Waller, 2002; Frankham et al., 2014).

A) B) Island Donor Island No. ind Date
o DA Cousin Frégate 9 1994-6

Cousine | Frégate/Cousin 4/2 1994/5

A Aride Frégate 15 2002

Praslin Denis | Frégate/Cousin 16/4 2008

La Digue
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Figure 1 A) A cropped map of Seychelles (adapted from africaodyssey.com) showing relative location of all 5
‘magpie robin’ islands. The distance between Frégate and Denis is 65 km, Aride and Denis is 45km, Aride to
Cousin is 10km and Cousin to Cousine is 2km. The Seychelles archipelago has a total land mass of 459km?. The
total size inhabited by the magpie robins is only 4.86km? B) Table summarising the island receiving donors, the
donor island, the number of individuals translocated (‘No. ind’) and the dates on which the translocations
occurred C) Population trends of magpie robin whole population 1988—-2014, adapted from Burt et al. (2016).

If an individual survives to adulthood, the average lifespan is 4.2 years (Nature Seychelles,
unpublished) but magpie robins have been documented to live for up to 15 years and have
an estimated generation time of 3.6 years (Birdlife International, 2017). A breeding pair may

occupy a territory for substantially longer than this, living with up to 8 non-breeding
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subordinates within the territory. Related subordinate magpie robins have been observed to
act as ‘helpers’ in the group — feeding the chicks. However, the presence of subordinates is
largely recognised as causing conflict within the territory, therefore given the small islands
and limited territories and resources, this can ultimately slow the process of recovery

(Lopez—Sepulcre et al., 2009).

Part of the active management plan developed and implemented by SMART 29 years ago
(Appendix 1) is the identification banding and close monitoring of the magpie robins. The
resulting documented history of the populations makes them a good study species from a
conservation perspective. Staff have collected blood samples and taken biometric
measurements from most individuals, and observed and documented sexual and social
behaviours, nesting patterns and breeding success, along with any other important
observations. We can now look at population trends and behaviours over time and combine
this with genetic data gained from this research for a more complete picture of the

demographic history of the species.

1.2 Why Save the Magpie Robins?

First, we must ask ‘why is biodiversity important?’ Ecologically, birds are known to influence
beneficial environmental processes across ecosystems. Their impact is evident through
‘nutrient cycling’, seed dispersal and pollination of many plants, and ‘pest’ control and

maintenance of insect numbers (Whelan et al., 2015; Zacheis et al., 2002).

Economically, diverse and unique flora and fauna compositions are seen to boost tourism.
Visits to private islands of the Seychelles are often driven by endeavours to witness endemic
birds and as such it can be argued that there are also local financial incentives to preserve

endemic species.
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The International Union for the Conservation of Endangered Species (IUCN) Red List
classifies ‘threatened’ species as those that are ‘critically endangered’, ‘endangered’, or
‘vulnerable’. In 2017, the IUCN identified that of the 10,966 extant species of bird assessed,
13% are considered threatened, and therefore at some degree of risk of extinction in the wild
(IUCN, 2017). The Seychelles magpie robin is currently classified as ‘endangered’, having
been downgraded from ‘critically endangered’ in 2005 following a consistent increase in
population numbers, one of only 32 bird species to have the conservation status
downgraded between 1988-2008 (Birdlife International, 2008). The current recovery
program and management plan in place for the species, implemented in 1990 and adapted
with population expansion, has been successful thus far. However, 2014 saw a sudden and
catastrophic crash of the magpie robin population on the island of Aride, from 30 birds to just
6 (SMART, pers. comm). A wildlife vet visited the island soon after, but could not determine
the cause for this crash, although a number of possible factors were highlighted such as
hygiene risks — associated with living closely to humans — and inbreeding depression
(SMART, pers. comm.). It is the uncertainty surrounding the collapse of the Aride population
that raises cause for concern about the remaining individuals and prompted the need for

further research to investigate the extent of genetic variability and potential inbreeding.

1.3 Genetics as a Tool for Conservation

Population genetics is the study of genetic differences between biological populations.
Traditional conservation genetic analysis techniques often use neutral markers such as
microsatellites to make inferences about population structure (the differences in allele
frequencies and patterns of genetic diversity of a population), and demographic history
(changes in a population over time) (Holderegger et al., 2006; Frankham et al., 2010). There
are a number of factors that shape these processes including mutation rate, genetic drift,
bottlenecks and gene flow. These factors are represented by genetic features such as

heterozygosity and can be measured by individual variation.
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1.3.1 The Significance of SNPs
Single nucleotide polymorphisms (SNPs) are variations that occur at a single base

(nucleotide — A, C, T, and G), whereby the commonly observed base has been replaced by
another. For example, in a diploid species an AA genotype may be found at a specific locus
in the genome in some individuals in a population, but in one individual a C nucleotide is
observed i.e. a polymomphism occurs at this site, and hence the site is a SNP. Depending on
whether this variation results in a different amino acid and subsequently a different protein
being produced, it can potentially result in phenotypic variation within the population. SNP
sites are used to identify and measure variation across whole genomes at both the individual
and population level and can be used to assess demographic and evolutionary history of

both populations and a whole species.

1.3.2 Gene Flow & Mutation

As the magpie robins exist on five islands with very little migration between them, there is
limited potential for gene flow to influence genetic diversity. When considering conservation
‘ideals’, the suggested level of gene flow to minimise loss of heterozygosity is 1-10
introduced migrants per generation (Mills & Allendorf, 1996). There have only been 14
reported cases of magpie robins migrating, mostly between close islands (Table 1). There
has been a 50% success rate of migrating individuals establishing a presence on a new
island (Burt et al., 2016). It is assumed the migration is in response to territory conflict on the
origin island, and survival of the migrating individual is seen to be dependent on acceptance
by the ‘new’ island magpie robin population. When gene flow by migration is limited, new

variation in a population will primarily arise by de novo mutation.

18



Table 1 Table of all known inter—island migrations of the Seychelles magpie robin (adapted from Burt et al.,
2016). Returned* = without assistance / Transferred* = with assistance

Date From To Qutcome

1997 Cousin Praslin Disappeared

2000 Cousine Cousin Success

2000 Cousin Cousine Success

2002 Cousine Cousin Success

2003 Cousin Praslin Returned* to Cousin
2003 Cousine Cousin Success

2003 Cousine Praslin Unknown

2003 Cousin Praslin Returned* to Cousin
2004 Aride Denis Disappeared

2005 Cousin Cousine Success

2006 Cousin Cousine Unknown

2007 Aride cureuse Transferred* to Cousin
2008 Cousin Aride Success

2010 Cousine Cousin Success

1.3.3 Genetic Drift & Heterozygosity

Genetic drift is one of the driving forces of evolution, and happens independently of natural
selection or mutation (Wright, 1931). Genetic drift describes fluctuations in allele frequencies
that happen by chance such as the phenomenon of genetic bottlenecks and the founder
effect. The effects of genetic drift and the occurrence of certain alleles becoming lost or fixed
are more profound in small populations (Kimura, 1983). A genetic bottleneck occurs, often
after a natural disaster, when the number of individuals in a population is reduced (see
Figure 2). The founder effect takes place when a small number of individuals (and the alleles
they harbour) establish a new population after being segregated from a main population. In
the new population there is often reduced representation of the original range of alleles,
potentially losing some ‘advantageous alleles’, such as those desired in fighting off disease,
e.g. alleles within the MHC region of the genome. As a result, might be more susceptible to
certain diseases (Matzaraki et al., 2017). Alternatively, the new population may harbour a
specific detrimental allele in high frequency, culminating in a persistent ‘disadvantageous’
trait. In the case of the magpie robins on Frégate island that were reduced to just a few
breeding pairs in the 1960’s, there will have undoubtedly been a genetic bottleneck resulting
in a high likelihood of the founder effect with any subsequent founder translocations from this

population.
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Figure 2 Visualisation of how a genetic bottleneck can affect the genetic diversity of a population (Jobling et al.,
2012). The coloured circles on the left represent the alleles present in a population before the bottleneck and
those on the right are representative of the alleles that remain after a bottleneck, demonstrating how allelic
diversity is lost due to this event.

Small population numbers that often follow a bottleneck also lead to increased chances of
inbreeding — as there are fewer potential mates for the remaining individuals, and over
generations the offspring are likely to become closely related (Andersen et al., 2004;
Herfindal et al., 2014). All scenarios of genetic drift suggest a reduction in heterozygosity in a
population. Heterozygosity is the state (genotype) where an individual has two different
alleles of the same gene at a given location (locus) in the genome. This is contrary to the
homozygous state, where an individual has inherited two identical copies of an allele. The
level of heterozygosity that exists within a population is often viewed as a good predictor of
the capacity of the population to be able to adapt in response to environmental change
(Lande, 1988; Snustad & Simmons, 2011). Inbreeding over many generations leads to an
increase in the proportion of offspring that exhibit long stretches of homozygous DNA known
as ‘Runs of Homozygosity’. This can often result in ‘inbreeding depression’ whereby there is
an accumulation of recessive alleles with deleterious or harmful effects persist at high
frequencies in the population (Charlesworth & Willis, 2009). In populations with reduced
genetic variation and in those which suffer from inbreeding depression, detrimental effects
on reproductive success, and survival under environmental change have been observed

(Keller & Waller, 2002; Haanes et al., 2013).
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1.3.4 Linkage Disequilibrium & Haplotype Blocks

A group of alleles that are inherited together from a single parent is known as a haplotype or
haplotype block. Linkage disequilibrium (LD) is defined as the non-random association of
two or more alleles in a haplotype. When a given haplotype block is observed at a higher (or
lower) frequency than that which would be expected under random association, the loci
contained within the haplotype block are deemed to be in LD. The amount and extent of LD
is expected to be higher in bottlenecked inbred populations, and patterns of LD can offer

insight into inbreeding (Gray et al., 2009; Garcia—Gamez et al., 2012).

1.4 Conservation in the Era of Genomics

Kardos et al. (2016), among others, have demonstrated how advances in genomics have
improved the accuracy in measuring inbreeding and inbreeding depression. A key
development over recent years is that we are now better able to understand how forces such
as mutation and genetic drift effect the whole genome (Supple & Shapiro, 2018). With the
advancements in genomic sequencing technologies it is possible to identify variants
genome-wide, distinguish between neutral markers (those that are thought to have no
impact on fitness) and adaptive markers (those that are under selection), we are also able to
identify and investigate the activity of specific genes and study the variation of these within a
population, and explore relationships between genes and environment (Allendorf, et al.,

2010; Angeloni et al., 2012; Ekblom & Wolf, 2014).

The commercialisation, wider accessibility and decreasing costs of whole genome
sequencing has led to genomics becoming the leading scientific approach in setting
‘conservation priors’ defined as ‘specific predetermined objectives that aim to enhance and
improve the viability of a population or species’ (McMahon et al., 2014). The field of
conservation genetics has, thus far, been invaluable in the conservation of endangered
species. However, these recent advances in sequencing technology and DNA analysis tools

allow effective population size and genetic drift to be estimated more accurately with a much
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higher marker density (across the whole genome). Furthermore, genomics allows the
development of more complex investigations such as the study of local adaptation — a higher
fitness of a population to a certain environment as a result of natural selection acting upon
traits that make them better suited to that environment (Williams, 1966). As done here with
the magpie robins, it is now possible to study divergence patterns between populations of a
species, and to further explore reasons behind population struggle and survival rates.
Genome-wide scans can also be used to identify a gene or set of genes exhibiting variability

between populations, thus allowing investigation of any significance to the population.

1.5 Project Aims & Contributions

The research undertaken for this Masters project aims to introduce new methods to aid in
the recovery of the Seychelles magpie robin, and to focus on promoting the survival of
current populations. Although minimal genetics work has been carried out on Seychelles
magpie robins previously, the need for such research has been recognised (Burt et al.,
2016). There has only been one published piece of genetic research for the Seychelles
magpie robins, which used two genes from historical mitochondrial DNA as part of a
phylogeographic study of all Copsychus species, examining the evolutionary history of the
genus in an attempt to determine species divergence dates (Lim et al., 2010). Conservation
efforts up to this point have been invaluable in the recovery of the magpie robins, however
the species is still not considered ‘safe’. Introducing recommended conservation methods
arising from this project will reduce the need for reactionary ‘emergency’ conservation
(Redford et al., 2011) and will contribute to the long—term management of the species. The
most recent, and rapid, decline of the population of Aride from 30 to 6 birds in 2014 (Nature
Seychelles, pers. comm.) not only highlights how fragile the future of this species is, but also
reinforces the need for implementation of new conservation methods — particularly guided by
population genetics data. The Seychelles warbler (Acrocephalus sechellensis) has a similar
history to the magpie robins, and through recent microsatellite genotyping, important

information has been gained with regards to population structure and suitability for
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individuals involved in translocations (Wright et al, 2014). Due to extensive research,
favourable management, and translocations, the Seychelles warbler has experienced a truly
spectacular population increase from less than 30 individuals on Cousin Island in 1968 to an
estimated 3000 individuals across five islands in Seychelles (Birdlife International, 2016).
While habitat availability, territory size and small social grouping does not allow for such high
population density of the magpie robins, proposed conservation actions for the species

include translocating birds to new islands to allow population expansion.

This research is being undertaken in collaboration with the Seychelles Magpie Robin
Recovery Team (SMART) in line with proposed conservation actions: to investigate the
potential genetic influence on the downfall of the population on Aride, before considering
future translocation to this island (SMART, 2018), and to provide genetic insight for the future
translocations intended for this species (Birdlife International, 2017). As such, | addressed
three main questions in this research project: are the five populations genetically distinct?;
have translocations had an impact on genetic diversity?; and, what is the level of inbreeding

within each subpopulation?

1.6 Thesis Overview

Chapter One is the introduction of key topics of focus for this thesis. Chapter Two introduces
the Next Generation Sequencing technology used for this project. This chapter also outlines
the methodological journey including blood collection and sample preparation, whole
genome resequencing, the first ever glance of the genetic makeup of the magpie robins and
examining the genetic diversity within and between the five small, geographically defined
populations that exist for the Seychelles magpie robin. | will analyse whole population and
sub—population relationships to investigate zygosity and determine the extent of inbreeding.
Chapter Three offers a broader project discussion, focusing on genomics—based

conservation of the endangered Seychelles magpie robin.
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Chapter 2

Genome Sequencing - A Unique Insight

into The Recent History of a Precious

Endemic Bird
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2.1 Introduction

2.1.1 The Seychelles Magpie Robin

In the last century, the Seychelles magpie robin species suffered a bottleneck followed by a
period of decades where the population size remained small. The population did not see a
recovery until conservation organisations intervened with a management plan that involved
translocating the birds from the last remaining magpie robin island population in order to
establish new populations on different islands. Translocated populations from previously
bottlenecked populations, especially those that are geographically isolated, are particularly
susceptible to inbreeding because of the small founder groups with already reduced diversity
(Frankham, 1997). The increased homozygosity that often occurs as a result of inbreeding
can lead to a build—up and expression of deleterious recessive alleles — this is what is
referred to as inbreeding depression because the heterozygous advantageous sites are
depressed due to inbreeding (Charlesworth & Charlesworth, 1987; Keller & Waller 2002).
Furthermore, when fragmented populations exist and migration is limited, there is very little
chance of the introduction of new genetic material into the gene pool of an inbred population.
All aforementioned factors influenced the decision to study, the questions addressed, and
methods used to study the Seychelles magpie robin at the genomic level. This chapter will
discuss how methods relating to whole genome sequencing and resequencing were used to
answer fundamental questions regarding the population structure, genetic diversity and

levels of inbreeding of the current populations of Seychelles magpie robins.

2.1.2 Next Generation Sequencing

DNA sequencing is considered a pivotal advancement in the scientific approach to modern
biological studies (Motahari et al. 2012). The capabilities of genetic sequencing have
improved exponentially over recent years. The advent of DNA sequencing was in the 1970’s
with chemical cleavage methods used to determine nucleotides by fragment size, and
subsequently nucleotide order (Maxam & Gilbert, 1977). From this evolved the Sanger
Sequencing base-by-base method (Sanger et al, 1977) known as ‘first generation’
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sequencing which is considered to have paved the way for all future sequencing platforms.
This revolutionary technology allowed the first large genome to be sequenced — the draft
sequence of the human genome — in 2001 (International Human Genome Sequencing
Consortium, 2001). This approach was used almost exclusively until the 1990’s and the
development of pyrosequencing ‘sequencing-by—-synthesis’ and Roche454. These were the
first automated sequencing platforms, and the introduction to ‘second generation’ or ‘Next
Generation’ Sequencing (NGS) technology. NGS allows the parallel sequencing of millions of
short DNA fragments (Liu et al., 2012). NGS currently dominates the sequencing world and it

is this technology that was used to sequence the birds in this project.

Many NGS platforms use a ‘shotgun’ approach to sequencing, where short fragments of
DNA are sequenced to produce short reads. These short reads are aligned to a reference
genome, from which variants within the genomes of individuals in a population can be
discovered. The use of reference genomes and individual alignments has dramatically
improved our ability to study non-model organisms, paving the way for large scale
phylogenetic studies across taxa. Whole genome resequencing provides insight into
population history and demography by enabling researchers to produce, among many other
analyses, summary statistics for structural variation, population allele frequencies and

genome-wide heterozygosity from huge datasets.

Quality issues in sequencing data arise due to sample preparation techniques and
sequencing errors made from NGS techniques and the short reads used for shotgun
sequencing (Beltman et al., 2016, Pfeiffer et al., 2018). This affects patterns at the ends
reads, as well as other base—calling and alignment errors (Bentley et al., 2008; Nielsen et
al., 2011) although this can be reduced by using paired-end sequencing technology and
other considerations (Pfeiffer et al., 2018). Of particular concern are sequencing issues

unaccounted for, causing bias in downstream analyses (Pool et al., 2010). However, crucial
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filtering steps are taken to ensure and quantify quality when mapping, creating a trade—off

between the amount and quality of data used.

Depth of coverage (‘coverage' hereafter) refers to the number of times each single
nucleotide on each DNA fragment is sequenced. The average coverage for an individual
roughly equates to ‘number of bases sequenced/size of genome’, with some margin of error.
DNA fragments generated prior to library building are sheared randomly and sequencing is
not uniform, so this can lead to a very variable number of reads for each site, and indeed
each individual in the pool, even though samples are pooled equimolarly. Coverage
correlates with the credibility of correctly assigning genotypes. If a single diploid site in an
individual is sequenced twice, and one read matches the reference nucleotide and one read
differs, that variability is present 50% of the time. This results in uncertainty about whether
this is a true genotype, or a sequencing error. Untangling this uncertainty in apparent
variability is possible with more reads at each base to isolate anomalies as sequencing error.
Chances of sequencing errors occurring increase when working with diploid genomes rather
than haploid genomes as there is greater potential for error in genotype calling e.g. if only
one nucleotide of the pair is sequenced ‘correctly’, or one nucleotide of a pair is not

sequenced at all.

Because the cost and demand of deeply sequencing multiple individuals is still relatively
high, the trend in research is to sequence a large number of individuals at low coverage,
which is driving the development of better tools to analyse such low coverage population

sequencing data.

2.1.3 Why Sequence Whole Genomes?

Studies using microsatellite markers and Restriction Site Associated DNA (RAD) markers
can inform aspects of the population genetic structure. However, in species suspected with

high levels of inbreeding, these methods would not be appropriate as they rely on too few
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markers to effectively represent the whole genome. Therefore, such methods would not be
able to be used effectively to address the pertinent questions identified for my study species.
Based on this, considerations were moved to whether to sequence the exomes (the protein
coding regions of the genome/genes) only or to sequence whole genomes. Lelieveld et al.
(2015) identified the benefits of using whole genomes as most SNPs (sites of variation),
useful for this study on the expectedly inbred populations, occur in intergenic regions (the

regions between genes) which would be missed if only exomes were targeted.

2.1.4 The Avian Genome

The ability to study birds at the genomic level is relatively new. In 2010, only 3 whole avian
genomes had been sequenced, with only one of these being sequenced using NGS
technology (Dalloul et al., 2010). However, since then, NGS technologies have enabled
researchers to sequence and publish over 50 whole avian genomes (Zhang et al., 2014a)
and the ‘B10k project’ is now working to sequence the genome of all extant bird species
(Zhang et al., 2014b) hence this number is growing rapidly. The Seychelles magpie robin
nuclear genome, sequenced for this first time as part of the broader work for this thesis, has

now contributed to this endeavour.

The Animal Genome Size Database reports that bird genomes range from 0.9Gb (0.9 billion
bases) to 2.16Gb (2.16 billion bases) with an average of 1.35Gb across 898 species
(Gregory, 2018). The development of special bioinformatic tools allows those studying
genomics to filter and utilise this wealth of information in the most appropriate and
advantageous way to answer the questions at hand. The Seychelles magpie robin nuclear
genome was assembled to a total length of 1.05Gb, which sits comfortably within the

published bird genome size range.
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2.2 Methods

2.2.1 Sampling

Blood samples from 135 birds were collected from five islands in Seychelles, by trained local
conservation staff. Blood sampling was carried out by the withdrawal of blood (maximum
70uL) using a syringe or capillary tube via the wing vein. Unlike the red blood cells of
mammals, the red blood cells of birds are nucleated. Thus, nuclear DNA extraction from
blood was chosen as the preferred method to yield high amounts of DNA, and the collection

method is less invasive than using tissue samples from live birds.

Blood samples used for this project were mostly collected between 2015-2017. Some
sample dates were unknown, but it is suspected that no sample was older than 10 years.
However, the 24 samples from the crashed population of Aride collected pre—2012 were sent
by Dr Kate Lessells and Christa Mateman (Netherlands Institute of Ecology (NIOO)), and do
not have specific dates of sampling. In total, 135 blood samples were received from
Seychelles and 24 from NIOO, totalling 159 samples, 110 of which were able to be used for
this project. Due to the small population sizes, this number covers a largely representative
sample of the populations on each of the five islands inhabited by the magpie robins:
Frégate (15/145), Denis (32/78), Cousin (22/50), Cousine (16/50), and Aride (25 total: 1 from

the surviving population and 24 from the pre-crash population).

2.2.2 DNA Extraction

Blood samples were received in three different storage buffers: Queen’s buffer, lysis buffer
and 97-100% ethanol. This required two different extraction methods, all focused on
genomic DNA extraction. For samples stored in lysis and Queen’s buffer, the DNA extraction
protocol for the Thermo Scientific Kingfisher Blood DNA kit (ThermoFisher Scientific Inc.,
2012) was used, with the adjustment of using 200uL of sample input rather than the
recommended 250uL. The Qiagen DNeasy Blood and Tissue kit (Qiagen Inc., 2006) was
used for those samples stored in ethanol, following the manufacturers protocol. Finally, the
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DNA was eluted in 70uL of Buffer EB, and for the DNeasy kit a second elution was carried
out by repeating the elution step to yield more DNA to work with downstream. Samples were
quantified using the Qubit Fluorometer 2.0 Broad Range DNA assay kit (ThermoFisher
Scientific Inc., 2015a) and DNA quality was assessed using the Agilent TapeStation 2200

and genomic DNA kit (Agilent Technologies Inc., 2015).

2.2.3 Molecular Sexing

Male and female Seychelles magpie robins exhibit minimal morphological differences and as
such physical characteristics are not distinct enough to accurately identify sex. As the
magpie robins are a non-ratite bird species, it is possible to differentiate between the two
sexes molecularly by identifying size differences between the two sex chromosomes
(Ellegren & Fridolfsson, 1999). This is considered a ‘universal’ method and is proven
effective at sex identification in species within the Muscicapidae family. Molecular sexing for
this project was carried out using Fridolfsson Primers (2550F/2718R) which target the Z—
and W- linked CHD (chromodomain—helicase-DNA-binding protein) locus as described by
Ellegren & Fridolfsson (1999). A small aliquot of genomic DNA was diluted to a concentration
of 3ng/uL and subsequently used to carry out the molecular sexing PCR reactions using an
optimised PCR profile for this species (Appendix 2). PCR products were run on a 2%
agarose gel electrophoresis to separate the amplified DNA fragments according to size. The
results enabled the identification of sex by the presence of a single (ZZ) or double (ZW)

band for males and females respectively.

Prior to this project, molecular sexing of the magpie robins had not been routinely carried out
since 2012. This method was therefore used to further determine the sex of all 135 individual
samples sent directly from the Seychelles. The sexing of the 24 samples received from
NIOO had already been completed by Christa Mateman, a laboratory technician at the

institution (NIOO, pers. comm.).

30



2.2.4 Nucleic Acid Fragmentation

Current NGS ‘shotgun’ technology requires the genome of an organism to be sheared into
small fragments, sequenced, and then ‘rebuilt’ using bioinformatic tools. DNA was sheared
using ultrasonic acoustic energy, utilising Covaris M220 Focused—Ultrasonicator equipment.
DNA was fragmented following the protocols (with the adaptation of using a treatment time of
175 seconds) for either MicroTUBE 15uL or 50uL (Covaris Inc., 2015), where the volume
used was determined by initial DNA concentration, to achieve an average target length of

250bp.

2.2.5 Library Construction

Input DNA for building libraries was normalised in order to reduce the effects of DNA
concentration on final library concentration. Using the fragmented genomic DNA, 159*
shotgun libraries were constructed following the ‘BEST 2.0’ protocol (Carge et al., 2017).
The process involved attaching oligonucleotide adapters, required for sequencing, to the
fragments. One adjustment was made to the protocol: double volume reactions were used
(64uL instead of 32uL) due to the high input DNA amount obtained during DNA extraction. A
gPCR was performed on the library product to determine optimum number of cycles for
indexing PCR using BGI primers (example of gPCR results in Appendix 5). After a second
bead purification, final amplified libraries were quantified using the Qubit Fluorometer 2.0
and the High Sensitivity DNA assay kit (Thermo Fisher Scientific Inc., 2015b) before being

equimolarly pooled.

*111 samples were sequenced within the allowed time frame and 110 were sequenced successfully.

2.2.6 Sequencing

Samples were pooled and sequenced by eight individuals per lane. In order to be able to
later identify and separate each individual sample within each pool, known-sequence
indices were added to barcode the library for each individual. Each pool is required to be
equimolar for input DNA to equalise numbers for reads for each sample. Twenty pools were

sent for sequencing. Each of the 20 pools averaged a total concentration of ~100ng/uL.
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Genomic shotgun libraries were sent to the BGI Sequencing Centre (formerly known as the
Beijing Genomics Institute) to be sequenced using the unique BGlseq 500 platform, which
uses an adaptation of the lllumina sequencing platform and utilise DNA NanoBall (DNBseq)
Technology (BGI, 2019). Samples were sequenced using ‘paired—end’ reads of 100bp,
meaning that every ~250bp fragment was sequenced twice — one 100bp read starting from
the 3’ direction on one strand, and one from the 5’ direction on the opposite strand. Paired
end reads were used as this allows for more accurate alignment to the reference genome
(Numina Inc., 2017), and the slightly larger size of the fragment reducing the likelihood of the

reads overlapping in the middle which maximises coverage across the genome.

2.2.7 Reference Genome Assembly

A species—specific reference genome allows for accurate mapping of the data when
rebuilding the genomes of each individual to ensure correct sequences of DNA to be used to
ascertain genetic variation. The DNA extract for one sample (SAFring no. 4A52064) from
Cousin island was used to build a reference genome de novo. As females are
heterogametic, a female was chosen in order to have both male and female sex
chromosomes sequenced and annotated. DNA extraction for the individual used for the
reference genome was carried out by myself at the Centre for GeoGenetics at University of
Copenhagen. A high DNA yield was required from multiple extractions to ensure there was
sufficient DNA for the library build — a total DNA amount of 75667.7ng was used to build
libraries (protocol). The library building and subsequent sequencing was carried out by Love
Dalen at the SciLifeLab in the Swedish Natural History Museum, using the lllumina HiSeq
platform. Sequences were then assembled by Bent Petersen at the Danish Technical

University, using SOAPdenovo v2.0 and Allpaths-LG version 52488.

2.2.8 Read Alignment & Quality Control

Using bioinformatic tools, the genome of each individual was reconstructed by mapping the
reads against the reference genome using the Paleomix Pipeline (Schubert et al., 2014).

First, the raw data reads were demultiplexed: the index primers added during the library
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building stage were used to separate reads by individual, and then were removed from the
sequence. The Paleomix Pipeline includes several stages carried out by multiple programs.
First, the AdapterRemoval software (v2.2.2) ‘cleans’ the resulting fragments of adapters that
were added during library construction. BWA—mem (v0.7.15) software maps the ‘cleaned’
reads to the reference genome and removes reads that do not successfully map to the
reference. Read quality was defined and filtered at a later stage (see Table 2). PCR
duplicates that arose during library construction were removed. Finally, indel-realigned BAM
files (binary version of aligned map) were generated sing the Genome Assembly Tool Kit

(GATK) (v3.8.0).

2.2.9 Analysis

2.2.9.1 Removal of Sex—Linked & Small Scaffolds

In birds, the male sex chromosome is homozygous (ZZ), while the female sex chromosome
is heterozygous (ZW). Furthermore, local mutation rate and nucleotide diversity varies
between the avian sex chromosomes (Montell et al., 2001). Therefore, only autosomal
scaffolds were included in all analyses undertaken in this research. Scaffolds were identified
as autosomal following identification and isolation of Z- and W-linked scaffolds (Rute

Fonseca, in—house script, pers. comm.).

Scaffolding, used for the assembly of the reference genome for this project, joins contiguous
sequences of DNA where the longer (unbroken) sequences increase the reliability of those

sequences being correctly orientated.

The total magpie robin genome is 1.05Gb. Using only those scaffolds over 100kb in size and
with sex-linked scaffolds removed, a total of 232 scaffolds were used for the analyses of this

project, with a total size of the genome used of 0.95Gb.
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2.2.9.2 Genotype Likelihoods

Once the reads were cleaned and mapped, ANGSD (Analysis of Next Generation
Sequencing) v0.921 was used to generate genotype likelihoods and allele frequency
estimates, generated using quality filters described in Section 2.2.9.3 (Korneliussen et al.,
2014). Genotype likelihoods were preferred over genotype calling for this dataset as the data
were generated at low to medium coverage (see Section 2.2.4.4) and likelihood estimates
propagate at least some of the uncertainly that is produced with this level of coverage from
Next Generation Sequencing, either through error in sequencing or incorrect alignment to
the reference genome (Skotte et al., 2013). Genotype likelihoods offer a probability score for
each of the three possible genotypes at each site (e.g. AA, Aa, aa) when mapped against
the reference genome. The genotype with the highest likelihood is then given as output. If
there is variation in that genotype, compared to the reference genome, that site is then
considered a polymorphism (SNP) (Li, 2011). Genotype likelihoods are then used to
generate allele frequency estimates, being the relative frequency (actual number of

observed alleles compared to total number) of an allele at each site.

2.2.9.3 Filtering

When working with NGS data, stringent filtering is one of the most important steps to ensure
the quality of the data, allowing only the most informative SNPs to be considered in
downstream analysis. This requires consideration of bias in factors such as coverage,
sequencing quality and mapping quality. Filters were chosen based on recommended
parameters, previous work using low coverage NGS data, and knowledge of the species
history. Appropriate filters can help to reduce the number of uncertainties associated with for
example low quality or mismatched reads, sequencing errors, effects of poorly assembled
scaffolds, paralogs, and repeat regions. Thus, the filtering parameters outlined below were
used as a minimum threshold for SNPs to be kept in the dataset when calling genotype

likelihoods. The function of some software relies on no prior assumptions being made about
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the dataset, and thus filtering options were limited to the recommended basic parameters.

These instances are laid out clearly in the text.

SNPs were not filtered for Hardy—Weinberg Equilibrium (HWE) as due to the recent history
of the species it is likely many SNPs would not be in HWE and applying this filter would
severely deplete the dataset. Instead, inbreeding coefficients (Section 2.3.9.6) were

estimated independently and applied as additional filters.
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Table 2 A table outlining all basic filters applied to the dataset across all software. Allele frequency estimates

and subsequent SNP ‘calling’ are based on genotype likelihoods, generated with ANGSD.

Allele Frequency Estimates

FILTER THRESHOLD |FUNCTION

—doMajorMinor 1 Estimates allele frequencies using both fixed major and
minor alleles, infer both the major and minor allele directly
from the genotype likelihood data

—doMaf lor2 Assume known 1) major and minor allele or 2) minor allele
only when estimating allele frequencies

—minMaf 0.05 Set a minimum minor allele frequency of 0.05

—doSaf lor2 Estimate site allele frequency where 1: no prior assumptions
imposed upon dataset or 2: taking inbreeding coefficients
into account)

SNP ‘calling’

FILTER THRESHOLD |FUNCTION

—-minQ 30 SNP must have a minimum quality (PHRED) score of 30

-minMapQ 30 SNP must have a minimum mapping quality score of 30

—doDepth 1 Dependent for setting a maximum depth threshold

—maxDepth INT SNP must have a maximum coverage depth of (3*average
coverage*no. individuals)

—setMinDepth 4 SNP must have a minimum coverage of 4 reads

—SNP_pval le-6 SNP must have a p—value of less than 0.00001

-BAQ 1 (base alignment quality) Reduces SNPs being called close to
potential INDELs (insertions or deletions), which may have
caused surrounding bases to be misaligned, therefore
reduces the chance of calling a dense region of SNPs that do
not have a high probability of being correct

—C50 REF Will not align a read with excessive mismatches, thus

reduces ‘overestimated’ mapping quality in these areas
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2.2.9.4 Population Structure
Some basic clustering analyses were performed to give an overview of genetic differences

between the populations and subpopulations and to investigate any potential structure.

Principal Component Analysis (PCA) is a useful preliminary analysis to visualise

population structure. The genotype likelihoods and allele frequencies from an input dataset
of 110 successfully sequenced individuals were used to identify a total of 717,088
polymorphic sites, which were subsequently used as a prior for generating a pairwise
covariance matrix with PCAngsd (Meisner & Albrechsten, 2018). The pairwise covariance
matrix was used as input for the prcomp() function in R (R Development Core Team, 2008)

to perform the principal component analysis, plotted with 95% confidence ellipses.

Admixture proportions were used to further explore population structure and ancestry

proportions were estimated using the allele frequency estimates for each SNP. Using the
same genotype likelihood data for all 110 individuals as input, NGSadmix (v32) was used to
generate admixture coefficients which represent the degree of admixture between both
individuals and populations, and was chosen as the preferred tool to use for this as it has
been found to produce reliable results from low to medium coverage data (Skotte, 2013).
NGSadmix was run using up to 5 ‘k’ (ancestral) populations, which gives a likelihood of the
proportions of the genetic makeup of each of the study individuals from those 2,3,4 and 5
assumed ancestral populations. The number of iterations for each ‘k’ was determined by
convergence — when the program reaches 5 likelihood values that are similar enough to be
considered a true global maximum (Table 3).

Table 3 A table displaying the maximum number of iterations
used to ensure convergence for each 'k' (NGSadmix v32).

k= No. iterations
2 112
3 212
4 441
5 580
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2.2.9.5 Heterozygosity & Genetic Diversity
Several different analyses were used to estimate levels of heterozygosity, homozygosity and

genetic diversity that exists in the different magpie robin populations.

Inbreeding Coefficients (F) estimated for each individual are necessary priors for genotype

calling in inbred species and have been shown to effect results of the Site Frequency
Spectrum (SFS) as when inbreeding is not taken into account for these estimations,
heterozygosity can be overestimated. Therefore marker—based F values were determined
using ngsF (Vieira et al., 2013) and were incorporated into the SFS and Fsr analysis outlined
in this section. Measured by homozygous sites across the genome, the inbreeding
coefficient represents the proportion of the genome that is more homozygous then expected,
given the population allele frequency as a reference panel. Although F values were
calculated as a necessity for programs which require an inbreeding coefficient as input for
analysing inbred populations, F statistics are not recognised as the 'best' way to measure
individual inbreeding (Kardos et al., 2018) therefore alternative measures, explored below
(Section 2.2.9.4), were used to answer questions related to extent of inbreeding in the

magpie robins.

The Site Frequency Spectrum (SFS) was used to assess the level of genetic variation within

each of the five magpie robin sample populations. SFS estimates were calculated for each
population using ANGSD and realSFS. All available sites were used in this analysis to obtain
the highest accuracy, however only variable sites contribute to the spectrum presented in

Section 2.3.8.

Constructing the SFS for each island required the generation of per—site posterior probability
allele frequencies by incorporating inbreeding coefficients (Nielsen et al., 2012). This is

traditionally done using an ancestral genome. Currently there is no relevant ancestral

38



genome available for the Seychelles magpie robin, and therefore we would not be able to
reliably differentiate an ancestral allele (original nucleotide) from a derived allele (nucleotide
arisen from mutation). Therefore, the SFS was ‘folded’ (using the —fold 1 option in ANGSD).
The —fold option looks for the rarest (minor) allele and considers it the derived state, and the
major allele or most common is considered the ancestral state. Thus the ‘folded’ spectrum
relies on minor allele frequency (therefore the x—axis on the constructed plot ranges from 0
to n+1). The resulting posterior probabilities were then used to estimate the Site Frequency
Spectrum using the ANGSD tool realSFS to generate bootstrapped maximum-likelihood

(ML) estimates of the SFS.

Pairwise Fsr was then calculated for all populations. The Fgsr value obtained is a measure of
the genetic differences between populations, which can give insight into which populations
are more closely related and which have experienced the most differentiation. An unfolded
SFS was constructed for each population and was used to generate a pairwise or 2—
Dimensional’ SFS between each of the populations. ANGSD is not yet able to accurately
compute a 2-D SFS using a folded genome (a pairwise site frequency spectrum between
populations) therefore this analysis used the unfolded SFS of each population (2n+1). The
output was then used as a prior to estimate pairwise weighted Fsr for each pair of
populations using realSFS. Sites were indexed to ensure the analysis was carried out on the
same sites for each population, and then the global estimates were calculated using the

‘stats’ option (Nielsen et al., 2012).

Global heterozygosity (average heterozygosity across the whole genome) was calculated

at the individual level using ANGSD to create a folded Site Frequency Spectrum, and
realSFS for the estimation of homozygous and heterozygous sites across the genome
(simply defined as heterozygous or homozygous, with no differentiation in the AA or aa
homozygous genotype). Heterozygosity was determined by the number of heterozygous

genotypes as a proportion of the total number of sites. These values were visualised
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together using a bar plot to allow for a comparison of heterozygosity levels between
populations. Significance of heterozygosity results between islands was tested using an
ANOVA, with heterozygosity as a response variable and islands as the only explanatory
variable, validated by visualisation of residual plots following the guidelines of Zuur et al.,
(2010). On a site—by-site basis, the results from this method of calculating heterozygosity
was found to be affected by depth of coverage. In order to control for some of the bias
introduced by coverage, a minimum site coverage of 4x was added for analysis carried out

at the individual level.

Using the individual global heterozygosity estimates as a prior for local heterozygosity,

single sample per site theta estimates were generated to assess the distribution of
heterozygosity across the genome. Watterson's Theta estimates (Watterson 1975) were
characterised in windows, offering a value corresponding to the density of segregating sites
per window region. Windows were defined to be 1Mb long with a step—size of 100Kb. Using
the ggplot2 package in R (R Development Core Team, 2018) a genome—wide picture of
heterozygosity was created, and, consequently, homozygosity patterns were created. The
extended regions with depleted heterozygosity that were found in all individuals encouraged

subsequent Runs of Homozygosity analyses outlined in the next section.

2.2.9.6 Individual Inbreeding

Runs of Homozygosity (ROH) were assessed across the genome of 106 individuals (four

samples were removed due to low coverage, see Section 2.3.4). ROH analysis is recognised
as a reliable way to determine the extent of individual inbreeding (McQuillan et al., 2008;
Keller et al., 2011). A ROH is a length of DNA on which alleles at variant sites (SNPs) in a
diploid individual are identical (homozygous), which indicates they have been inherited from
a common ancestor (Broman & Weber, 1999). How recent this common ancestor is can be
inferred by ROH abundance and length (Kirin et al, 2010; Pemberton et al., 2012). Genome—

wide SNPs were used to assess the proportion of the genome of each individual that is
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Identical-by—State (IBS), and subsequently if these homozygous tracts were Identical-By—

Descent (IBD).

The panel of ‘private’ SNPs, variation ascertained from individuals within each island, was
generated using ANGSD with the standard filtering options identified in Section 2.2.9.3.
These data were then fed into PLINK: The Whole Genome Data Analysis Toolkit, v1.07
(Purcell et al., 2007) to assess genome—wide ROH by using the —homozyg command. The
areas of interest in the ROH are not the common sequences across the population, but
instead the runs where variants are observed as a homozygous genotype. ROH were called
using the following thresholds: the maximum gap allowed between consecutive SNPs for
them to still be considered in the same ROH was set at 1000kb bases (—homozyg—gap
1000); sliding windows were set to 300kb (—homozyg—window—kb 300); the minimum
number of SNPs for eligibility of a run was 50 (—homozyg-SNP 50), a run being called
required at least 1 SNP present every 50kb (—homozyg—density 50); 30 'missing' calls/sites
(—homozyg—window—missing 30); 5 heterozygous calls were allowed per window
(—homozyg—window-het 5). Although the latter two may be considered high, parameters
are decided based on the data available, and these were considered suitable parameters for

low coverage data and where data are missing at different sites for different individuals.

For this specific analysis, an additional parameter was imposed upon the dataset. The
reference genome for the Seychelles magpie robin is assembled by scaffolds, with inevitable
'breaks' in sequence, mirrored in each individually mapped genome. An ROH can only be
called from unbroken sequences of DNA. Therefore, only scaffolds of a minimum length of
10Mb were included in the ROH analysis. Subsequently. The first 30 scaffolds were used for
analysis (scaffold_0-29). The longest scaffold was 57,831,083 (57.83Mb) in size, the
shortest was 10,483,188 (10.48Mb) with a total used genome size of 730,210,129b

(0.73Gb).
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2.3 Results

2.3.1 DNA extraction & Library Construction

DNA was successfully extracted from all individuals at average of a 102ng/uL with a range of
4.2-568ng/uL (results in Appendix 3 and Appendix 6). Once extracted, all samples were
tested for quality. There was minimal DNA degradation across all samples (example of
Tapestation results in Appendix 4). The average fragment length after fragmentation with

Covaris was 288bp (Appendix 4), with a standard error of 2.09 across 110 samples.

2.3.2 Molecular Sexing

The fragment that represents the Z chromosome is roughly 450bp. As male birds possess
two copies of the Z chromosome, the banding patterns on the gel is single and bright. The
fragment size of the W chromosome is roughly 550bp; females have one Z and one W
chromosome, thus the gel run shows two separate bands (one at 450bp and the other at
550bp) which, due to the lower level of biological material present at each band, appear
comparatively dimmer (Figure 3). The magpie robin samples were run against established
male and female ‘controls’ from a Karoo scrub robin (Cercotrichas coryphaeus), another
passerine species, which was sexed anatomically as well to confirm molecular sex results
(Angela Ribeiro, pers. comm.). These are labelled as ‘C’ and ‘M’ for the male control or ‘C’
and ‘F’ for the female control in Figure 3 and were used as a baseline for confirmation of the

magpie robin results.

Of the 135 samples received from Seychelles sexed as part of this project, 64 were male
and 71 were female. The results were sent directly to members of SMART to update their
magpie robin database and were not used any further in this project. The results of the
molecular sexing confirmed almost every behaviour—based sex assignment given, by trained
staff, in the field (134 of 135 samples). The contradicting sex result for this single individual
was confirmed in multiple independent tests at request of the island managers, so | am

confident this individual was sexed accurately. This has positive implications for the current
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method of sex identification through behavioural observations, which is widely used for this

species and is particularly beneficial for times when molecular sexing is not available.

Figure 3 An example of molecular sexing results from Denis Island (sample IDs 24-32), run on a 2% agarose gel
electrophoresis: labelled ‘M’ for male determined by the presence of a single band, and ‘F’ for female with a
double band. The ‘C’ label is used for identification of the Karoo scrub robin control samples.

2.3.3 Reference Genome Assembly

The reference genome for the Seychelles magpie robin was sequenced at 374x coverage.
The total assembled genome size for the Seychelles magpie robin is 1,052,508,292 base
pairs (~1.05Gb). The assembled reference genome comprises 3664 scaffolds. The magpie
robin reference assembly scaffold n50 size, that is the size of the scaffold where it and
longer scaffolds cover 50% of the genome, is ~18.5Mb, with the longest scaffold at a length
of ~567.8Mb. The magpie robin genome size is in line with other similar bird species (Gregory,

2018).

2.3.4 Sequencing Success, Failures, & Quality Control
This section provides a broad outline of sequencing summaries. An exhaustive overview of

resequencing summaries for each individual is detailed in Appendix 8.
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Only one sample, CN_04, was considered to have 'failed' sequencing with only 210,000
retained reads at a coverage of 0.0009x. This sample was removed from the dataset prior to

any analysis undertaken.

The median number of mapped reads per sample across the remaining 110 samples was
133 million with a range of 25—-404million, and the fraction of these reads were uniquely
mapped had a median of 91% with a range of 73-97%. The clonality fractions ranged from
1% to 25% of reads generated, with the higher clonality margins observed within the first

samples that were processed.

The depth of coverage from all 110 samples ranges from 2x to 34x. Average coverage per
population is detailed in Table 4. Understanding the sequencing technicalities that may have
been responsible for the differences in coverage between samples is beyond the scope of

this project.

Table 4 Average sequencing depth of coverage by island and number of individuals used per island, standard
deviation (SD) shown in brackets.

ISLAND (no.ind) |ARIDE(25) |COUSIN (22) |COUSINE (16) |DENIS(32) | FREGATE (15)

Coverage (SD)  |14.17(8.96) 12.97(3.33) |11.93(2.07) 15.54 (5.78) | 7.13 (2.89)

It has been established that statistics which are performed at the population level generate
fewer false—positive variant calls from low coverage NGS data than when performed at the
individual level (Sims et al., 2014). Therefore, for the individual level analysis carried out for
ROH, a 5x average coverage threshold was used for data to be considered informative
enough to provide meaningful estimates, and consequently four individuals (A_07 (4x
coverage), A_09 (2x), F_05 (4x), D_11 (2x)) with an average coverage below this threshold

were removed to ensure the integrity of the analysis.
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2.3.5 Principal Component Analysis

The Principal Component Analysis was carried out on all 110 individuals collectively;
therefore, no prior population relationships were inferred. The results show some population
structure (see Figure 4A and 4B). Each principal component is presented as a percentage of
the total variance. The founder population of Frégate sits as a fairly central figure, and on no
axis do Frégate and Denis segregate. The first three principal components account for
19.2%, 17.0% and 12.6%, respectively, culminating in almost half of the total variation
among the populations. The axis of the first principal component shows that Aride differs
most from the other populations (highest degree of variation). PC2 and PC3 segregate
Cousin and Cousine, respectively. While PC 4 does not appear to offer any discernible
variation. Therefore, the first three principal components (PC) account for all island
differences (PC5 and PC6 show no island clustering, see Appendix 10), and this segregation

is mirrored in the genetic differentiation observed in the Fsr results (Section 2.2.3.9, Table 5).
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Figure 4 Principal Component analysis for all 110 successfully sequenced individuals representing five island populations A)
PCA showing 1st and 2nd principal component, the founder population Frégate is represented by green, and 95%
confidence ellipses are shown for each island B) As A) but showing principal components 3 and 4.



2.3.6 Admixture

The same input dataset that was used for the PCA was used to calculate admixture
proportions, where no prior assumptions were made on the relationship of the individuals or
population. In Figure 5, the populations are ordered from left to right by first to last
translocation with the founder population on the right. Clear isolation of population structure
would be indicated by a uniform colour observed throughout the population — this would be
an ‘unadmixed’ population. NGSadmix uncovered some apparent population structure in the
magpie robins, evident by a preponderance of one colour for most of the populations at k=5.
The results show Frégate, the founder population, as the most genetically diverse
population. The Denis population was the most recent translocation and can be seen to not
have yet been affected by patterns of genetic drift, showing almost equal diversity as

Frégate.
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Figure 5 Admixture plot (NGSadmix) showing only k=2 and k=5 to demonstrate population differentiation. Populations are

Admixture Proportion

0

ordered left to right: Cousin—Cousine—Aride—Denis—Frégate, representing the first translocation to the most recent, with
the founder population on the far right. Individual samples are represented on the x axis (one bar/sample), and admixture
proportions are on the y axis. Each colour corresponds to an undefined ancestral population — ‘k’. The full admixture plot
including k=3 and k=4 can be found in Appendix 11.
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2.3.7 Heterozygosity

A recent genomic study into the genetic diversity of 42 avian species (Li et al., 2014)
uncovered low levels of genome—wide heterozygosity in ‘threatened’ species, the results
from 9 of which are illustrated in figure 6B along with the magpie robin genome-—wide
heterozygosity estimates obtained from this research. The group of endangered and
Vulnerable species used in the avian genomics study found an average heterozygosity
estimate of 0.0018 (calculated as the proportion of sites used that were observed
heterozygous), with the lowest levels found in the crested ibis (Nipponia nippon), bald eagle
(Haliaeetus leucocephalus) and white—tailed eagle (Haliaeetus albicilla) (0.00043—0.00040).
The results from a similar analysis on the magpie robins in this research determined the
observed heterozygosity to be less than half of this low average value (0.00018) (Figure 6A).
While estimates were made at the individual level, the purpose of this was to gauge an
understanding of whether the average heterozygosity levels differ between islands. The
Aride population has the highest average heterozygosity across the whole sample
population (0.000194). However, there was no significant difference among the five

populations in average heterozygosity (ANOVA: F4 105 = 2.306; p=0.063).
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Figure 6 A) Global autosomal average heterozygosity estimates for each individual across all five magpie robin
populations. The average calculated from bootstrapped estimates (using ANGSD and realSFS) for each
Seychelles magpie robin sample, giving an overview of island level heterozygosity. INSET shows average
heterozygosity estimate value for each island population B) Genome—wide average heterozygosity estimates
for 10 IUCN Red List species, two of which used to be held in the category but have since been downlisted
(indicated in legend). Plot constructed with the results from a published avian genomics study (Li et al., 2014)
incorporating Seychelles magpie robin results from this study.
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Watterson’s theta estimates, calculated in windows across the genome, were used to further
investigate the low heterozygosity in order to determine any existing patterns in the
distribution of heterozygous sites. An initial investigation was carried out for one high
coverage individual for each island (Figure 7) and revealed long regions of diminished
heterozygosity. When further exploration across the whole population found similar patterns
of long homozygous tracts in every individual (Appendix 12). Patterns were noted such as
the long stretch of homozygosity observed around 250Mb in four of the samples (CE17,
CN20, D30, F08) but this is not observed in A28 (Figure 7). Further analysis will determine if

there are shared regions of homozygous tracts within the populations.
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Figure 7 Local heterozygosity (Watterson’s Theta) estimates for one high coverage individual per sample
population/island, estimates across 232 scaffolds above the length of 100kb, culminating in a total length of
900Mb.
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2.3.8 The Site Frequency Spectrum
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Figure 8 shows a compressed SFS displaying only
segregating sites: sites that had 0 variants across the
population (bin=0) was removed. The resulting SFS
shows the number of alleles with a minor allele
frequency of 1 to ‘n+1’ within each population. The
standard error bars represent the variance in the
estimates  obtained SFS

bootstrapped during

optimisation.

Over time, mutations and rare alleles can persist in a
population, and over generations the frequency of these
alleles increases, resulting in the characteristic shape of

the neutral expected SFS (Figure 9), which assumes

random mating and fixed population size (Hudson,
1987; Zhu & Bustamante, 2005). Each of these
populations show a depressed distribution, relative to

that of the neutral expected SFS.

While all populations hold a high number of singletons

(bin=1), the Frégate and Aride populations have a

markedly higher number of singletons.
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Figure 9 Adapted from Zhu & Bustamante (2005) where 'Neutral' demonstrates the distribution of allele
frequencies neutral expected SFS; this represents an unfolded spectrum of 24 diploid individuals. Frequency of
0 not shown

2.3.9 Weir & Cockerham’s Fsr
Fst was measured between all pairs of populations, culminating in 8 successfully calculated

Fst values: an average weighted Fst between each of the compared populations in pairwise
analyses, shown in Table 5.

Table 5 Weighted pairwise Fsr calculated using ANGSD and realSFS including only indexed SNPs. Two results,
indicated by ‘—/, were not successfully computed.

ISLAND Frégate

Denis 0.052 Denis

Aride 0.093 - Aride
Cousine 0.101 - 0.145 Cousine
Cousin 0.091 0.104 0.135 0.159

Using Weir—-Cockerham’s Fsr, the highest Fsr value (indicating the highest degree of
differentiation between the pairs of populations) was observed between Cousin and Cousine
with a weighted Fsr value of 0.159 (Table 5, highlighted in red). The highest degrees of
differentiation were observed in the pairwise comparisons between Cousin, Cousine and
Aride, these being the longest established introduced populations. Frégate and Denis were
observed to have the least differentiation with a value of only 0.05 (Table 5, highlighted in
green) these being around half the value of the other islands when analysed with Frégate.
Results from Fsr analysis on the crested ibis, a species with a similar history, deemed an Fst

value of 0.134 and above relatively high, considering the short time of 20 years since
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populations were established (Li et al., 2014), which yields similar implications for the results

from the magpie robin populations.

2.3.10 Inbreeding Coefficients (F)

The inbreeding coefficient is a value given as a proportion of 1, with a score of 1.0 indicating
that the individual is highly inbred. If the ‘observed’ number of heterozygotes is equal to that
‘expected’ (usually under HWE, but in this study based on allele frequencies from the
‘private’ SNP panel of each island) then F=0. Half of the individuals had F=0, but the range
was similar in each population from 0 to 0.22(Aride), 0.23(Cousin), 0.23(Cousine),
0.25(Denis) and 0.26(Frégate). An F score of 0.2 indicates a 20% probability that at any
locus across the diploid genome, the two alleles observed will be identical-by—descent i.e.
inherited from a common ancestor. The inbreeding coefficients (F) calculated with ngsF were
used solely as input for accuracy of SFS and subsequently Fsr. A table of all inbreeding

coefficients can be viewed in Appendix 13.

2.3.11 Runs of Homozygosity

Short ROH are expected between individuals of any population, therefore ROH less than
0.5Mb were disregarded from consideration as a factor of inbreeding and were not included
in any plots or calculations (Cassidy et al., 2016) and only ROH of 2Mb in length or above
were included in Fron analysis as ROH of 2Mb have been considered a factor of distant

inbreeding (Pecnerova, 2018).

The sample population of Frégate differentiates from other islands in that the median shows
the population has a higher number of short ROHs i.e. categories 0.5-1 and 1-2Mb, and
less ROH in the 8-16Mb category (Figure 10A). As the original founder population, this
pattern infers more recombination events over time and can therefore be used as a
‘baseline’ in comparing the ROH patterns of other islands. Cousine most closely resembles
the pattern of Frégate, but with a notable increase in the longer ROH, while Aride, Cousin
and Denis show a distinct peak in the 4-8Mb category (Figure 10A), with a significant
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difference found among the populations for ROH of this length (Kruskal-Wallis: chi-
squared=12.15, df=4, p=0.016). This sparked the interest to further investigate the
composition of the ROH of this category resulting in it being broken down in to 2Mb length
categories (Figure 10C and 10D). Although the mean and median for the 4-6/6—-8Mb (Figure
10C and 10D) subcategories is not too different between the populations, the lower peak
observed at 4-8Mb for Cousine (Figure 10A) could be a result of a higher proportion of
shorter lengths in each category. While the overall degree of relatedness generally appears
high in each population, the length of the ROH can be used to infer recentness of inbreeding
events (Kirin et al., 2010). All populations show similar trends, the Denis population,
however, shows the steepest incline at the ROH 4-8Mb category, and the highest peaks at
the 8—-16Mb and 16>Mb categories. All translocated populations were observed to have at

least one ROH longer than 20Mb in the population.

When considering Fron, Aride has the highest median (Figure 10B) but the lowest number of
10+Mb lengths and highest 4-8Mb category (Figure 10A). Figure 10C shows Aride to have
the highest number of 4-6Mb ROH, and although this population has the widest distribution
at 6-8Mb, it has the lowest median of all islands for these categories. Therefore, although
more of the genome appears to be IBD for the Aride population (Figure 10B), these tracts
appear to be shorter, therefore these results are indicative of less recent inbreeding and
more distant mating of related individuals, than on Denis island, for example, which has a
lower Fron median for percentage of the genome that is Fron but has the highest number of

ROH at both categories above 8Mb.
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A) ROH: Median Total Length by Category

120 4

904
. ISLAND
o)
=3 Avride
£m 60 == Cousin
: n
2 === Cousine
] == Denis
(o]
F 301 == Fregate

0-

0.5-1 1-2 2-4 4-8 8-16 16>
Length Category (Mb)

B) Fron (Autozygosity)

Fregateq ®

Cousine A

ISLAND

——
Denis{e o I E——
—i—
—ll—

Cousin4 @ @ °

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100
Percentage of Genome

C) ROH length 4-6Mb D) ROH length 6-8Mb
5 S0
@ %0 &'
5 k]
2 3
€ £
=1 3
c (=
5 5 .
©° Q
104
ARIDE coUsIN COUSINE DENIS FREGATE ARIDE COUSIN COUSINE DENIS FREGATE
Island Island
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2.4 Discussion of Results

This study is the first genetic assessment of the endemic, IUCN Red-Listed ‘endangered’
Seychelles magpie robin. This research aimed to answer three basic questions about the
current genetic state, using genome-wide SNP markers obtained from a sample of 110
individuals representing the populations on the five islands within the Seychelles archipelago
on which this species exists. How each analysis performed in this project contributes to what
we can now understand about the current Seychelles magpie robin population is discussed

in this section in relation to the original questions posed in the Introduction.

2.4.1 Question 1: Are the five geographically defined populations of
Seychelles magpie robin genetically distinct?

The principal component analysis shows some clear clustering by island, most specifically
with islands whose populations were translocated earlier (Cousin:1994, Cousine:1995 and
Aride:2002), probably a consequence of genetic drift acting upon those populations,
although rapid selection has been documented to act upon small populations particularly
when faced with adverse conditions (Lamichhaney et al., 2016). Due to the donation of
individuals to Cousin and Cousine from Frégate at its smallest population size (23), the
contemporaneity of these translocations, and the fact the largest number of migrations have
been between these islands due to their close proximity (Figure 1) it was recently suggested
that they are more likely to be, genetically, ‘one population’ (Burt et al, 2016). The
differentiation, seen by Fsr value of 0.159, between Cousin and Cousine indicate that they
are in fact two distinct populations and show a higher degree of differentiation from each
other than any of the other islands. The results of this study show the birds on Frégate and
Denis as the most similar, which may reflect the size of the donor population when the

individuals were taken, the number donated, and the time since introduction.
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The dataset for NGSadmix was not filtered to remove closely related individuals, however
this does not seem to have caused any clear substructure within any of the populations. If
relatedness had an effect on the output from this analysis, some level of clustering between
more closely related individuals would be apparent. This having not occurred suggests that
either none of the individuals are closely related or that the individuals are largely similar to
each other genetically, to the point that the few related individuals did not have any impact
on the results. Based on the detailed monitoring data we suspect the former is inaccurate
and therefore the latter is more likely. The results from kinship analysis (not shown) were

suspected to be unreliable due to this factor.

The Fst values obtained here demonstrate surprisingly profound differentiation between the
first three translocated populations, given the relatively short time since translocations.
Fluctuation in allele frequencies, time taken for allele fixing, and population differentiation are
greater in smaller populations, particularly when there is no migration between populations
(Wright, 1931) and this may be the reason for the patterns observed as this is commonplace

in introduced populations.

2.4.2 Question Two: Have translocations had an impact on the genetic

diversity of this species?

One of the great contributors to the success of the magpie robin population is translocations.
With such small populations, removing a few individuals from an island with no prior
knowledge of their genetic make—up can have a significant effect not only on the variation
that then remains in the island they were removed from, but also determines the genetic
variation that can possibly exist within the new population. Whilst the PCA shows genetic
distinctiveness, it does not measure genetic diversity. The patterns observed from the
NGSadmix results suggest the Frégate and Denis populations have the most diversity by
structure, which could suggest that these populations have been less affected by genetic
drift than the other islands. This pattern may reflect Frégate harbouring all initial genetic
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diversity 30 years ago when translocations began, the Frégate population has had the most
generations for mutations to arise, it the largest population and therefore assumed effective
population size, and Denis only received translocated individuals from this population 10
years ago. It is exciting to see that the founder effect did not appear to have caused much
loss in the genetic diversity of Frégate because of the donations to new islands. Observable
patterns, between Frégate and Aride for example, give some insight in to how founder

effects are reflected in the genetics of these island populations.

Compared to other published genomic heterozygosity estimates from mammal and avian
taxa, the observed heterozygosity in the magpie robins is very low. Familiar examples of low
heterozygosity include the cheetah (Acinonyx jubatus) and giant panda (Ailuropoda
melanoleuca). Li et al. (2014) ascertained genome—wide heterozygosity from nine bird
species from different categories of the Threatened IUCN list. ‘Endangered’ taxa ranged
from 0.00043-0.00060, while ‘Least Concern’ species ranged from 0.00118-0.00431. Even
compared to other endangered birds with a similar history as the Seychelles magpie robin,
such as the crested ibis, heterozygosity is low (0.00018). This extremely low level of
heterozygosity is considered a ‘signature’ of endangered species (Li et al., 2014). No large
differences were found in the level of heterozygosity between islands, and the general low
level observed is more likely a consequence of the earlier genetic bottleneck, rather than of

the translocations.

The shape of the SFS for each population is characteristic of a bottlenecked population
whose rarer alleles have been lost (Marth et al., 2003). Creating new populations in quick
succession over ~two decades has resulted in a rapid population expansion following this
bottleneck, most of them private to individuals — which can be a contributing factor to the
high number of singletons (alleles that are only found once in the whole population)
observed in every population (SFS results, Section 2.3.8, Figure 8). With the dataset and
methods used for this project it is important to consider the implications of working with low
coverage data. Incorrect genotype assignment is a consequence of missing data or a low
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number of reads at a site. In such circumstances, heterozygous genotypes can be
mistakenly called homozygous if one of the chromosomes at a diploid sit is missing data or
has a low number of reads, it can lead to incorrect genotype calls and an overestimation of
diversity. Therefore, this high number of singletons could be partially due to sequencing
errors at sites that would otherwise be non-—variant homozygotes across the population.
While this is a possibility, given the severity of singletons observed, an exaggerated number
of heterozygotes called should not have a drastic effect on the general pattern observed in

the SFS.

Currently the census population of magpie robins is increasing, and translocating individuals
between these already established populations may result in the accompaniment of an
increase in genetic diversity with this population growth. When considering translocations to
new islands, carefully selecting individuals for genetically informed translocations could allow
for factors such as higher levels of heterozygosity and low relatedness to be considered, and
could strive towards to the ideal ‘genetic capture’ of 95% of a species’ genetic diversity, to
preserve any diversity that exists, using the optimum number of individuals to achieve this
(Weeks et al., 2011). Unfortunately, with such a small population the optimum number of

donors might not currently be achievable.

Facilitated by the increasing availability of genomic data, it is possible to identify and
increasing trend of low genetic diversity patterns in ‘threatened’ species where low diversity
does not seem to be compromise survival (Li et al., 2014; Westbury et al., 2016; Robinson et
al., 2018; Westbury et al., 2019). However, the focus species of these studies experienced
long—term reduced heterozygosity to which they appear to have adapted over time.
Contrastingly, the magpie robins suffered a presumably recent and severe reduction in
heterozygosity, coupled with subsequent inbreeding (not found to be a factor in
aforementioned studies) which would likely make them more vulnerable to the widely
recognised reduced fithess characteristics of this genomic signature including susceptibility
to disease and maladaptation to changing environments (Frankham, 2005).
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Diversity in specific regions of the genome is also found to be more important than genome-—
wide diversity. For example, the well-known case of the giant panda which exhibits
extremely low levels of genome—-wide heterozygosity nonetheless harbours relatively high

levels of heterozygosity at important immune—function gene regions (Zhu et al., 2013).

2.4.3 Question Three: What is the state of inbreeding in each of the five
populations?
While there are several definitions of inbreeding, for the purpose of this question (and

corresponding analysis) inbreeding was defined as the mating of closely related individuals.

The picture of local heterozygosity, in all populations, showed regions of the genome with
long tracts of diminished heterozygosity, and this influenced the decision to consider ROH
analysis. The abundance, length and distribution of ROH can give a glimpse of a
‘genealogical timeframe’ (Howrigan et al., 2011). The size of tracts coupled with frequency in
the sample population allows inferences to be made about population history. Longer tracts
are indicative of recent inbreeding. However, frequency must also be considered. High
frequency (i.e. observed in the majority of individuals) indicates distant relatives, multiple
generations ago, but with little recombination (which could be the case in very inbred
individuals), whilst low frequency (i.e. only seen in a few individuals) is highly indicative of
true, recent IBD haplotypes. Fewer ancestors also leads to higher proportions of IBD, and
more recent inbreeding means less time for the effects of recombination to break up

inherited tracts of DNA.

Traditionally, F statistics such as the inbreeding coefficient have been used to estimate what
proportion of the genome is IBD. Genomic study now allows the analysis of genome—wide
variation and subsequently leads to a more accurate determination of individual inbreeding.
However, for this species using F statistics alone for example, would have led to an
underestimation in the levels of inbreeding, as half of the individuals had an F score of 0

indicating no alleles are IBD, and this was not apparent from ROH analysis in any individual.
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Therefore, using genome—wide markers to assess ROH allowed us to more accurately
determine the level of inbreeding that exists in the magpie robins. LD pruning (that is
removing sites from analysis that are suspected to be in linkage disequilibrium) is
recommended for ROH analysis in PLINK as high LD can lead to high error rates in IBD
estimates (Purcell et al., 2007; Hill & Weir, 2011). However, due to the history of this species,
many of the SNPs identified in this study were suspected to be in LD and thus pruning for
these would have resulted in a depleted dataset that may not have been sufficient enough to
attempt to answer this question. However, there may be better developed methods for

dealing with such a dataset that need to be explored.

IBS segments are DNA sequences that are identical in two individuals. IBD define those
identical DNA sequences in two or more individuals which have been inherited from a
common ancestor, or by the same mutation occurring by chance. While PLINK identifies
tracts of homozygosity that are IBS, it does not determine whether the homozygous tracts
are explicitly due breeding of closely related individuals i.e. IBD. Individuals are usually
expected to share short IBD segments as if we look far back enough, we all share a
common ancestor (Ceballos et al., 2018). Given the sheer volume and length of ROH
observed in these birds, it is valid to make assumptions with regards to IBD and inbreeding.
Several papers have highlighted the fact that even in outbred populations long ROHs of
more than 1Mb and even up to 4Mb can be common (Gibson et al., 2006; Simon-Sanchez,
et al., 2007; McQuillan et al., 2008). However, ROHs of 2Mb in length have also been
considered an indicator of breeding between distantly related individuals or remnants of past
inbreeding (Cassidy et al., 2016) and could be the reason behind the high total ROH at the
1-2Mb category. There are currently no exact figures defined for ROH length determining
relatedness of individuals, however in a study that looked at inbreeding in chickens, ROH
lengths of 5Mb were found to be due to recent ancestral relatedness (Moyse et al., 2016)

and generally this and anything above is considered ‘very’ long. ROH longer than 10Mb
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were observed in almost all individuals of the sample populations of the magpie robins, and

are strongly indicative of recent inbreeding.

Most studies regarding ROH have been carried out on humans, given the ease and wealth
of data available since the International HapMap Project began (International HapMap
Consortium (2005), and it has been noted that very little has been done to study ROH from
small, endangered population species with populations that have undergone translocations..
It is always important when comparing across species to take this into consideration,
however the characteristics of high Fron and ROH in abundance across the genome of most

individuals appears to be a universal indicator of inbreeding.

Very little research has been carried out on patterns of ROH in species with severe
inbreeding. The purpose of this analysis was to gain a preliminary understanding of the
abundance of ROH across the genome of each individual, which has confidently been
carried out. More in—depth analysis will uncover species specific ROH patterns, and island—
specific (specific regions shared between individuals of the same population) ROH patterns,
with potential to uncover the age of inbreeding events (Grossen et al., 2018). Repeating this
method but with the addition of known pedigrees for one or more of the populations
(obtained from data that has been collected from long term monitoring) to compare known

generations since parental inbreeding with ROH patterns could aid in this understanding.

Although it is clear that each of the populations has experienced inbreeding, at this stage it is
uncertain as to whether any of the current populations are suffering from inbreeding
depression, or if this genetic pattern is simply characteristic of a species that has been
subject to long term inbreeding. In small populations experiencing inbreeding, ‘purging
selection’ can be effective in removing (partially) recessive deleterious alleles from the
population, and can thus negate some of the negative effects experienced from inbreeding,
as the alleles are not passed down to future offspring (Crnokrak & Barrett, 2002; Garcia—

Dorado, 2012). However, this is recognised to be less effective in cases of rapid inbreeding
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events (Lopez—Cortegano et al., 2018). The genetic patterns we observe here in the
magpie robins, such as diminished heterozygosity and long runs of homozygosity, have
been not only been found to be associated with increased deleterious variants (Szpiech,
2013), but were also found as a precursor to extinction in recent genomic studies of extinct
species, such as the woolly mammoth (Mammuthus primigenius) (Pe¢nerova, 2018) and

may be a cause for concern with regards to the future of the magpie robins species.

While we do not know the ‘health’ of the magpie robins in relation to the effects of
inbreeding, nor whether this characteristic is a longstanding feature in their genetic history
due to past events or arose as a result of the recent population bottleneck. Nonetheless,
detection and monitoring of inbreeding now may help to prevent future consequences of

inbreeding (Grossen et al., 2018).
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2.5 Conclusion

The effects of genetic drift can lead to differentiation between populations and loss of
variation within populations of the same species and is hypothesised to be the underlying
factor responsible for the results obtained from this research. The three islands which were
established first are more genetically different when compared to the founding population,
likely as there has been more time for the evolutionary forces, such as drift or selection, to

act upon the genetic variation in the populations.

It has been argued that serial translocations can greatly reduce the genetic variation of the
translocated populations due to repeated founder effects and this previously observed effect
is consistent with the findings from my research on the magpie robins as evident by the low
overarching genetic diversity. While this research shows translocations have had some
impact on the genetic diversity within this species, the consequences of this requires further

study.

Inferences with regards to the Aride population can however be made from these findings,
as no discernible differences from the other populations were found that could account for
the sudden decline in the population size in 2014. Furthermore, although the differences are
minimal, the Aride pre-crash population had the highest average level of heterozygosity, and
shorter ROH than the other populations, indicating that the birds that perished were relatively

‘healthy’, with health being defined by attributes of the wider magpie robin population.

Having the genome sequenced for every individual would allow for a complete analysis of
the genetic make—up of each of the populations and would give a complete picture of exactly
what inbreeding is currently happening on each of the islands. This would allow the
population to be monitored to ascertain whether inbreeding is increasing, potentially leading

to inbreeding depression, and allow such events to be accounted for in management

64



decisions. Given the severity of the loss of genetic diversity, and how varied it is between
individuals, there is a powerful case to develop and implement a long—term genetic

monitoring plan, alongside the current management program in place.

This research confirmed well-informed suspicions that the species has experienced
inbreeding since the species population bottleneck, and subsequent translocations. The
severe degree of inbreeding could not have been guessed and is certainly of more concern
than might have been hoped for in terms of progression for the species. It is this which most
strongly suggests that the species would benefit from careful genetic monitoring with a

specific focus on changing trends and patterns within and between populations.
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Chapter 3

(General Discussion
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3.1 Overview of Project

The Seychelles magpie robin has a small population size, therefore obtaining blood samples
for and processing for genome resequencing of half of the population was achievable. In this
instance whole genome sequencing and resequencing has allowed us to gain insight into
population structure of the magpie robins and to assess inbreeding, providing valuable
information that can help influence important management decisions. Overall, the
sequencing for this project can be seen as successful. Samples were processed quickly, and
most samples (111/159) that were sent for sequencing were received in time to be used in
this project and most of these (110/111) could be used for analysis, which allowed for a
representative study sample. Most of the remaining samples have since been received
(40/48), while one lane is currently being sequenced and all will be incorporated into these
analyses prior to publication of this research. Only one sample failed, and this will be re—
sequenced in due time. The trade—off in number of samples versus depth of coverage
means some samples did exhibit a low coverage. However, Pasaniuc et al. (2012) argued
that low coverage data still retains most genomic information, particularly when coupled with
the bioinformatic tools designed to deal with these data. Although it is still important to
consider bias that can be introduced at low coverage, | am confident that this bias was

reduced with appropriate filtering of the dataset.

Using whole genome data reduced restrictions imposed by selecting only a few loci to study,
such as when using microsatellites, and using more markers allowed for more accurate,
reliable results. This is arguably even more important for exploratory analysis on inbred
species such as the Seychelles magpie robin because with no prior knowledge or
understanding of the magpie robin genome, it could prove difficult to select informative
regions to study, that would uncover variant sites in order to investigate genetic structure and

patterns.

67



Broad conclusions can be drawn from these results, however increasing the depth of
understanding for this species, for example determining the species—specific mutation rate,
would not only allow more specific conclusions to be made about population structure and
individual inbreeding, but coupled with sequencing error estimates would also allow a more
critical analysis of results. It is best practice to combine results from multiple analyses to test
the robustness of the statistics in order to inform population demographics. As such, this
research can be considered in—depth and certainly a strong preliminary analysis of the

genetic state of the species.

3.2 Applications to Conservation

Translocations of small and/or endangered species are increasing in frequency, yet they
remain a contentious issue in conservation. Genetic understanding of both the donor and
donated populations are required for effective management strategies, but these
considerations are rarely undertaken and monitored either because of time constraints,
availability of resources or limited understanding of the impact this can have (Armstrong &
Seddon 2008; Jamieson, 2009). Inbreeding has been shown to have had a negative impact
on the survival of island populations of passerines (Keller 1998; Jamieson 2009). Extensive
research into the impact of inbreeding on small populations determines inbreeding is
associated with an increased extinction risk and quantifying individual inbreeding levels are
integral for investigation of effects of inbreeding to inform active management of populations.
Angeloni et al. (2011) argued genomics may not yet prove any more useful to applied
conservation than traditional genetic analysis. However, using genome wide markers with
ROH has given more accuracy and understanding than microsatellites and F statistics alone
could have achieved for such an inbred species. The possibilities in which this research, and
indeed continued work on this species, can be applied to the proposed conservation actions
are vast. Not only will the insight gained from this research be immediately considered in the
decision to translocate more birds to Aride island (SMART meeting, 2018), but also for future

translocations to new islands. The selection of individuals using a molecular insight provided
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by this research is expected to improve translocation success by means of increased genetic
diversity. The molecular understanding of inbreeding gained from this project can now be
used to make genetically informed decisions to translocate the least related birds when
establishing new populations, thus reducing the risk of further inbreeding, in addition to the

continued habitat restoration and invasive species removal conservation efforts.

A meta—analysis of ‘genetic rescue’ conservation actions (translocating individuals of the
same species between already established populations, when these populations are isolated
and little gene flow exists between them) found mostly positive benefits arose from
diversification of the gene pool, and such actions seemed to combat the long—term effects of
reintroductions through single event translocations (Frankham, 2015). There is possibility for
such rescue to be carried out with the magpie robins, however, it is important to note risks
associated with this such as spreading unknown disease and death of the donated

individuals from stress and a failure to settle in the new environment.

In 2005 the Seychelles magpie robin was downgraded from ‘critically endangered’ to
‘endangered’ as the census population exceeded a threshold of 50 individuals. However, this
was done with no genetic understanding of the species. The rapidly changing environment
we are facing and the vulnerability of oceanic islands, coupled with the suspected lack of
ability this magpie robins may have to adapt to these changes, could indicate a higher
extinction risk than the species is currently categorised for. While we would usually celebrate
a reclassification considering a species to be less endangered, funding and research efforts
were seen to plateau with this change in conservation status. With a species so small, and
so fragile, a lack of funds and resources to continue efforts to help save the species could
further increase the danger the species faces. If a species is more vulnerable than currently
defined, due to factors such as genetics, this needs to be taken into account in its

classification.
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3.3 Future Research

As previously outlined, long autozygous tracts, low heterozygosity and reduced genetic
diversity are associated with reduced fithess as a result of deleterious recessive alleles
accumulating in the population. The genetic state of the Seychelles magpie robin is
characteristic of this, and it is therefore imperative to conduct further research to investigate
if any of the current populations are suffering from, or are at risk of suffering from, inbreeding
depression, particularly in light of the recent population crash on Aride. Measuring and
understanding inbreeding depression is important in species conservation, particularly when
those species can be considered at high risk of extinction due to small and isolated
populations (Grossen et al., 2018). Long—term monitoring data collected for the species,
includes nesting attempts, breeding success, fledgling success and individual mortality,
which can be key indicators of inbreeding depression. This monitoring data, coupled with the
genetic understanding gained from this project, will improve our knowledge of the fitness,
behaviour and history of this species, as done in previous research on different taxa

(Boulanger et al., 2004; Richardson et al., 2005; Bichet et al., 2018).

An interesting area for future research is the comparison of historical DNA, from samples
collected before the bottleneck in the mid—1900s, with the modern samples analysed in this
project. A preliminary historical effective population size analysis (not shown) indicates a
large population size in the past. Assessing historical DNA may offer an insight into the
evolutionary pressures faced by the Seychelles magpie robin and could indicate whether the
species suffered any previous bottlenecks. Additionally, mitochondrial DNA sequences can
be extracted from the raw reads generated from whole genome resequencing of the magpie
robins and used alongside nuclear information to investigate population changes in the past.
There is fairly good documentation of when and where magpie robins were executed and
collected back to the 1800s, and resident samples at museums around the world have

already been identified. Incorporating these samples may give insight into if and how this
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recent bottleneck affected the genetic diversity of the species, as successfully undertaken
with the Seychelles warblers (Spurgin et al., 2014). Comparing modern DNA with historical
diversity (samples collected before the bottleneck in the 1960’s) may also give an indication
of the extinction risk faced by the modern—day magpie robin (Bouzat et al., 2009; Diez—del-

Molino et al., 2017).
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Appendices

Additional information supporting sections of the main text is documented in this
section. Included in the appendices are examples of results from the DNA extraction
and library building processes. There were no major deviations between individual
samples from the example results provided. Where a subset of results has been
supplied, this is indicated and full results can be provided upon request, but as there

are hundreds of files, some of which are over a dozen pages, they have not been

included to reduce paper waste.

CHAPTER 1

Appendix 1 Prerequisites for Seychelles magpie robin translocations, adapted from Burt et al. (2016).

Desirable long—term post—translocation commitments

1

Providing at least two nest boxes per territory. Following the provision of open—fronted nest
boxes on islands, nesting success improved and the fledging rate from nest boxes was 44%
compared to 28% from coconut palm crowns and 38% from natural nest sites. (Lucking and
Lucking ,1997).

Supplementary feeding and water supply to birds after initial release as necessary.

Employment of a conservation officer responsible for the close monitoring of magpie robins.
This role includes compiling monthly reports to be submitted along with data sheets to the
SMART coordinator.

Daily observations conducted following the magpie—robin monitoring protocol set out first by
Lucking and Lucking (1997), then by Bristol et al. (2005).

A strict biosecurity protocol, including continued eradication of invasive alien predators and
competitors, such as cats, rats Rattus spp., Barn Owl (Tyto alba) and Common Myna
(Acridotheres tristis).

Ringing, biometrics and blood sampling of each fledgling to be carried out.

Active habitat management to maintain suitable Magpie—robin habitat.

Ban on the use of organophosphate and carbamide pesticides.
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CHAPTER 2

Appendix 2 Sexing PCR optimisation using Fridolfsson primers (2550F/2718R): A) Mastermix reagent volumes
required for a single sample and B) Optimised PCR profile for the Seychelles magpie robin.

Mastermix Recipe (1x)

PCR profile

dNTPs 2nM

2718R 10nM

_
| Extend - 7mins | -
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Appendix 3 A snapshot of results using the Tapestation 2200 (protocol: genomic DNA) used to assess any
degradation in the initial DNA samples extracted from blood. A) shows samples demonstrated little
degradation, evident by the band observed on the largest fragment size of the ladder (65,000bp) B) is the
graph produced from the gel results visualising the distribution of fragment sizes.

Bl: SMR-CN_13 Cl: SMRCN_14

A) AL = a o a B)
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- - |
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Appendix 4 A snapshot example of Covaris fragmentation results. A) shows the results of the gel run where the
darker band is the result of the accumulation of biological material meaning there are more fragments of that
size and B) shows the graphs produced from the results of the gel run giving the distribution of fragment sizes.
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Appendix 5 This figure shows an example of the gPCR reagents and results. A) Samples were pooled in groups
of eight for sequencing. Prior to the genomic libraries being sent to BGI, indices were attached to the
fragments of each library, using the given mastermix recipe, in order to identify and ‘separate’ the reads of
each individual sample in the pool post—sequencing. Volumes of reagents needed are for one sample and were
adjusted according to how many samples were used. B) A gPCR was used to determine the optimum number
of cycles for indexing the libraries, to attach sufficient index without over amplifying the sample. The number
of cycles was determined by the initial plateau for each sample individually.

A) Volume B)
Reagent (uL)
dH20 13.08
10 Buffer ? Amplification Plot
25 mM MgCl2 2 25mM
10 pM F primer (1S4) 04 0.2uM
10 uM R primer 76 1
(154) 04 0.2uM
SYBR green 08 66
25 mM dNTPs 0.16 0.2 mM - 56
TaqGold (SU/uL) 0.16 0.1 U/pL g
Mix Total 19 g a6
g 36
Library (1:20) 1 2%
Total reaction 20 16
TaqGold PCR profile: o6
95'C 10 min 04 +—— e .
95°C 30s 1 3 5 7 9111315171921232527293133353738
60'C 60s x40 cycles Number of Cycles
72°C 60s
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Appendix 6 A table listing the original DNA extraction information for each sample, and subsequent amplified library concentrations before pooling.

Extraction AI'_T; Ell_::;d Extraction AI'_T; Ell_::;d Extraction AI'_T; E:::;d Extraction AI'_T; E:::;d Extraction AII_? El!::;d
Sample conc. conc. Sample conc. cone. Sample conc. cone. Sample conc. conc. Sample conc. conc.
(ng/uL) (ng/uL) (ng/uL) (ng/uL) (ng/uL) (ng/uL) (ng/uL) (ng/uL) (ng pL) (ngluL)

A_07 181.0 9.9 CN_01 145.0 9.7 CE_01 127.0 11.4 D_01 95.1 7.9 F_01 84.4 12.4
A_08 11.6 11.7 CN_02 568.0 7.8 CE_02 103.0 15.3 D_02 314.0 8.9 F_02 57.4 13.1
A_09 4.2 1.9 CN_03 292.0 14.9 CE_03 181.0 12.0 D_03 177.0 9.2 F_03 10.3 13.4
A_10 9.3 13.3 CN_04 276.0 16.6 CE_04 85.6 12.7 D_04 194.0 7.6 F_04 26.0 11.8
A_11 21.0 8.7 CN_05 272.0 15.9 CE_05 84.4 12.0 D_05 186.0 7.6 F_05 10.6 13.4
A_12 4.5 15.6 CN_06 348.0 12.6 CE_06 94.2 12.5 D_06 253.0 7.6 F_06 55.3 13.0
A_13 13.0 7.3 CN_07 78.2 18.4 CE_07 77.6 14.8 D_07 105.0 7.2 F_07 67.8 14.7
A_14 15.1 10.0 CN_08 28.0 12.1 CE_08 163.0 11.9 D_08 175.0 11.2 F_08 51.8 13.3
A_15 9.7 11.8 CN_09 52.8 13.2 CE_09 108.0 13.3 D_09 88.4 10.2 F_09 49.1 15.6
A_16 9.3 13.1 CN_10 55.0 18.6 CE_10 137.0 13.9 D_10 138.0 9.1 F_10 45.5 11.7
A_17 8.5 13.1 CN_11 107.0 15.4 CE_11 148.0 17.5 D_11 134.0 14.3 F_11 150.0 12.0
A_18 11.7 7.6 CN_12 74.0 13.6 CE_12 110.0 9.0 D_12 90.3 14.2 F_12 54.2 14.2
A_19 7.3 7.4 CN_13 61.8 13.5 CE_13 100.0 15.3 D_13 173.0 9.0 F_13 37.4 14.3
A_20 26.6 12.4 CN_14 70.2 14.6 CE_14 99.8 9.2 D_14 323.0 11.9 F_14 121.0 15.3
A_21 21.8 8.9 CN_15 98.0 14.8 CE_15 65.0 12.8 D_15 160.0 5.2 F_15 42.0 11.7
A_22 4.3 11.0 CN_16 53.6 11.9 CE_17 45.4 13.0 D_16 267.0 7.3
A_23 33.8 10.5 CN_17 31.0 9.1 D_17 200.0 6.7
A_24 24.8 11.4 CN_18 82.6 12.1 D_18 107.0 8.4
A_25 27.4 12.2 CN_19 118.0 9.5 D_19 215.0 7.4
A_26 14.0 10.2 CN_20 48.0 8.3 D_20 269.0 8.0
A_27 20.4 12.9 CN_21 66.1 7.9 D_21 110.0 8.9
A_28 13.7 9.1 CN_22 74.4 5.7 D_22 315.0 7.5
A_29 9.6 8.3 CN_23 69.7 5.0 D_23 81.5 11.1
A_30 5.8 14.2 D_24 105.0 9.0
A_31 4.4 12.6 D_25 120.0 8.5

D_26 156.0 11.4

D_27 78.8 13.9

D_28 102.0 11.6

D_29 72.3 11.4

D_30 173.0 8.5

D_31 115.0 9.4

D_32 97.1 8.6
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Appendix 7 shows the properties of the final amplified library product for the first seven samples sent for
sequencing. Well A2: LIB_B and B2: PCR_B are reagent blanks used to check for potential contamination. The
middle peaks seen in A2: LIB_B are adapter dimers. Dilute 1:10 is the dilution factor used to normalise the DNA
concentration to 0.5ng/ul-1.5ng/ul required for the ‘High Sensitivity’ Tapestation protocol.
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Appendix 8 Sequencing summaries for the data of all 111 re—sequenced samples. The average coverage is the
average number of reads that cover each base across the whole genome. Total retained reads are those
sequences that were not filtered for quality etc. during mapping to the reference genome. The clonality
fraction is the fraction of reads that were filtered due to PCR clonality. Sample abbreviation ‘A’ = Aride, ‘CN’ =
Cousin, ‘CE’ = Cousine, ‘D’ = Denis and ‘F’ = Frégate.

A Total Total Uniquely .

verage . Clonality

Sample Coverage Retained Mapped Mapped Fraction

Reads Reads Fraction

A_07 4.496 54477756 50127630 0.920 0.072
A_08 12.635 157029209 140530965 0.895 0.095
A_09 2.811 34915539 31699371 0.908 0.082
A_10 9.617 118650586 107211422 0.904 0.087
A_11 26.293 327032534 295931578 0.905 0.085
A_12 10.536 130724638 115737852 0.885 0.103
A_13 20.657 258288659 234215385 0.907 0.086
A_14 29.414 368839656 332626264 0.902 0.089
A_15 10.445 127006298 116919267 0.921 0.071
A_16 6.198 76693878 68676745 0.895 0.095
A_17 9.710 119152160 108833209 0.913 0.079
A_18 10.943 134441040 123545443 0.919 0.074
A_19 34.873 538070939 404645382 0.752 0.242
A_20 6.917 87689416 77029520 0.878 0.114
A_21 17.312 215956572 195353711 0.905 0.086
A_22 16.655 210651725 186996229 0.888 0.101
A_23 6.365 95877516 72975905 0.761 0.218
A_24 14.735 178926574 164638959 0.920 0.070
A_25 7.352 88013678 81995454 0.932 0.061
A_26 20.794 262710890 236226857 0.899 0.092
A_27 8.363 100980520 94225926 0.933 0.058
A_28 29.010 386301332 329489196 0.853 0.139
A_29 25.061 322926254 285811718 0.885 0.108
A_30 5.849 71286860 65021230 0.912 0.077
A_31 7.174 88846316 80074848 0.901 0.090
CN_01 7.378 114457108 89107873 0.779 0.213
CN_02 5.913 82390974 66274413 0.804 0.189
CN_03 8.464 119398680 95804386 0.802 0.190
CN_04 0.001 210730 204540 0.971 0.021
CN_05 15.768 218412019 176723527 0.809 0.184
CN_06 15.391 210002695 172515885 0.821 0.172
CN_07 14.766 206699895 165894488 0.803 0.191
CN_08 15.816 212580274 173562555 0.816 0.176
CN_09 8.577 132054776 97283358 0.737 0.256
CN_10 10.747 163185232 119925272 0.735 0.258
CN_11 11.840 171731835 133334398 0.776 0.215
CN_12 11.717 171613723 132765490 0.774 0.218
CN_13 13.691 195433278 154317719 0.790 0.202
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Average Tot.al Uizl LB 17 Clonality
Sample Retained Mapped Mapped -
Coverage R - Fraction
eads Reads Fraction
CN_14 12.443 180090238 140587711 0.781 0.212
CN_15 14.913 215908934 166920096 0.773 0.219
CN_16 14.150 200489470 160256848 0.799 0.194
CN_17 11.664 164387715 131963050 0.803 0.190
CN_18 16.337 233327106 184853579 0.792 0.201
CN_19 15.513 217409394 175735239 0.808 0.185
CN_20 19.979 285668460 230295177 0.806 0.187
CN_21 13.484 193426006 154255518 0.797 0.195
CN_22 14.809 211087792 168705792 0.799 0.195
CN_23 11.876 173579674 140160943 0.807 0.187
CE_01 11.522 132470702 127007365 0.959 0.033
CE_02 13.949 164880623 156317778 0.948 0.044
CE_03 9.522 110582686 106472099 0.963 0.030
CE_04 10.040 117969788 112014579 0.950 0.041
CE_05 13.882 164354192 156253583 0.951 0.040
CE_06 11.418 133826360 127295276 0.951 0.039
CE_07 11.946 140369740 132936491 0.947 0.045
CE_08 16.782 196400458 188232354 0.958 0.035
CE_09 12.749 148378756 141713882 0.955 0.035
CE_10 8.258 95779408 92032546 0.961 0.030
CE_11 10.897 125674608 120154324 0.956 0.033
CE_12 11.132 126602141 121686625 0.961 0.028
CE_13 8.195 95114576 90880889 0.955 0.035
CE_14 15.667 210327119 177032286 0.842 0.152
CE_15 7.977 93675869 88634442 0.946 0.045
CE_17 16.930 197921496 187767905 0.949 0.043
D_01 16.837 200641806 190596436 0.950 0.042
D_02 11.279 131931354 127669452 0.968 0.023
D_03 24.324 288228914 277295659 0.962 0.032
D_04 26.363 323252688 308548899 0.955 0.037
D_05 10.425 123109212 119213823 0.968 0.024
D_06 12.451 147874350 142626893 0.965 0.029
D_07 10.692 127894726 123048623 0.962 0.031
D_08 10.450 121062102 117685316 0.972 0.021
D_09 23.212 135581761 259418096 0.957 0.033
D_10 20.911 247184704 237326598 0.960 0.030
D_11 2.244 25692502 25073290 0.976 0.013
D_12 9.619 111020518 107164005 0.965 0.026
D_13 25.342 296471129 286017755 0.965 0.028
D_14 8.495 111980372 100487928 0.897 0.095
D_15 16.165 247480239 195542557 0.790 0.202
D_16 16.458 200998904 188976488 0.940 0.052
D_17 18.897 230016185 218179504 0.949 0.044
D_18 16.927 204674132 193400073 0.945 0.049
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Average Tot.al Uizl LB 17 Clonality
Sample Retained Mapped Mapped -
Coverage R - Fraction
eads Reads Fraction
D_19 7.574 92312715 87173592 0.944 0.049
D_20 18.076 216569558 208359206 0.962 0.030
D_21 12.745 151747424 145194477 0.957 0.033
D_22 18.141 228213305 206988974 0.907 0.086
D_23 20.177 238524446 228150010 0.957 0.035
D_24 11.823 140437626 134868032 0.960 0.031
D_25 18.209 213966182 204019543 0.954 0.036
D_26 12.290 142567988 136796205 0.960 0.033
D_27 11.722 136963310 131275659 0.958 0.031
D_28 12.137 142172309 136307345 0.959 0.034
D_29 16.772 197963603 188537006 0.952 0.038
D_30 27.006 322690484 306793020 0.951 0.040
D_31 11.777 140899170 134098167 0.952 0.040
D_32 14.992 178508825 170165535 0.953 0.037
F_01 5.952 80169496 66841566 0.834 0.158
F_02 5.396 65489300 60006959 0.916 0.074
F_03 6.631 80042476 72270058 0.903 0.089
F_04 7.032 86519648 78646220 0.909 0.084
F_05 4.002 48468496 43908863 0.906 0.085
F_06 5.984 70608866 65871075 0.933 0.059
F_07 7.606 90553440 84333123 0.931 0.062
F_08 12.630 152179484 139222876 0.915 0.078
F_09 8.448 101188854 92783338 0.917 0.072
F_10 6.338 80254802 72187524 0.899 0.089
F 11 9.947 122763784 111773386 0.910 0.079
F_12 7.957 94924150 88202900 0.929 0.061
F 13 7.161 85922076 79625609 0.927 0.064
F_14 5.790 69000784 64514476 0.935 0.056
F_15 6.060 76202890 67236811 0.882 0.106
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Appendix 9 Quality Control Scores for a pool of eight samples using the FastQC tool (Andrews, 2010) showing
A) average per base quality score (with variance) across 100bp reads in the sequencing pool and B) the average
distribution of those reads. These quality control scores were generated for each pool and were used to

determine the read quality filters outlined in the methods section.

A) Quality scores across all bases (Sanger / lllumina 1.9 encoding)

123456789 14-15 22-23 30-31 38-39 46-47 54-55 62-63 70-71 78-79 86-87 94-95 100
Position In read (bp)

B) Quadity score distribution over all sequences
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Appendix 10 Principal Component Analysis for all 110 successfully sequenced individuals representing five
island populations, showing 5th and 6th principal component. The founder population Frégate is represented
by green, and 95% confidence ellipses are shown for each island.
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Appendix 11 Populations are ordered left to right: Cousin—Cousine—Aride—Denis—Frégate, representing the first
translocation to the most recent, with the founder population on the far right. Individual samples are
represented on the x axis (one bar/sample), and admixture proportions are on the y axis. Each colour
corresponds to an undefined ancestral population — ‘k’. Population differentiation is seen to occur at each k=2,

3 and 4 with populations Aride, Cousine and Cousin respectively.
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Appendix 12 Local heterozygosity (Watterson’s Theta) estimates for each individual displayed by island
population. Estimates generated from 232 scaffolds above the length of 100kb, culminating in a total length of
900Mb.
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Cousin: Local Heterozygosity
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Denis: Local Heterozygosity Estimates
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Appendix 13 Full inbreeding coefficient (F) results, where any zero is represented by green, high values
compared to the rest of the results are indicated by red and intermediate values represented by shades of
yellow. INSET: number of SNPs used for this analysis. Sample abbreviation ‘A’ = Aride, ‘CN’ = Cousin, ‘CE’ =
Cousine, ‘D’ = Denis and ‘F’ = Frégate.

SAMPLE F |SAMPLE| F [SAMPLE| F | SAMPLE| F [ SAMPLE| F

A_07 CN_01 ceo1 | 003 po1 [010| fo1 [0.12

A08 | 011 | cn o2 CE_02 po2 |002| rFro2 [0.10

A09 | 0149 cnv o3 [011] ceo3 [008| po3 [011] ro: |0.00]

A_10 CN_05 CE_04 pos [015]| fos |0.01

A 11 | 011 | cn_os CE_05 D_05 Fos | 002

A12 | 004 | cn o7 ceos | 017| Dp_os Fos | 010

A_13 cn_o8 | 0.02 | cE_o7 po7 [005| Fo7

A_14 CN_09 CE_08 pos [003| Fos

A1s [ 0.05| cn_10 CE_09 D_09 F_09

A_16 cn_11 [003| ce10 [001| p1o [008| f 10 | 0.02

Aa17 | 003 | cn12 [012 | ce 11 D_11 F_11

A 18 CN_13 CE_12 D_12 Fi12 | 0.06

A_19 CN_14 CE_13 D_13 F_13

a2 | 015 | cn_1s CE_14 D_14 F_14

A 21 CN_16 CE_15 pi1s [009) fi1s |0.13

A 22 [ 002 cn_17 CE_17 D_16

A 23 | 011 | cn_18 p_17 [ 0.13

A 24 CN_19 D_18

A_25 cn_20 [ 0.13 D_19

A_26 cn 21 [0.10 D_20

A_27 CN_22 D_21

A_28 cn_23 | 0.01 D_22

A 29 D_23

a3 | 0.15 D_24

A 31 | 0.08 D_25 = -
= ISLAND | snps | IND
0_28 ARIDE | 573677 | 25
D_29 COUSIN | 543843 | 22
D_30 COUSINE | 515892 | 16
D_31 DENIS | 628808 | 32

FREGATE | 505449 | 15
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