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Abstract 

Globally, the biodiversity crisis threatens ~28% of species with extinction according to the 

Red List of the International Union for the Conservation of Nature (IUCN). Captive breeding 

programmes can act as insurance populations against extinction and to preserve genetic 

diversity. However, due to their small size, the survival of these populations is threatened 

by inbreeding depression resulting from high genetic load. I developed the LoadLift pipeline 

to assess the genetic load of individuals. LoadLift utilises Combined Annotation-Dependent 

Depletion (CADD) scores from model species to assess the impact of mutations and 

estimate the genetic load within ultraconserved elements (UCEs). Six pink pigeons 

(Nesoenas mayeri) were analysed with LoadLift and in silico crossings, to identify optimal 

mate pairings expected to show the least inbreeding depression. The CADD scores of three 

model species (humans, pigs and chickens) were highly comparable, giving confidence that 

the LoadLift approach can be applied across vertebrates. However, CADD scores cannot 

be summed as they represent a rank value of the predicted impact of a mutation relative to 

all other mutations within the genome. Hence, I converted CADD scores to selection 

coefficients (s) that were simulated in SLiM by aligning the rank scores of both CADD and 

s. LoadLift was also used to assess the genetic load of the whooping crane (Grus 

americana), which revealed that this species possesses a greater realised load than masked 

load, which is consistent with extensive inbreeding during the population bottleneck. I also 

compared the methods of LoadLift and SNPeff, showing good correspondence in their 

classifications of deleterious mutations. LoadLift enables captive-breeding managers to 

maintain long-term viable populations and reduce inbreeding depression.  LoadLift can also 

be applied to assist reintroduction programmes in identifying optimal candidates to provide 

genetic rescue, thereby maximising the potential of ex situ populations for species 

conservation and restoration.  
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1. An introduction to conservation genomics and its 

applications for threatened species 

1.1 Abstract 

In this Chapter, I give an overview of the current issues facing global species, and how we 

can apply genomics to attempt to reduce the extinction risk of a species. Direct threats to 

population viability, including habitat loss and fragmentation, invasive species, and 

environmental change alter the interactions between the evolutionary forces. I explain how 

these altered interactions fundamentally affect fitness and population viability, and how this 

can be assessed by studying genetic and genomic variation. I review the classical 

approaches to conservation genetics that have been applied for the last 50 years and 

explain recent developments in conservation genomics, and the importance of the genetic 

load when assessing the health of endangered species. Furthermore, I provide a review of 

the ideas of reintroduction and genetic rescue programmes and the benefits that they can 

bring to populations, as well as the potential risks from outbreeding depression, deleterious 

alleles and genetic swamping. I outline the history of zoos, how they can be used for the 

conservation of species, and the critiques they face. After introducing the concepts of 

mutation impact scores and ultraconserved elements (UCEs), I explain how they have been 

used in genomic studies. I summarise the history and conservation of the threatened species 

that I assess in Chapter 2, the pink pigeon (Nesoenas mayeri), and in Chapter 5, the 

whooping crane (Grus americana). This Chapter aims to introduce the threats facing 

endangered species globally as well as how genomic techniques and theories can assist in 

the assessment and applications of species recovery. 

 

1.2 Global species extinction risk 

Globally we are currently suffering a biodiversity crisis with 28% of the 163,040 species on 

the Red List of the International Union for Conservation of Nature (IUCN) threatened with 

extinction (IUCN, 2024). A relatively small subset of these species are kept as “insurance 

populations” in zoos (Gilbert et al., 2017). However, given their often small effective 

population size, the long-term viability of captive-bred populations is not guaranteed, and 
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many show signs of inbreeding depression (Boakes et al., 2007). Mutations introduce new 

genetic variants into the genome, many of which are harmful. (See Figure 1 in de Jong et 

al. (2024) for an illustration of the impact of mutations according to the leading models of 

molecular evolution). These harmful genetic variants can reduce fitness, and this potential 

reduction in fitness is known as the genetic load (Bertorelle et al., 2022). High genetic load 

can compromise the population viability and recovery potential of species, especially if they 

have experienced a recent decline in population size (Jackson et al., 2022; Sachdeva et al., 

2022). In declining populations, drift and inbreeding increase the frequency of homozygous 

harmful variants, which results in inbreeding depression. It can take many generations 

before these harmful genetic variants become homozygous, a phenomenon known as the 

’drift debt’ (Pinto et al., 2024). Consequently, the long-term viability of many zoo populations 

could be at risk, despite individuals and populations thriving at present. Analysis of genetic 

load enables us to assess this indirect threat of inbreeding on the viability of current and 

future populations. 

1.3 Classical conservation genetics 

1.4 Evolutionary forces 

In the current global biodiversity crisis, it is critical to understand how genetics and genomics 

have developed and how they are being used to conserve threatened species globally. Core 

to the study of conservation genetics, and how it can be applied to species conservation, 

are the five evolutionary forces that affect both the fitness of individuals and the dynamics 

and viability of populations. These five forces are mutation, selection, genetic drift, gene flow 

and recombination (Arenas et al., 2018). The combination and interplay of these forces 

acting upon genes, individuals and populations are essential to the evolution and 

maintenance of threatened species and populations.  

 

Mutation is the first of the two primary evolutionary forces responsible for introducing new 

alleles and genetic diversity into populations (Berger et al., 2017; Arenas et al., 2018). When 

genes are replicated errors occur by chance, creating new genetic variation within the 

individual. Although seen as a random process, the rate at which mutations are acquired is 
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not uniform across the genome and differs between species (Drake et al., 1998; Lynch et 

al., 1999; Lynch et al., 2016). As a means of introducing novel variation into the population, 

mutation is the driving force for all the other forces, without which evolution would not be 

possible. Under the neutral theory of evolution, the majority of mutations that do occur within 

the genome are neutral (Kimura, 1968; Ohta, 2000) whilst a relatively small percentage will 

provide a fitness benefit to the individual, in turn, some may lead to a reduction in fitness. 

Recent studies suggest that rising temperature influences the mutation rate of species 

(Berger et al., 2017). Therefore, with rising global temperatures, due to climate change, it is 

likely species mutation rates will vary. This could become a potential issue for many 

threatened species as shifts in mutation rate can lead to populations suffering a mutation 

meltdown (Lynch et al., 1995). In which a population accumulates deleterious mutations at 

a steadily increasing rate, greater than they can be removed by selection, causing a 

decrease in fitness resulting in a rapid population decline and eventual extinction.  

 

Selection acts upon the alleles present within a population, increasing or decreasing the 

frequency depending on whether the allele increases or decreases the fitness of the 

individual. Selection is, and often as such subjectively, quoted as one of the best theories in 

biology, whilst also being one of the most misunderstood (Gregory, 2009). It was famously 

theorised by Charles Darwin in his work “On the Origin of Species by Means of Natural 

Selection” (Darwin, 1859), as the process which acts upon traits to determine if they will be 

inherited in subsequent generations. Selection acts on phenotypic and/or behavioural 

differences between individuals that is encoded by heritable (genetic or epigenetic) variation 

of an individual’s genotype. Therefore, if a trait increases or decreases the fitness of an 

individual, selection will act upon it. Many forms of selection focus on different biological 

processes. For example, over-dominant selection describes where heterozygotes are in the 

optimal state, with a higher fitness than either homozygote (Saccheri and Hanski, 2006).  

Sexual selection focuses on the selection of traits that arises from a fitness difference due 

to competition for access to gametes for reproduction (Shuker and Kvarnemo, 2021). 

Natural selection may also be considered as either hard or soft (Wallace, 1975; Saccheri 

and Hanski, 2006). Soft selection is when the selection for a trait value is relative to the other 

trait values of individuals within a population. Hard selection is when selection is determined 

solely by a trait value and is independent of the values of others within the population (Bell 
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et al., 2021). The term “fitness” as coined in the phrase “the survival of the fittest” by Herbert 

Spencer is also misleading (Gregory, 2009). It can be misinterpreted and assumed in the 

current vernacular to refer to the strongest or healthiest individuals, or that individual’s 

survival is equal to fitness. However, fitness truly should be seen in terms of reproductive 

fitness or the ability to ensure that genetic material is passed on. It is therefore common for 

investigations to use a proxy for fitness of individuals for example the lifetime reproductive 

success (the number of independent offspring produced in an individual's lifetime) whilst the 

specific chosen proxy for fitness can infer different information on the selection pressures 

(Van de Walle et al., 2022). In this way, Darwinian fitness does not necessarily equate to 

survival, but rather, as the success of an individual to propagate genetic material into future 

generations.  

 

Recombination is a process that takes place within sexual organisms to rearrange the 

genes present within the gametes that individuals produce. Recombination can be seen as 

the main reason for sexual reproduction (Burt, 2000), as without recombination, an individual 

would always have more deleterious genetic mutations than their parents (Lynch et al., 

1995). Over generations these would build in number, eventually leading to the expression 

of these mutations, thereby leading to a reduction in fitness and eventually the species 

extinction. This process is known as Muller’s ratchet (Muller, 1964). Recombination 

therefore allows for the rearrangement of chromosomes to create new combinations, thus 

increasing the genetic variation of the population. This process also breaks any linkage 

blocks within the genome, which is when a section of DNA can be transferred to subsequent 

generations due to being in close vicinity to a gene that increases fitness. Similar to mutation, 

the rate of recombination differs greatly between species and is not uniform along the entire 

genome (Butlin, 2005). This creates areas of high recombination known as hotspots, as well 

as regions of linkage disequilibrium referred to as haplotype blocks. 

 

Genetic drift is an entirely random process by which the frequency of alleles within a 

population change (Lynch et al., 2016; Arenas et al., 2018). This, especially in small, isolated 

populations, can lead to the loss of genetic variation due to the fixation of alleles within a 

population (Frankham, 1997). This makes genetic drift one of the major threats to the 
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survival of many endangered species globally. This is because, if a species has suffered a 

reduction in population size, genetic drift can hamper its ability to recover due to the loss of 

variation suffered during its population decline through the drift and fixation of alleles.   

 

Gene flow acts in contrast to genetic drift: it is the introduction of genetic variation from one 

population to another (Slatkin, 1987). A common and natural means of gene flow is due to 

interbreeding between individuals from two separated gene pools due to migration, but it 

can also result from founder events, as well as extinction and recolonisation events. In this 

way, individuals increase the genetic diversity of the destination population and ensure that 

they do not become geographically isolated. Geographical isolation and an absence of gene 

flow are responsible for population divergence, in this way, a population’s gene pool is 

mediated by the balance between gene flow and genetic drift (Clegg and Phillimore, 2010). 

Many endangered species face risks due to low levels of gene flow between natural 

populations (Magro Moraes et al., 2023). Gene flow may be influenced by man-made 

obstructions such as housing transport links, canals or dams which may break up natural 

migration routes, while for other species it may increase (Fusco et al., 2021). Climate change 

can also cause shifts in natural weather events which can disrupt migration routes (Seri and 

Rahman, 2021) and impact food supplies (Kubelka et al., 2022) which can lead to genetic 

isolation of populations. Understanding the effects of these evolutionary forces on 

conservation efforts, as well as the interplay between these forces, is key in the formation 

of the fields of conservation genetics and genomics.   

 

1.5 The development of conservation genetics 

The field of classical conservation genetics was developed in the early 1970s within 

conservation biology to study and combat the issues facing small or low-density populations 

(Frankel and Bennett, 1970; Frankel, 1974). Key concepts in conservation genetics are built 

on nearly 50 years of population genetics work that started in the late 1920s. The studies by 

Sewall Wright on genetic drift and fragmented populations were particularly instrumental 

(Wright, 1922) and largely shaped our understanding of the effects of demographic changes 

on the genetics of a population (Willi et al., 2022). Much of this early conservation genetic 
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research, and even the later work by Sewall Wright focussed on the risk of population 

extinction (Wright, 1949). In the 1970s, conservation genetic research increasingly focused 

on combatting the threats to species that had undergone, or were currently suffering, 

population declines. At this time, researchers used population genetic techniques – initially 

using isozyme and allozyme electrophoresis for the assessment of the population viability 

of threatened species.  

 

This relationship between genetic drift (as discussed in section 1.4 of this thesis), population 

size and extinction became the heart of population genetics in the cycle termed an 

“extinction vortex” (Benson et al., 2019; Gilpin & Soulé, 1986). This is the theory that small 

populations increase the likelihood of genetic drift thereby reducing genetic variation and 

increasing homozygosity. This will in turn increase inbreeding depression, leading to a 

reduction in the fitness of individuals, resulting in a reduction in offspring production or 

survival leading to further reduction in population size and, if left unchecked, eventual 

extinction.  

 

1.6 Genetic diversity 

Genetic diversity describes the number of alleles present within a population for a gene. This 

is an extremely important aspect of species conservation and recovery potential. For 

example, genetic diversity is very low for many island populations of endangered bird 

species (Ando, 2019). This is often attributed to the severe population bottlenecks that these 

species have undergone, reducing their genetic diversity, and in turn their ability to adapt to 

challenges such as climate change (Ceballos et al., 2017). This can result in severe 

population decline. Applied conservation genetics aims to combat these issues, often by 

studying the changes within natural populations in the context of human activities. Habitat 

alteration, overexploitation and invasive species are considered the main drivers of 

biodiversity loss, and these operate alongside other lower-ranked threats (Maxwell et al., 

2016). These direct threats lead to reductions in genetic diversity and an increase in the 

expressed genetic load, i.e., realised load (Dussex et al., 2023). Genomic analyses can help 

in the design and implementation of management plans for endangered species to estimate 
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factors such as effective population size (Ne) (Wilder et al., 2023) and past bottlenecks and 

through tools such as Vortex (Lacy et al., 2019), to predict potential future declines. In the 

past 50 years, conservation geneticists have focused on maintaining genetic variation 

(DeWoody et al., 2021; García-Dorado and Caballero, 2021; Kardos et al., 2021) as 

genome-wide diversity generally correlates positively with fitness and adaptive potential 

(Charlesworth, 2009; Harrisson et al., 2014; Mathur et al., 2023, but see Wood, Yates and 

Fraser, 2016).  

 

1.7 Genetic load  

1.8 Calculating genetic load 

Estimates of genetic load were originally used to quantify the loss of fitness within a 

population relative to the fittest individual (Crow, 1970; reviewed in Bertorelle et al., 2022). 

A statistical standardisation for calculating genetic load was developed by Morton et al. 

(1956). This method expresses the magnitude of inbreeding depression in populations 

without information on the number of loci that segregate for deleterious mutations (L), the 

frequency of those mutations (q), their selection coefficients (s), or dominance coefficients 

(h) (Morton et al., 1956). Therefore, the load of a population was expressed by grouping 

genes or mutations that together caused, on average, the death of a given number of 

individuals. The original wording by Morton et al (1956) of a lethal equivalent, in particular 

“[…] would cause on average one death”, has created considerable confusion. What does 

it mean if, on average, one individual dies? The definition tells us that in this case, the 

expressed genetic load (i.e., realised load) of this population is equal to one Lethal 

Equivalent (LE). Morton et al. (1956) also explain that this can be thought of as either two 

heterozygous sites that both reduce fitness by 50% or a single homozygous site that causes 

death. The biological meaning can be understood when realising this is the mean of a 

Poisson distribution of a population, and there is a zero-class of individuals that do not inherit 

an LE. That group are the survivors, whereas the individuals in the other groups (with 1, 2, 

3, … LEs) all die. This also clarifies how a population can have a realised load exceeding 

one LE. For example, in a population with 2 LEs, most individuals inherit multiple LEs, but 
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there still is a zero-class that is mutation-free. Bertorelle et al. (2022) explain that the 

proportion of this class is equal to e-2=13.5% of individuals.  

 

Calculations of genetic load are a key aspect of future conservation and the long-term 

viability of declining populations (Pinto et al., 2024; van Oosterhout et al., 2022). Due to 

inbreeding and genetic drift, the realised load of homozygous mutations increases, thereby 

reducing fitness and population viability (Pinto et al., 2024).  
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Figure 1 – Extinction risk of a species increases when the amount of inbreeding, 

genetic load and the number of deleterious mutations segregating within the 

population are high.  Genetic drift (Black arrow) increases the species inbreeding 

coefficient and extinction risk. However, due to purging, the genetic load decreases during 

population size decline (Dussex et al., 2023). Traditional conservation methods aim to 

combat inbreeding and drift to maximise genetic diversity (Grey arrow), but in turn, this 

counteracts the purging of deleterious mutations and increases the genetic load relative to 

an unmanaged population. Genomics-informed conservation (white arrow), aims to reduce 

the future risk of extinction by reducing inbreeding and the genetic load of the population, 

making populations more resilient to future genetic drift (transparent arrow). Figure adapted 

from van Oosterhout, 2020. 
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A recent study using Vortex models (Lacy et al., 2019) with both genetic and demographic 

data has shown that without any genetic management, the current population of pink 

pigeons is likely to go extinct within the next 100 years (Jackson et al., 2022). Considering 

the recent reintroduction of individuals and genetic diversity (in the form of alleles not found 

in the wild population) from the captive-bred population to Isle aux Aigrettes and the Black 

River Gorges in Mauritius, it is vital that genomic techniques are used to calculate genetic 

load and alleviate inbreeding depression. The loss of fitness due to inbreeding is a function 

of both the rate of inbreeding as well as the genetic load. Genomic analyses of the genetic 

load would allow zoo managers to remove deleterious mutations from the gene pool (Figure 

1, White arrow). As such, management takes on the role of natural selection which, due to 

management practices such as supplementary feeding, has been significantly relaxed 

compared to the ancestral population. Therefore, the relaxed environment does not pose a 

significant challenge to the individual for selection to act (Trask et al., 2019). By screening 

the genome for deleterious mutations, we will be able to identify individuals with the best 

‘genetic health’, thereby minimising the level of inbreeding depression, and ensuring the 

long-term survival of the species.   

 

The genome of every individual is likely to be affected by mutations. A very small fraction of 

these mutations may be potentially beneficial, whilst the vast majority are neutral or (slightly) 

deleterious (Kimura, 1968; Kimura, 1991; Ohta, 2000). As mutations occur over evolutionary 

time, many deleterious dominant variants are removed by selection. However, mutations 

that are (partially) recessive can remain in the population in heterozygote conditions (Henn 

et al., 2015). This accumulation of recessive deleterious mutations is referred to as the 

mutation load or genetic load (Bertorelle et al., 2022). There are several definitions of the 

genetic load (Henn et al., 2015; Galeota-Sprung et al., 2020). At the population level, the 

genetic load is the sum of all selection coefficients of deleterious mutations, each multiplied 

by their frequency in the population. The genetic load can also be calculated at an individual 

level. In that case, the genetic load is the sum of all selection coefficient (s) of deleterious 

mutations that are in homozygous condition, plus half the sum of all selection coefficient (s) 

of deleterious mutations that are in heterozygous condition (Bertorelle et al., 2022). Note 

that in these definitions of the genetic load, the dominance coefficient (h) of mutations is 

irrelevant (Bertorelle et al., 2022).  
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1.9 Genetic load components 

The dominance coefficient (h) only becomes important when analysing the fitness effects of 

deleterious mutations. The genetic load is comprised of two elements: the masked load and 

the realised load (Bertorelle et al., 2022). The masked load comprises of the fitness effects 

of all (partially) recessive mutations that are in heterozygous conditions, and which are not 

completely expressed. In contrast, the realised load is the proportion of deleterious 

mutations that are present as homozygotes, plus the fitness effects of the partially recessive, 

additive and dominant mutations that are in heterozygous loci (Mathur and DeWoody, 2021; 

Bertorelle et al., 2022). Only the realised load reduces the fitness of individuals, whereas 

the masked load (also known as the inbreeding load, or potential load) remains hidden from 

selection. The masked load has the potential to become expressed in future generations, 

for example when loci become homozygous due to inbreeding following a population 

bottleneck. Hence, the alternative names “potential load” and “inbreeding load”. 

 

It is worth noting that there is no masked load if the fitness effects of alleles of all loci are 

completely additive. In that case, there is no inbreeding depression. Given that most species 

do suffer a loss of fitness during inbreeding (and assuming that the number of over-dominant 

loci is small), we can conclude that h<0.5, and that deleterious mutations tend to be 

recessive. However, the actual distribution of h is only estimated and modelled for some 

species (García-Dorado and Caballero, 2000; Balick et al., 2015). This shows that with a 

low h, masked load may be accrued in a large population without harmful phenotypes being 

expressed for long periods of time, leading to populations possessing a large latent masked 

load.   

 

1.10 The dark history of genetic load 

It is crucial when investigating and discussing the effects of mutational load on a species, to 

understand and acknowledge the troubled past of the history of eugenics in the formation of 
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ideas of heritability and the deleterious load of genes on a population. For it is not purely as 

a means of measuring the effects of radiation on individuals that Muller in 1950 published 

his critical paper “Our Load of Mutations” in which he first used the term “mutational load” 

(Muller, 1950). Muller, along with many of his contemporaries, was a lifelong believer in the 

eugenics movement.  

 

From the mid-nineteenth century, the idea that heritable traits were responsible for a variety 

of nervous and mental disorders became widespread, despite no understanding of the 

mechanism of hereditary transmission (Teicher, 2018). This mainly focused on 

“degeneracy”, the idea that individuals inherited traits relating to crime, poverty, alcohol 

dependency, and mental illnesses (Carlson, 2001). This led to Francis Galton’s proposed 

term “eugenics”, with the aim to control human evolution by redirecting it towards a “better 

path”. This was proposed to be achieved by limiting the reproduction of those deemed “less 

fit”, whilst increasing the reproductive output of individuals thought to be of a “higher quality” 

(Teicher, 2018). These theories became popular globally during the early 20th century 

creating the foundations of the American eugenics movement as well as with the work of 

Wilhelm Weinberg (known for the Hardy-Weinberg equilibrium), who assessed the 

hereditary risk of mental illness (Weinberg, 1912). In Germany, research into the 

consequences of marrying into families with mental illness was institutionalised in 1917, and 

by the 1920s German psychiatrists were advising their patients not to reproduce. After Adolf 

Hitler’s election in 1933, the “Law for the Prevention of Hereditarily Diseased Offspring” was 

passed, resulting in hereditary tribunals for citizens with “mental or physical defects”. Current 

estimates suggest there were 436,000 court cases between 1934 and 1945, resulting in the 

sterilization of 300,000 individuals (Benzenhöfer & Ackermann, 2015). This figure does not 

include the >70,000 mentally and physically disabled people murdered as part of the Nazi 

“euthanasia” programme during the Second World War (Burleigh, 1994; Proctor, 1988). In 

a post-war world Muller, Crow, Dobzhansky and Wallace debated and transformed the 

foundations of genetic mutational load on a theoretical basis. They modelled the changes in 

the frequency of genotypes and the resulting phenotypes rather than focusing on the 

individuals and the traits or diseases that they possessed.  
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1.11 The past, present and future of human inbreeding and genetic load 

Throughout human history, the risks and deleterious effects of inbreeding with close family 

relatives has been understood long before the knowledge of the causes for such traits were 

discovered. Inbreeding avoidance within humans has been long theorised with the 

hypothesis that proximity to kin during development leads to sexual aversion known as the 

“Westermarck effect” (Westermarck, 1922). Studies on the identification of facial 

morphology of kin suggest that females prefer non-kin familiar faces, whilst males showed 

a preference for individuals resembling kin (Marcinkowska et al., 2013). This study 

suggested that facial identification is a biological deterrent to inbreeding depression in 

females, where the cost associated with inbreeding may be greater. Inbreeding avoidance 

may also be influenced by behaviours developed due to the benefits of increasing genetic 

diversity, such as olfactory stimuli, which have been suggested to influence mate choice 

(Tizard and Skow, 2021).  The classical study of the “T-shirt test” found that pheromones in 

sweat were most attractive to females with the most diverse major histocompatibility 

complexes (MHC) (Wedekind et al., 1997). Offspring with increased diversity of MHC genes 

would have a better immune response to disease, increased fitness, and thus preferentially 

selected for during mate-choice in humans.  

 

Despite the adaptation of these behaviours, inbreeding and consanguineous marriages 

have been common throughout history in many civilisations globally. This was especially 

common in aristocratic groups, where land rights were passed to one’s offspring. Thus, intra-

family marriages were financially and politically advantageous to ensure that power, prestige 

and control of kingdoms and empires remained within family groups. There have been many 

examples of this throughout the ancient empires such as the 18th Dynasty of Egypt, where 

Pharaoh Tutankhamun’s parents were siblings (Hawass et al., 2010), and the Ptolemaic 

dynasty’s repetitive sibling marriages (Ager, 2005).  One of the most notorious families for 

consanguineous marriage was the Hapsburgs. In the span of 300 years (1450- 1750), 67% 

of marriages within the family had a higher inbreeding coefficient than between second 

cousins (Ceballos & Álvarez, 2013). This led to the inheritance of phenotypic traits such as 

the “Hapsburg jaw”, but also resulted in the eventual extinction of the Spanish line as Charles 
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II was infertile, as well as potentially suffering multiple genetic diseases (Alvarez et al., 

2009). 

 

We may consider concerns of inbreeding depression to be historical issues arising from 

powerful medieval families attempting to ensure they reattained their power over Europe 

and the wider world, however, they are by no means uncommon. Charles Darwin himself 

worried about the effects of his own marriage to his wife Emma Wedgewood, who was his 

first cousin (Álvarez et al., 2015). Inbreeding within the Darwin-Wedgewood family was 

prevalent, and it has been suggested that it is the cause of the high levels of infertility within 

the male line of the family, with Darwin’s sons having lower rates of fertility when compared 

to the rest of the Wedgewood family (Álvarez et al., 2015). In the modern day, understanding 

the effects of frequent consanguineous marriages is extremely important due to the 

association with infant mortality, congenital birth defects, cardiovascular risks and many 

complex genetic disorders (Badaruddoza et al., 1994; Tadmouri et al., 2009; Fareed and 

Afzal, 2016). A comprehensive report on fertility and mortality, in the context of inbreeding 

and sociodemographic factors in India was conducted (Fareed et al., 2017). This 

investigation found that inbred populations often had increased infant mortality and high 

homozygosity for autosomal deleterious genes, as well as increased fertility, theorised as 

“reproductive compensation” for high infant mortality (Fareed et al., 2017).  

 

The potentially harmful impacts of genetic load from increased inbreeding in populations 

have been of high concern across the Middle East, where the rate of consanguineous 

marriages is estimated to be between 20 and 50% of all marriages (Fareed and Afzal, 2014).  

Reports suggest that the financial costs of common genetic disorders across the Arab world 

account for USD 13 billion annually (Alhosain, 2018). It has therefore been proposed that 

premarital genetic screening could be implemented to advise couples on the potential risks 

of any genetic disorders. However, the utilisation of freely available screening in Oman is 

low, and the recorded willingness to access such services was low among individuals with 

a family history of hereditary disease and consanguinity between parents (Alkalbani et al., 

2022). However, the benefits to public health from such screenings should not be used to 

infringe on the human rights of individuals, with particular attention to Article 23 of the 
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International Covenant on Civil and Political Rights which states: “The right of men and 

women of marriageable age to marry and to found a family shall be recognized” (General 

Assembly resolution 2200A (XXI), 1966).  

 

Similarly to the advances to enable genetic screening for diseases, the advances in modern 

reproductive health have allowed for assisted reproductive technology (ART) which in 40 

years has facilitated the conception of over 8 million babies (Wennerholm and Bergh, 2020). 

Whilst an extremely important tool for people who have struggled with reproduction to have 

a family, such methods may lead to an increase in genetic load of the offspring due to the 

reduced selection of zygotes (van Oosterhout, Marcu, et al., 2022). The ethical and scientific 

debate surrounding genetic screening and the use of ART in the context of humans and 

animals is extremely complex and beyond the scope of this thesis. Whilst it is important to 

understand and communicate the risks associated with inbreeding depression and reduced 

selection pressures, it is paramount to carefully consider the ethical implications and to put 

the rights of the individual first and foremost. 

 

1.12 Reintroductions and genetic rescue 

1.13 Genetic rescue 

One of the most promising applications of conservation genomics for the long-term survival 

of endangered species is through genetic rescue. Genetic rescue is a means of gene flow 

(see section 1.4 of this thesis) and can be seen as the increase in a population's fitness due 

to the introduction of genetic variation that had previously been lost from the population 

(Whiteley et al., 2015; Waller, 2015; Frankham et al., 2017; Bell et al., 2019). Novel genetic 

variation can increase the evolutionary potential of populations, enabling them to better 

respond to environmental change (Frankham et al., 2017; Hoffmann et al., 2021). In 

addition, novel genetic variation can help to mask recessive deleterious mutations that have 

become fixed in the recipient population (Tallmon et al., 2004; Waller, 2015). However, there 

are also risks associated with genetic rescue, including the introduction of harmful genetic 
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variants (Bertorelle et al., 2022) that could reduce the fitness of individuals in the recipient 

population. 

 

Since 2015, there have been a number of studies focusing on genetic rescue for 

conservation (Bell et al., 2021; Fitzpatrick et al., 2023; Robinson et al., 2021; White et al., 

2023), with the focus on much of this on the increased viability of the population (Frankham 

et al., 2017), or on the population growth rates due to its association with persistence 

probability (Bell et al., 2019). Genetic rescue is a means of manipulating the gene pool of a 

threatened species to provide it with new allelic variation that allows it to adapt to future 

threats (Samuel et al., 2020). The success of genetic rescue also depends on the genetic 

load of the source and recipient (i.e., target) population (Hoffmann et al., 2021). Genetic 

rescue can increase the fitness of individuals by masking the effects of recessive deleterious 

alleles that form part of the masked load (Bertorelle et al., 2022). It thereby reduces the 

realised load (Speak et al., 2024) and alleviates inbreeding depression. When used 

effectively, controlled reintroduction programmes can act not only as a means of combating 

low genetic diversity within isolated populations, but also to rescue small, inbred populations 

through masking the harmful effects of recessive deleterious mutations. Here and 

throughout reintroduction programmes are defined as the release of individuals either raised 

or rehabilitated in captivity into their natural environment, to stabilise, reestablish, or increase 

in-situ populations that have suffered significant declines (AZA, 2024). Despite over a 

decade of publications which overwhelmingly support the positive impact of genetic rescue 

for animal conservation, there have been a mere twenty or so genetic rescue programmes 

focused on conservation efforts (Adams et al., 2011; Frankham, 2015). Why then have 

reintroductions of individuals and alleles using captive breeding programmes as a resource 

been significantly underutilised in the field of conservation? 

 

This hesitancy to widely adopt genetic rescue may be due to three distinct possible risks. 

The first perceived risk is that of outbreeding depression, whereby genetic incompatibility 

between the source and recipient gene pool reduces the fitness of offspring derived from 

inter-population crosses (Waller, 2015). In addition, gene flow may increase the genetic load 

of rare deleterious alleles of the recipient populations (Bell et al., 2019; Bertorelle et al., 
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2022). Furthermore, the genetic variation of new immigrants may replace the variation in the 

local gene pool, undermining local adaptation. This phenomenon can lead to the extinction 

of a unique conservation unit or population, and it is sometimes referred to as genetic 

swamping (Moerman et al., 2020).  

 

1.14 Outbreeding depression  

Outbreeding depression, or reproductive isolation, is a term that is used to describe a 

reduction in reproductive fitness of a population after gene flow due to either pre or 

postzygotic isolation, or a combination of both (Frankham et al., 2011). This is often due to: 

gene flow occurring between different species; populations with fixed genetic differences; 

populations being adapted to different environments; the two populations being isolated from 

each other for a long time; or a combination of these situations (Frankham et al., 2017). The 

harmful effects of outbreeding depression are sometimes evident within the F1 generation 

but are, in most cases observed within the population by the F3 generation (Frankham, 

2015; Frankham, 2016). Some effects result in viable sterile F1 progeny such as 

hybridisation between horses and donkeys. Despite some hybrid vigour (Proops et al., 

2009), breeding results in a sterile F1 generation due to a difference in chromosome number 

(31 in horses and 32 in donkeys) that leads to multiple fixed chromosomal differences 

resulting in only nine chromosomes remaining unchanged between the two species (Yang 

et al., 2004; Carbone et al., 2006). A classic case study of outbreeding depression resulting 

from an attempted genetic rescue is in the Czechoslovakian ibex (Capra ibex) (Templeton 

et al., 1986). Individuals from genetically distinct subpopulations were mixed resulting in the 

hybrid offspring from these crosses being born early, this caused a decrease in birth rates 

and eventually the loss of the population.  

 

The risks associated with the effects of outbreeding depressions on genetic rescue attempts 

have been greatly reduced through the implementation of screening (Frankham et al., 2011). 

This screening process uses a decision tree to determine if the mixing of two isolated 

populations would potentially increase the risk of outbreeding depression. This decision tree 

is based on five questions: 
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Question 1. Has the taxonomy of the species has been resolved? To reduce gene flow 

between different species crosses of this kind are most likely to result in outbreeding 

depression. It is therefore critical to first determine if the two populations are of the same 

species, separated and how each is classified. 

 

Question 2. Are there fixed chromosomal differences? This can be differences in ploidy, 

translocations inversions, and centric fusions (Frankham et al., 2017). Differences in ploidy 

within a species are found in some plant species although the crosses between individuals 

are harmful. Most commonly when crossing between plants of different ploidy levels the 

offspring are sterile (Frankham 2011). Chromosomal translocations occur when segments 

of non-homologous chromosomes are swapped during meiosis. The resulting gametes are 

therefore chromosomally unbalanced causing the zygotes to be inviable. Inversions are 

when segments of a chromosome break off and reattach within the same chromosome but 

are now re-orientated 180o, causing a modest reduction in gamete viability. Centric fusions 

are when two non-homologous chromosomes are fused at their centromere, this results in 

unbalanced gametes (Baker and Bickham, 1986). Issues can occur when gene flow 

between populations with different centric fusions occur, referred to as monobrachal fusions, 

which are often harmful.  

 

Question 3. Has there been gene flow between populations within the last 500 years? This 

allows for the identification of unrecognised speciation between populations as well as local 

adaptation to environmental conditions.  

 

Question 4. Are there any substantial environmental differences? Differences in 

environmental conditions can often lead to reproductive isolation, such as when crosses 

were made between benthic and limnetic forms of three-spined stickleback fish, resulting in 

reduced spawning rates (Rundle et al., 2000). This is often due to pre-zygotic reproductive 

isolation either through linkage disequilibrium between alleles linked to adaptive evolution 
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and reproduction, pleiotropic effects, or changes in timing or location of reproduction 

(Frankham et al., 2017).  

 

Question 5. Has the population been separated for over 20 generations? This is to reduce 

the chances that the two subpopulations have become reproductively isolated, although 

when the environmental conditions are similar between isolated populations there have 

been many cases of no reduction in fitness up to ~6,000 generations (Rundle et al., 2000; 

Frankham et al., 2017)  

 

Despite the perceived fears of outbreeding depression, for almost all reported cases of 

observed outbreeding depression between reproductively isolated populations, the 

populations recover once natural selection acts upon the genetic variation within the 

population (Frankham et al., 2017). The effects of this within ameliorated environments such 

as captive-bred populations where natural selection is less effective, are less well reported 

and should be avoided. Although Frankham (2015) showed that 93% of the species listed 

showed a low risk of outbreeding depression (Frankham, 2015), conservation managers 

remain worried about attempting genetic rescue due to fear of losing their conservation unit 

(CU) (Funk et al., 2012; Barbosa et al., 2018; Forester et al., 2022).  

 

1.15 Rare deleterious alleles  

A second major perceived risk that can result from a genetic rescue attempt is the 

reintroduction of rare deleterious alleles present within the rescuing population or source 

population. The frequency of these mutations can increase within large populations without 

serious negative consequences due to remaining in a heterozygote state. In this way, they 

remain part of the masked load and are not converted to the realised load (see section 1.9). 

When a species undergoes a population bottleneck some of these deleterious alleles can 

become fixed due to chance due to genetic drift (Charlesworth, 2009). However, most of 

these alleles are lost from the population, even in the absence of purifying selection. In the 

absence of selection, the probability of loss or fixation is equivalent to the initial allele 
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frequency. Given that harmful mutations tend to be rare, most of these are lost due to drift. 

In addition, purifying selection removes the most severely deleterious mutations, resulting 

in purging and a reduction in the total genetic load.  

 

As a consequence of genetic drift and purifying selection, isolated populations are likely to 

fix deleterious alleles at the different genetic loci. Therefore, during genetic rescue attempts, 

in an endeavour to increase the genetic diversity (see section 1.6) of the population, rare 

deleterious alleles that had been previously lost can be reintroduced (Whiteley et al., 2015). 

Once reintroduced to the population, these alleles may increase in frequency over time due 

to attempts to maximise the potential number of offspring from rescuing individuals. In 

addition, if the effective population size (Ne) of the rescued population is small, the efficacy 

of purifying selection is much reduced, which means that slightly deleterious mutations (with 

s<1/(4 Ne)) can drift and increase in frequency in the population (Wilder et al., 2023; Dussex 

et al., 2023). Alleles may also increase in frequency due to genetic hitchhiking (Gillespie, 

2000; Smith & Haigh, 1974). This is where potential fitness benefits to the F1 offspring are 

conveyed by other reintroduced loci, meaning that rare deleterious alleles increase in 

frequency within the population. Once these deleterious alleles have accumulated to a high 

enough frequency, they are more likely to become expressed in homozygote condition, 

forming part of the realised load (Mathur and DeWoody, 2021; Bertorelle et al., 2022). This 

leads to a decrease in the fitness of the population. Despite the potential threat to the 

population, the risks, if measured and controlled, can likely be mitigated.  

 

In natural populations, purifying selection can remove harmful mutations with a large effect 

on fitness, i.e., s>1/(4Ne) (Dussex et al., 2023). Once the deleterious alleles are expressed 

in a homozygote condition, they will become exposed to natural selection and purged from 

the population (Hedrick, 1994; Pérez-Pereira et al., 2022). However, this may take a long 

time to achieve and is most effective in small populations (van der Valk et al., 2021) where 

the chances of homozygotes occurring is increased. On the other hand, small Ne reduces 

the efficacy of purifying selection because of more intense genetic drift (Wilder et al., 2023). 

Therefore, the best potential means to combat the risk of increasing the genetic load is to 

limit the number of deleterious alleles reintroduced through conservation-genomic 
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management (Speak et al., 2024; Jensen et al., 2024). This can be done by implementing 

genetic screening of the individuals to be introduced, as well as the threatened population. 

In this way, the number of deleterious alleles reintroduced can be minimised. Such 

screening using impact scores derived from Combined Annotation Dependant Depletion 

(CADD) (Kircher et al., 2014; Rentzsch et al., 2019) (this will be discussed further in section 

1.22 of this thesis) scores, can determine and rank how deleterious potential mutations may 

be. These values can then be used to ensure specific mutations are not reintroduced into 

threatened populations during genetic rescue programmes, to minimise the risk of 

increasing the genetic load (discussed further in section 1.7 of this thesis).  

1.16 Source population size 

When designing a genetic rescue program, it is important to consider not just the 

demographic and genetic history of the threatened population but also that of the source 

population being used for the rescue (Whiteley et al., 2014). There are two contrasting views 

on the optimal population size to use as the source for genetic rescue programmes. Is it 

more effective to use a historically small population that has undergone the purging of 

deleterious alleles (Kyriazis et al., 2021; Robinson et al., 2019) or a historically large source 

population with high genetic diversity (Ralls et al., 2020).   

 

Studies suggest the optimal method of supplementation is to use individuals from a large 

population source which has undergone a lot of mixing (Ralls et al., 2020). The theory being 

genetic rescue aims to alleviate the risk of extinction caused by a low genetic diversity within 

the threatened population. Therefore, to reduce the risk of inbreeding depression, the 

population should be supplemented with individuals with a high genetic diversity. This boosts 

the population’s genetic diversity, viability, and future adaptive potential to environmental 

changes and genetic drift (Hoffmann et al., 2021). The limitation of this proposed method is 

that although the genetic diversity is increased, the large source population will have 

accumulated a very high genetic load if it has remained large for a long period of time 

(Bertorelle et al., 2022). This can result in the accumulation of a large number of recessive 

deleterious alleles, hidden from selection as the masked load (DeWoody et al., 2021). 

However, when these mutations are introduced to the new far smaller population, the 
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chance that these mutations are expressed in the homozygous state increases, leading to 

an increase in the realised load and thereby causing a reduction in both individual fitness as 

well as population viability. 

 

A recent example of this is in the Scandinavian wolf (Canis lupus), where descendants of 

immigrants from a genetic rescue programme had 844 deleterious mutations not previously 

found within the population (Smeds and Ellegren, 2023). These risks are elevated in genetic 

rescue programmes due to the unequal distribution of mate pairs due to an 

overrepresentation of introduced individuals (Robinson et al., 2019). Despite this, 

proponents of this method argue that, in observed cases, reintroduction programmes using 

individuals from large populations free from inbreeding are more effective when compared 

to reinforcement with individuals from smaller populations (Frankham, 2015; Ralls et al., 

2020). They also suggest that supplementations of this type would require fewer and less 

frequent translocations. This makes their application more feasible for many conservation 

programmes where translocations are a costly endeavour both in their monetary expenses 

as well as the large amount of time, resources, and personnel required.  

 

Alternatively, to attempt to avoid the risks of increasing the genetic load of the threatened 

populations, it has been proposed to reintroduce individuals from historically small 

populations (Kyriazis et al., 2021; Robinson et al., 2019). These populations, due to their 

consistent small size, will have undergone purifying selection (Hedrick, 1994; van der Valk 

et al., 2021; Khan et al., 2021; Dussex et al., 2023). In this way the masked load within these 

source populations will be reduced as deleterious alleles will have been exposed to selection 

in the homozygous state and purged from the population (Bertorelle et al., 2022). Therefore, 

these populations would act as very safe source populations as the risk that they will 

introduce rare deleterious alleles is far lower. But due to the small size of these source 

populations, they are expected to have a lower genetic diversity. In this way, reintroduction 

programmes using individuals from these populations will not have as substantial an impact 

on increasing the genetic diversity of the threatened populations and could leave them 

vulnerable to future genetic drift (see section 1.4). This means that to increase the genetic 

diversity multiple expensive translocations of individuals may be required and repeated 
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regularly to maximise their effects (White et al., 2023). If using a historically small population, 

the length of time that the species has been bottlenecked is extremely important to consider 

(Bortoluzzi et al., 2020). If a population has been bottlenecked for a long time, then purging 

of deleterious alleles will have been more successful. However, populations with a recent 

(sharp) bottleneck should be avoided as these are likely to hold a high genetic load as well 

as a low genetic diversity (Pérez-Pereira et al., 2022).     

 

This leaves potential conservation managers who wish to implement a genetic rescue 

programme with a conundrum. Should they increase genetic diversity at the risk of 

reintroducing deleterious alleles? It is here that the application of conservation genomics 

can be most beneficial. Genetic screening of both the threatened and source populations 

allow for the identification of harmful deleterious variants present as well as shared masked 

load and identifies pairings that should be avoided (Speak et al., 2024). Individuals could 

also be selected that would result in the largest increases in the genetic diversity within the 

threatened population, meaning that the species would be more resilient to future genetic 

drift or environmental changes. It should also be considered that genetic rescue 

programmes should be reciprocal, with movement between populations being in both 

directions (White et al., 2023). In this way, both populations can be managed as one allowing 

for an increased genetic diversity for both populations together. This will also mitigate any 

potential negative effects caused by reducing the population size of the source populations 

(Dennis et al., 2016). This is particularly important in circumstances where the source 

population is also small, or when using individuals from captive breeding programmes and 

zoos.  

 

1.17 Genetic swamping 

Genetic rescue using a captive source population could result in gene swamping within the 

rescued population. Gene swamping (Haldane, 1956) is a theory that gene flow between 

populations (commonly from the centre of a species range into populations at the edge), 

may inhibit local adaptation at the edge ranges, limiting range expansion (Kottler et al., 

2021). This can be problematic issue as it not only limits the potential adaption of the species 
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to fragmented and changing environments, which is often caused by human activity (Dirzo 

et al., 2014), but also can result in the loss of these edge populations. This is an issue as 

edge populations are often useful reservoirs for genetic diversity that could further species 

recovery (Hampe and Petit, 2005). The risks surrounding genetic swamping and genetic 

rescue in edge environments are multifaceted, as preserving genotypes within peripheral 

populations may result in them having a higher genetic load (Angert et al., 2020). 

Hybridisation between feral domesticated and undomesticated rock dove (Columba livia) 

initially improves the genomic diversity of isolated populations (Smith & Clegg, 2023). 

However, gene swamping may lead to the eventual replacement of “wild” genotypes causing 

an overall reduction in genetic diversity (Smith, 2023). As such, hybridisations should be 

limited to ensure the unique diversity of the wild population is maintained. Therefore, genetic 

rescue programmes involving populations in edge environments should undergo careful 

consideration. This is with the aim of balancing the benefits of preserving unique adaptations 

that can maximise the potential for range expansion or recovery, against the heightened 

risks of increasing genetic load.  

 

1.18 The role of zoos in conservation  

1.19 Zoo populations and the One Plan approach 

Many species globally have insurance populations both in captive breeding programmes 

and within zoos around the world. These populations have the potential to be an excellent 

resource for conserving individual species and importantly genetic diversity (Al Hikmani et 

al., 2024; Jackson et al., 2022; Lott et al., 2020). This provides a vital resource for potential 

genetic rescue attempts for populations, as a pool from which conservationists can 

supplement endangered or recovering species. Despite many in the field calling for 

increases in genetic rescue attempts (Ralls et al., 2018), there has been a limited number 

of publications attempting this, using techniques such as outcrossing and assisted migration 

for genetic rescue (Frankham, 2015; Fitzpatrick et al., 2023). Nevertheless, in the relatively 

small number of instances in which genetic rescue has been attempted, the overall effect of 

fitness and population viability were positive (Frankham, 2015; Whiteley et al., 2015; 
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Frankham, 2016). Examples include the Florida panther (Johnson et al., 2010), whereby 

eight wild-caught female Texas pumas were translocated to the Florida Everglades. This 

resulted in a threefold increase in panther numbers, a doubling in heterozygosity and 

increases in fitness and survival rates (Johnson et al., 2010). Frankham (2015) reviewed the 

impact of an assisted migration dataset in 156 wild species across 77 taxa that were 

suffering from low genetic diversity or inbreeding depression, to determine how consistent 

the effects of outbreeding were. This comprehensive review not only showed the range of 

benefits of outbreeding in previously published investigations but also highlighted the 

perceived issues that face the widespread implementation of genetic rescue (Frankham, 

2015).  

 

The primary aim of the Frankham review was to solve the issues of limited quantitative 

information on the consequences of outbreeding (Frankham, 2015). The conclusions of 

which were overwhelmingly beneficial across a wide range of fitness effects including 

fecundity, survival, population persistence and growth rates. Outbreeding benefited 145 of 

the species, whilst only nine suffered negatively. However, these nine were likely as a result 

of a combination of low statistical power, benign environments, or due to the study species 

being naturally inbred or from an inbred founder population. Only one species showed 

convincing signs of outbreeding depression. The composite fitness of species was 148% 

higher after outcrossing in stressful conditions and 45% higher in benign (Frankham, 2015). 

This indicates that outcrossing is most beneficial when applied to wild species in stressed 

environments, such as those of many endangered populations (Jackson et al., 2022; Wilder 

et al., 2024), but there are benefits to outcrossing inbred domestic (Smith & Clegg, 2023) or 

captive-bred populations (Howell, Frankham, et al., 2021) to increase the fitness of species. 

One of the most intriguing results of Frankham’s 2015 paper was that for six species the 

effects on the evolutionary potential of the species were monitored, showing that in all cases 

genetic rescue was beneficial(Frankham, 2015). This is in line with other studies of 

intraspecific gene flow between populations that show that it is possible to conserve the 

evolutionary potential of a species and provide it with a resource to adapt to changing 

environments (Hamilton and Miller, 2016).  
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1.20 The history of zoos 

Collections of animals have been found in ancient Mesopotamian and Chinese civilizations, 

and the oldest known zoo is thought to be that of Queen Hatshepsut II, founded around 

1490 BCE (Foster, 1999). These collections were used by ancient rulers to display wild 

animals from the lands they controlled, thereby demonstrating their power and prestige. 

Similarly, the Roman Empire would capture wild animals from across its empire to display 

in the Coliseum or for hunts. During the medieval period, the practice of keeping exotic 

animals evolved into the menageries of many European monarchs (O’Regan et al., 2006). 

One notable example is the menagerie founded by Henry III of England at the Tower of 

London(Parnell, 1999). It is reported to have been founded after the gift of three lions (listed 

at the time as “leopards”) from the Holy Roman Emperor to the King in honour of his coat of 

arms. Later, the collection was expanded to include a polar bear, gifted by the King of 

Norway. The menagerie became home to a variety of animals over the centuries until it was 

moved to Regents Park in 1831 (Kisling, 2000). In the 1930s, archaeological excavations 

around the ‘Lion Tower’ revealed the skulls of two barbary lions (Barnett et al., 2008), which 

are now extinct, dating back to around the 14th and 16th centuries respectively (O’Regan et 

al., 2006). In the 18th century, aristocratic families throughout Europe began private 

collections of animals, and the first modern zoos opened to the public during the French 

Revolution when collections from all over Paris had been confiscated and amalgamated 

(Lindholm, 2013; Miranda et al., 2023). 

 

Modern zoos have their origins in the private collections of Western European and American 

empires. However, during the 20th century, many began to recognize the potential of using 

these collections for conservation purposes (Roe et al., 2014). In the novel ‘The Stationary 

Ark’ (Durrell, 1977), Gerald Durrell aimed to inspire the creation of a new type of zoo that 

would focus on the biological study of animals and plants. This zoo would aid endangered 

species through the biological study of endangered species, breeding and reintroduction 

programmes, while also serving as a means to display to the public the need for 

conservation of our natural habitats. Durrell’s vision was confident in its assertion that such 

a zoo would be a valuable tool in the fight to preserve our planet’s biodiversity. These key 

values represent three main aspects of modern zoos. They are always paired to attract the 
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public to generate revenue and ensure the zoo's sustainability. Additionally, they serve as a 

showcase for animal welfare and management. Throughout their extensive and illustrious 

history, zoos have faced numerous criticisms and remain under constant scrutiny from the 

public and media alike (Kreger and Hutchins, 2010; Pierce and Bekoff, 2018). Here I will 

outline four of the main aspects for which zoos are scrutinised concerning their involvement 

in the conservation efforts of threatened species.  

 

1.21 Critiques of modern zoos 

Firstly, there are ethical concerns relating to keeping captive-bred populations on display as 

attractions for the public (Kreger and Hutchins, 2010). This is a problem that all zoos face 

currently, with many of their exhibits (especially those most often used for promotional 

material) being the descendants of animals caught during the 19th and 20th centuries by 

imperialists (Lindholm, 2013; Miranda et al., 2023). This sordid past of the collections and 

historic environment that some of these animals were kept in is in stark contrast to the way 

that modern-day zoos operate, with strict guidelines for the welfare and upkeep of the 

animals (Mellor et al., 2015; Kagan et al., 2015). Despite this, as a public attraction, the 

ethics of maintaining wild animals in captivity is often an emotive topic, especially when 

animals are kept far from their natural environment.  

 

The use of zoos for their captive breeding programmes also creates ethical concerns 

surrounding the right to control the reproduction and deaths of animals. These concerns are 

very emotive and often focused on the individual welfare of specific animals. An example of 

this was the media response around Marius the giraffe killed in Copenhagen Zoo in 2014 

(Cohen and Fennell, 2016). Marius was deemed by the managers of the European giraffe 

population to be surplus to requirement as his genes were being over-represented in the 

breeding population. This is managed due to the risk of inbreeding depression within captive 

populations. Therefore, as a non-breeding “surplus” individual, keeping Marius was not 

economically feasible for the Zoo. Many alternative methods to culling were considered but 

seen as unethical due to the inherent stresses and limitations that Marius would face. These 

included the risks from sedation to giraffe associated with procedures such as castration 
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and contraception which were therefore seen as too high risk (Cohen and Fennell, 2016). 

Furthermore, due to his acclimatisation to captive breeding, he was unfit for release 

(Schulte-Hostedde and Mastromonaco, 2015). It was therefore decided that the appropriate 

action was to euthanise Marius. This garnered almost instant media backlash and criticism 

for an action the zoo saw as a sad but necessary part of managing the large number of 

surplus animals produced by captive breeding (Bandoli and Cavicchio, 2021). This negative 

response may have been bred from the disparity between the way that zoos use young 

animals as part of their advertising campaigns with terms such as “adopted” (Cooke, 2011) 

and portrayed and humanised (i.e. with names) which evoke emotional responses from the 

public. In the case of Marius only then to be culled once they are no longer economically 

viable (Cohen & Fennell, 2016). Despite these criticisms, zoos are often global advocates 

for animal welfare, with global welfare efforts for animals regulated by accrediting bodies 

such as the World Association of Zoos and Aquariums (WAZA) and the Association of Zoos 

and Aquariums (AZA) (Kagan et al., 2015) and develop strategy guidelines such as the 

WAZA Caring for Wildlife: The World Zoo and Aquarium Animal Welfare Strategy (Mellor et 

al., 2015). Therefore, maintaining zoo populations could be seen as a constant ethical 

tightrope balancing the rights of the animals to enact wild behaviours such as mating and 

raising young, with the risks associated with managing the numbers and genetic health of 

captive populations.  

 

Secondly, there are concerns that many species do poorly when kept in captivity. Many 

species in captive breeding programmes breed well and suffer no negative consequences 

from captivity, often benefiting from the constant keeper and veterinary attention. However, 

this is not true of all species, with many unable to establish self-sustaining populations within 

captivity with some suffering “boom-and-bust cycles” (Jones, 2015). Whilst other critics 

suggest that this is due to keeping charismatic animals which do not thrive in a zoo setting 

(Pierce & Bekoff, 2018). Many other species such as orca (Orcinus orca) suffer from 

behavioural issues within captive breeding environments and can become aggressive to 

other individuals or keepers (Anderson et al., 2016), as well as suffer mental stress without 

their natural environmental interactions (Marino et al., 2020).   
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Thirdly, there are the risks that the population may over time become domesticated. This 

can be a result of a combination of factors, especially if they are enacted over a prolonged 

period with multiple generations of captive breeding. Within captive breeding environments 

designed or inadvertent selective breeding can take place (Schulte-Hostedde & 

Mastromonaco, 2015). It can be helpful for zoos to have animals with traits that make them 

easy to manage, such actions could contribute to selection against aggression (Norscia et 

al., 2024) or self-domestication (Hare et al., 2012). This can mean that the animals can be 

kept in closer proximity to other individuals or species without causing harm to themselves 

or other animals. Whilst other species or individuals may be preferentially selected for their 

ability to withstand auditory stress from the surrounding environment (Morgan & Tromborg, 

2007; Rose et al., 2022). This can also be beneficial to zookeepers who can feed and clean 

in a safer environment, whilst reducing the stress upon the captive animals. Alternately, 

captive breeding can apply unwanted selection pressures on morphological traits (O’Regan 

& Kitchener, 2005) and reproductive output (Schulte-Hostedde & Mastromonaco, 2015). 

This may result in populations that are biased to descendants of individuals who were able 

to breed year-round (Frankham, 2008), were most amicable with keepers or those with the 

largest reproductive output. Whilst some of these behaviours can be seen to have perceived 

benefits, they will result in more domesticated individuals who are unsuitable for 

reintroduction programmes as they may no longer survive in their natural habitats or have 

reduced fitness (Christie et al., 2012; Frankham, 2008).  

 

It has been suggested that zoos should endeavour to breed individuals to maintain “wild” 

traits within populations to allow them to be most appropriate for reintroduction programmes. 

However, the interpretation of “wild” behaviours, traits or phenotypes is not straightforward 

and requires extensive research and study of true wild populations, which is not feasible for 

many species. An example of this issue can be seen in the conservation of the takhi or 

Przewalski’s horse (Equs przewalski). To ensure captive individuals maintained truly wild 

phenotypes, hybridisations with other horse species and captive takhi were avoided. More 

than 1500 individuals were bred in captivity from just nine capable breeders (Turghan et al., 

2022). Recent studies on Przewalski’s horse genetics uncovered ancient introgression or 

hybridisation with domestic horses (Goto et al., 2011), as well as a relatively high genetic 

diversity for a species that went through a population bottleneck to just nine individuals. This 
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raises questions surrounding whether to separate pure and non-pure (those with recent 

domestic hybrid ancestry) populations from breeding and how this will influence the long-

term conservation of founder genetic diversity. The characterisation and preservation of 

undomesticated lineages are a critical aspect of maintaining both genetic diversity and 

ecological functions (Smith et al., 2022). 

 

Concerns have similarly been raised regarding temperature adaptation and melatonin 

availability within zoo populations (Fa, 2011; Schulte-Hostedde & Mastromonaco, 2015). 

Although captive breeding managers attempt to recreate species’ natural habitats (i.e., 

through heaters or lamps), it is hard and costly to replicate the natural photoperiod of many 

species in captivity. It has been suggested that photoperiods influence melatonin secretion 

and circadian rhythms may influence reproductive cycles, which could explain the limitations 

in some species breeding success (Schulte-Hostedde & Mastromonaco, 2015). These 

effects may also be magnified by the ameliorated environment that has allowed genetic 

disorders or traits to survive in the population without the selection pressures provided by 

the natural environment (Trask et al., 2019). Thereby, individuals that may not have been 

able to reproduce naturally are represented (or over-represented) within captive 

populations.  

 

A further criticism of zoos is that they may only be focused on conserving charismatic 

animals and not species that are endangered (Spooner et al., 2023). Zoos have limited 

space, which is preferentially used for species most likely to increase visitor numbers and 

thus profits, such as large historic species including lions, tigers and giraffes (Mooney et al., 

2020). Therefore, species that may potentially be at a higher risk of extinction are not 

protected. It has therefore been shown that the current global zoo population is not an 

accurate representation of global threatened species (Conde et al., 2013). Due to the rising 

ethical concerns expressed by the general public, zoos will need to shift to displaying a 

greater number of smaller species such as amphibians, reptiles, small mammals and birds 

which would be more space-efficient (Spooner et al., 2023). Amphibians (41%) (IUCN 2024) 

in particular are more threatened globally than many large charismatic species. However, 
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the financial implications of such changes could hamper the widespread application of such 

changes. 

 

Finally, critics believe captive breeding is too expensive and the money that is spent on 

maintaining the populations could be better served in conserving the natural environments 

of the species. They envision this as the best means to protect the species as a whole rather 

than maintaining captive-bred populations as an insurance against extinction (Miranda et 

al., 2023). Although most zoos do make financial contributions to conservation, it is often 

around 5-10% of their income (Gusset & Dick, 2011), a figure which makes them the third 

largest donators globally, this could be viewed by critics as greenwashing or “window-

dressing” (Keulartz, 2015). Most of these profits are reinvested into the upkeep and 

development of the zoos themselves (Spooner et al., 2023). However, if global zoo 

populations are to be truly seen as insurance populations against species extinction and 

implemented as part of the One Plan Approach (Traylor‐Holzer et al., 2019), combining in 

situ and ex situ populations for conservation, this development of their facilities could be 

seen as a conservation financial investment. Whilst zoos are indeed some of the largest 

tourist attractions internationally, with previous studies suggesting at least 700 million global 

visitors annually (Gusset & Dick, 2011) the effects of the covid pandemic highlighted how 

fragile zoos are financially. During the COVID-19 pandemic, zoos were forced to close to 

the public which halted their income, but the daily running costs of housing, keeping and 

feeding the species they held remained (Spooner et al., 2023). This situation meant that 

some zoos needed to resort to public donations such as the “Save our Zoo campaign” for 

Chester Zoo which raised over £3 million to cover the £1.6 million monthly cost of caring for 

350,000 animals (Chester Zoo, 2020). This situation, although showing the support that the 

public still has for zoos, does highlight the risks that zoos potentially face in the future. They 

are foremost public attractions that rely upon a steady stream of visitors to fund the animal 

upkeep and welfare before any conservation efforts can be considered. 
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1.22 Mutation impact scores 

Leveraging the extensive genomic research on human and model animals enables us to 

estimate the potential fitness impact of mutations in species of conservation concern 

(Bertorelle et al., 2022). The fitness impact of deleterious alleles can be estimated by the 

Combined Annotation-Dependent Depletion (CADD) framework (Rentzsch et al., 2019). 

Initially, CADD scores were developed in humans (Kircher et al., 2014), and then 

successfully applied to other model organisms, including mouse (Groß et al., 2018), pig 

(Groß, Derks, et al., 2020), and chicken (Groß, Bortoluzzi, et al., 2020). CADD scores rank 

genetic variants such as single nucleotide polymorphisms (SNPs) and insertions and 

deletions (indels) throughout the genome. In the human genome, CADD scores are ranked 

for every possible mutation (~8.6 billion single nucleotide variants). The highest scoring 10% 

of variants (i.e. mutations) are allocated CADD scores of 10 and higher, the highest 1% of 

mutations receive a score over 20, the highest 0.1% scores over 30, etc. (Rentzsch et al., 

2019). This analysis integrates surrounding sequence context, gene model annotation, 

evolutionary constraints (e.g., GERP scores), epigenetic measurements, and functional 

predictions into CADD scores. The CADD framework was employed to investigate 

conserved elements in the chicken Combined Annotation-Dependent Depletion (chCADD) 

(Groß, Bortoluzzi, et al., 2020), which has helped identify regions within the chicken genome 

associated with known genetic disorders reported in the Online Mendelian Inheritance in 

Animals (OMIA). Therefore, by identifying deleterious alleles, the CADD framework can 

estimate the genetic load within an individual’s genome.  

 

1.23 Ultraconserved elements  

A considerable amount of genetic variation codes for polygenic or quantitative traits. 

Mutations that affect the value of a quantitative trait (e.g., body size) can be harmful or 

beneficial depending on whether it brings the trait value closer to the optimum. In contrast, 

unconditionally deleterious mutations are harmful irrespective of genetic background or 

environmental conditions. Mutations in ultraconserved elements (UCEs) are likely to be 

unconditionally deleterious (Silla et al., 2014), thereby contributing substantially to the 

genetic load. UCEs were originally defined as areas of the genome of 200 bp which were 
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100% phylogenetically conserved across diverged taxa (Bejerano et al., 2004). In the 

present study, we use the more recent definition of a UCE, i.e., a region that shows 80% or 

more conservation across a nucleotide sequence of 100bp (Faircloth et al., 2012). Their high 

level of sequence conservation is thought to be maintained by strong purifying selection 

(Lee & Venkatesh, 2013). Some polymorphisms in UCEs are associated with genetic 

diseases or phenotypic traits (Habic et al., 2019), while others are linked to enhancers in 

early development in both mammals (Visel et al., 2008) and flies (Warnefors et al., 2016). 

Given their high level of phylogenetic conservation, we can build on the knowledge of model 

organisms and use a comparative genomic approach to obtain a proxy for the genetic load. 

Studying UCEs in reference genomes allows for intra-species comparisons of the proxies of 

genetic load, realised load and masked load. Additionally, analysis of genetic load at UCEs 

shows promise for captive breeding and conservation management of zoo populations. 
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1.24 Pink pigeon conservation  

 

Figure 2  –  A free-living pink pigeon (Nesoenas mayeri) in the Black River Gorges 

National Park, Mauritius. Photograph by Tom Everley. 

The pink pigeon (Nesoenas mayeri) is a member of the Columbidae family and is native to 

the tropical island of Mauritius (Figure 2). The wild pink pigeon population has suffered a 

gradual decline over the past three centuries (Jones et al., 2013; Swinnerton et al., 2004). 
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More recently, the population experienced a demographic bottleneck, collapsing to only nine 

or ten individuals in the early 1990s (Swinnerton et al., 2004). The main factors influencing 

the decline included native habitat degradation, fragmentation and the introduction of 

invasive species (Swinnerton et al., 2004). Eventually, this pushed the population into an 

extinction vortex from which it only managed to recover through intensive conservation 

management by Carl Jones, the Mauritius Wildlife Foundation (MWF) and National Parks 

and Conservation Service (NPCS). In the 1970s, a captive population was established at 

the Gerald Durrell Endemic Wildlife Sanctuary (GDEWS) in Mauritius, initially taking 11 

individuals from the population at Pigeon Wood. The GDEWS gene pool was intensively 

managed to conserve genetic diversity (Figure 1, Grey Arrow). This was achieved through 

captive breeding with supplementation from the wild and captive-bred populations (Jackson 

et al., 2022). As a result of the intensive breeding and conservation efforts, the wild 

metapopulation is stable at over 400 – 500 individuals (Jackson et al., 2022; Jones et al., 

2013). These efforts have resulted in the species being downlisted on the IUCN’s Red List 

from ‘critically endangered’ to its current rating of ‘vulnerable’ (BirdLife International, 2021). 

However, despite these conservation efforts, the pink pigeon displays signs of inbreeding 

depression (Jackson et al., 2022; Swinnerton et al., 2004). This has resulted in reduced 

survivability and hatching success, likely as a result of the severe population bottleneck 

resulting in the expression of the genetic load (see section 1.7 of this thesis for further 

information). 

 

1.25 Whooping crane conservation 

The whooping crane (Grus americana) is a species of migratory crane native to North 

America currently listed as Endangered in the IUCN red list (BirdLife International, 2020). 

Prior to European settlement in America, the whooping crane is thought to have been 

abundant and it was estimated that the population of whooping cranes in the 1800s was 

approximately 1500 individuals (Allen, 1952). During the early 20th century, the species was 

pushed almost to extinction due to overhunting (Golden et al., 2022) with the population 

declining to between 16-20 individuals in the wild during the 1930s and 40s (Butler et al., 

2013; Golden et al., 2022; Smith, 2019). This catastrophic population decline led to the 
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species being protected from hunting under the Migratory Bird Treaty Act of 1918. Due to 

the creation of the Aransas National Wildlife Refuge in 1937 to protect their vital wintering 

habitat (Golden et al., 2022) and in 1967 a captive breeding population, the species began 

to recover demographically and is now estimated to be at over 800 individuals across the 

wild and captive populations (International Crane Foundation, 2021). The wild population of 

whooping cranes, known as the Aransas-Wood Buffalo population, migrates in increasingly 

large groups of up to 76 individuals (Caven et al., 2020), from its breeding ground in Canada 

across North America to overwinter in the US Texas Gulf Coast. Currently, this population 

is estimated to be over 500 individuals and has remained stable over recent years (Golden 

et al., 2022; Smith, 2019). However, its dependence on the overwintering habitat puts the 

species a critical threat to habitat loss due to climate change (Golden et al., 2022). This is 

because much of the population overwinters within the Aransas National Wildlife Refuge 

and the adjacent areas. In addition to this Aransas-Wood Buffalo population, two 

experimental wild populations of birds were created by releasing juvenile captive-bred 

individuals (Smith, 2019) (Figure 3). These efforts created a migratory and a non-migratory 

population, in areas where historically whooping cranes had been recorded.  
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Figure 3 – Juvenile whooping crane at the International Crane Foundation. Photograph 

by Tom Lynn. 

 

The Florida non-migratory population was founded between 1993 and 2006, releasing 289 

whooping cranes (Folk et al., 2010). Juvenile cranes were raised in captivity using a 

combination of costume and parent-rearing techniques before being released. However, the 

population suffered from a lack of productivity caused by a combination of high adult 

mortality, predation by bobcat (Lynx rufus), powerline strikes, poor hatching success, and a 

possible lack of genetic diversity (Converse et al., 2019). Due to this, further planned captive 

releases were stopped, with the population in 2016 totalling 14 individuals. The Eastern 

migratory population was founded in 2001, releasing 268 juveniles between 2001 and 2016 

(Smith, 2019). These individuals received flight training by ultralight aircraft to prepare them 

for their migration. These aircraft-guided migrants had a survival to one-year rate of 76% 

(Hartup, 2018). This population also suffered from poor productivity, with a nesting success 

of 46% (Smith, 2019), with few chicks surviving to fledge.  
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The whooping crane is still reported to face many threats including hunting, collisions with 

powerlines during migration, and predation of adults, chicks and eggs by corvids. This, 

combined with parasitism by black fly (Smith, 2019), may also be a cause of poor fledging 

success in the whooping crane populations. However, an assessment of the genetic load 

within the captive-bred and wild populations could investigate if poor hatching and fledging 

success is due to a high genetic load accrued during the population bottleneck. Population 

forecasts for the whooping crane have suggested that the current population growth rate is 

not resource-limited (Butler et al., 2013) and that the Aransas-Wood Buffalo population is 

likely to reach 400 individuals by 2040. Although these simulations were models assuming 

no changes to the habitat and the population growth rates reflecting those over the past 73 

years of monitoring (Butler et al., 2013). Reduction in this growth rate due to factors such as 

sterilisation or low fecundity due to inbreeding depression should be evaluated to be 

included in future population evaluations and forecasts.        

 

1.26 Research aims  

The aims of this thesis will focus on designing a means to quantify the genetic load using 

whole genome sequenced data from individuals of the Mauritius pink pigeon. With this data, 

I will create a novel bioinformatics pipeline that will use CADD scores previously generated 

for the chicken genome, and apply them to calculate the genetic load within the UCEs of 

individual pink pigeon genomes. This will provide a means of quantifying genetic load within 

individuals, as well as enabling conservation genomticists to calculate the realised and 

masked load components that each bird possesses. This will allow for a step change in 

conservation by providing a framework for the analysis of the genetic load within endangered 

species globally, for which CADD scores are not currently available. CADD scores are 

currently available to be used to analyse humans, mice, pigs and chickens. However, there 

has not been a comparison of how similar the CADD scores between these species are. 

Understanding the similarities and differences of CADD scores in model species that are 

separated by millions of years of evolutionary history will give insights into how scores can 

be used once they have been transferred to non-model species. In this way, conservation 

managers of endangered populations will be able to make better assessments of the genetic 
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load that is present within threatened populations. This will also allow managers of 

conservation breeding programmes to assess the optimal mate pairings to reduce the 

effects of inbreeding depression within their populations. Using these approaches, we aim 

to maximise the effective use of available mutation impact scores for the assessment of 

threatened species globally. Thereby, maintaining the genetic health of threatened species 

to help ensure the species’ long-term survival.  
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2. Development and application of LoadLift for genomics-

informed captive breeding 

2.1 Abstract 

Zoo populations of threatened species are a valuable resource for the restoration of wild 

populations. However, their small effective population size poses a risk to long-term viability, 

especially in species with high genetic load. Recent bioinformatic developments can identify 

harmful genetic variants in genome data. Here, we advance this approach, by analysing the 

genetic load in the threatened pink pigeon (Nesoenas mayeri). I lifted the mutation-impact 

scores that had been calculated for the chicken (Gallus gallus) to estimate the genetic load 

in six pink pigeons. Additionally, I perform in silico crossings to predict the genetic load and 

realised load of potential offspring. I thus identify the optimal mate pairs that are theoretically 

expected to produce offspring with the least inbreeding depression. I use computer 

simulations to show how genomics-informed conservation can reduce the genetic load whilst 

reducing the loss of genome-wide diversity. Genomics-informed management is likely to 

become instrumental in maintaining the long-term viability of zoo populations. 

 

2.2 Introduction 

Currently, 45,300 of the 163,040 (28%) species assessed on the Red List of the International 

Union for Conservation of Nature (IUCN) are threatened with extinction (IUCN 2024). Plans 

to combat this biodiversity loss were adopted by governments globally as one of the United 

Nations’ Aichi Biodiversity Targets for 2010-20 and the 2022 Kunming-Montreal Global 

Biodiversity Framework (Langhammer et al., 2024), with USD121 billion annually invested 

in biodiversity conservation (Seidl et al., 2020). This global conservation effort is effective at 

improving the state of biodiversity (in 45.4% of applications) or slowing the decline (20.6%) 

(Langhammer et al., 2024). To help combat species loss, a small subset of threatened 

species have had either in situ or ex situ captive programmes established to act as 

“insurance populations” against their extinction (Gilbert et al., 2017). The European 

Association for Zoos and Aquaria (EAZA) currently maintains circa 400 species as part of 

EAZA Ex situ Programmes (EEPs) (EAZA, 2024b). These EEPs are managed with the aim 
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to maintain the health of ex situ zoo populations long-term, and they are a valuable resource 

for research and reintroduction programmes to establish or reinforce free-living populations. 

 

Captive populations act to ensure that populations do not go extinct, however they 

themselves are threatened with the risks associated with inbreeding depression (Boakes et 

al., 2007). Guidelines suggest that ex situ breeding programmes are founded with wild 

individuals selected when the population is large enough to retain genetic diversity 

(McGowan et al., 2017). However, this has only recently become feasible to assess following 

the widespread implementation of genetic techniques. Captive populations are often started 

during population declines and from the limited number of individuals available, or from 

animals rescued from the wildlife trade (Owen et al., 2014). However, both approaches will 

lead to uncertainty about the relatedness of founders (Rabier et al., 2022). The combination 

of these factors and the small population size of captive-bred populations means that many 

species rapidly begin to show signs of inbreeding depression (Boakes et al., 2007; Rollinson 

et al., 2014). This occurs as harmful genetic variants increase in frequency over time, 

leading to a reduction in the fitness of individuals, known as the genetic load (see section 

1.7 of this thesis) (Bertorelle et al., 2022). Here, the effects of a recent population decline 

(Jackson et al., 2022; Sachdeva et al., 2022) and population bottlenecks (Bortoluzzi et al., 

2020) reduce the efficiency of selection and genetic purging to remove harmful variants. In 

addition, supplementary feeding and an artificially enhanced environment can also reduce 

the efficacy of natural selection (Hao et al., 2015), although this is partly offset by the 

increase in population number, which enhances the efficacy of selection (van Oosterhout 

pers. comm.). It can take multiple generations before the deleterious mutations become 

homozygous, therefore resulting in a reduction in fitness, in what is termed “drift debt”  (Pinto 

et al., 2024). Altogether, this makes the conservation genomic assessment of the genetic 

load invaluable for the long-term viability of zoo populations. 

 

Unfortunately, the risks posed by genetic load are not considered a conservation priority at 

present (van Oosterhout, 2020). Inbreeding depression in declining populations is a function 

of both the rate of inbreeding and the genetic load of recessive deleterious mutations that 

are present at heterozygous loci. This part of the genetic load is known as the inbreeding 

load, or masked load (Bertorelle et al., 2022). Inbreeding exposes the harmful effects of 
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these mutations by increasing homozygosity, converting the masked load into realised load. 

Recent advances in genomics and bioinformatics now allow us to study the size and 

composition of the genetic load, without necessarily exposing the deleterious effects of 

mutations or harming the fitness of individuals. Here, the genetic load of individuals can be 

quantified in terms of mutation impact scores (see section 1.22 of this thesis) (Bertorelle et 

al., 2022; van Oosterhout, 2020a; van Oosterhout et al., 2022). The Combined Annotation-

Dependent Depletion (CADD) framework (Kircher et al., 2014; Rentzsch et al., 2019) 

produces scaled mutation impact scores for every potential mutation within the human 

genome relative to all variants within the genome. This has since been applied to other 

model species, including mouse (mCADD) (Groß et al., 2018), pig (pCADD) (Groß, Derks, 

et al., 2020), and chicken (chCADD) (Groß, Bortoluzzi, et al., 2020). Therefore, CADD 

scores provide a great opportunity to provide quantitative values to assess and compare the 

deleterious mutations present within threatened species. 

 

Presently, we cannot translate the impact scores of mutations such as CADD scores into 

fitness effects. CADD scores equate to a type of rank score, and they are not the same as 

selection coefficients. Nevertheless, we can calculate CADD scores for all putative 

deleterious mutations present in an individual’s genome and compare this proxy of the 

genetic load between individuals. In this approach, we assume that the distributions of 

selection coefficients and CADD scores are similar between individuals. If the variances of 

the distributions are similar (i.e., homoscedasticity), this allows us to compare the mean (or 

median) of these distributions and assess the load of individuals relative to one another. 

Similarly, we can estimate the proportion of genetic load expressed as realised load, and 

the proportion whose fitness effects remain masked as an inbreeding load or masked load 

(Bertorelle et al., 2022). The realised load is the genetic load that leads to a reduction in 

fitness when the harmful effects of the mutations are expressed. Inbreeding increases the 

realised load because more deleterious mutations become fully expressed as homozygotes. 

By minimising the realised load, conservation managers can reduce the severity of 

inbreeding depression. This could be particularly useful in manipulating breeding pairs of 

captive populations in which individuals are related, to improve the fitness of offspring 

(Speak et al., 2024).  
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Lifting over the CADD scores from the closest model species would therefore allow for the 

quantification of the amount and severity of deleterious mutations within sequenced 

individuals, as well as enabling comparisons of the genetic load between individuals. Most 

genetic variation within the genome that codes for quantitative traits are not always 

deleterious, and many species or lineage-specific mutations have evolved since the 

divergence between the subject species and the model species. Therefore, to ensure that 

only unconditionally deleterious mutations are being assessed in the calculations of genetic 

load we will focus on the ultraconserved elements (UCEs) of the genome. UCEs (see section 

1.23 of this thesis), are regions of the genome that show 80% or greater conservation across 

100bp in distantly diverged taxa (Faircloth et al., 2012). It is therefore likely that mutations 

within UCEs are unconditionally deleterious (Silla et al., 2014). This means that they are 

ideal regions to use to assess with CADD scores lifted over from a model species as the 

mutation’s effects are likely to be deleterious irrespective of the species.  

 

Here, we conducted a proof-of-concept study to demonstrate the utility of genomics-

informed breeding in the conservation management of captive populations. We quantified 

the genetic load of six pink pigeon individuals using chCADD scores assigned to single 

nucleotide variants in the UCEs derived from the chicken genome as a proxy for 

deleteriousness. We showed that genetic load components can be estimated using CADD 

scores calculated on a phylogenetically closely related species, and cross-mapped to the 

annotation of our focal species, the pink pigeon. We also calculated the realised load and 

genetic load of potential future offspring of all possible crosses. Finally, we employed 

computer simulations to demonstrate the potential of genomics-informed conservation, 

showing how it can help reduce inbreeding depression and maximise the long-term viability 

of zoo populations.  

 

2.3 Materials and Methods 

2.4 Study species 

The pink pigeon (Nesoenas mayeri) declined to around ten individuals in the late 1990s and 

it has since recovered to over 500 individuals. The species is listed as “vulnerable” by the 
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IUCN Red List (last assessed: 15 July 2020). During the conservation efforts, captive-bred 

populations were started both in Mauritius and in zoos globally. Six pink pigeon (Nesoenas 

mayeri) individuals from the captive-bred population of Jersey Zoo (n = 4) and Bristol Zoo 

(n = 2) were whole genome sequenced. Birds share common ancestry within the last 3-6 

generations (Supplementary Figure 1) and produce offspring that are moderate to highly 

inbred (inbreeding coefficient, F=0.064 to 0.346) (Supplementary Table 1), which is typical 

of many zoo populations (Boakes et al., 2007). See Supplementary Information for further 

details. 

 

2.5 Genome sequencing and bioinformatics 

DNA was extracted from blood, using Qiagen MagAttract, linked read library preparation 

was 10x Genomics Chromium technology, which were then sequenced on an Illumina HiSeq 

X with 2x150bp reads, mean depth of the 6 samples was between 16.51 and 19.41 (Ryan, 

2021). The sequencing read data was mapped to a previously generated pink pigeon 

reference genome (Albeshr, 2016). The variant calls were used to create a per-SNP pink 

pigeon CADD (ppCADD) score calculated for the UCEs of each individual’s genome (Figure 

4). A Snakemake pipeline (Mölder et al., 2021) allowing for reproduction of this approach 

can be found on GitHub (https://github.com/saspeak/LoadLift).  

  

https://github.com/saspeak/LoadLift
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Figure 4 – The pipeline for the creation of per Single Nucleotide Polymorphism (SNP) 

pink pigeon Combined Annotation Dependent Depletion (ppCADD) scores from raw 

reads of individual pink pigeons. The Snakemake (Mölder et al., 2021) pipeline uses as 

input the sequencing reads of the subject individuals, the subject species reference genome, 

and the CADD scores and reference genome of a model species (i.e., chicken, chCADD 

scores  (Groß, Bortoluzzi, et al., 2020) and the Galgal6 reference genome (Warren et al., 

2017)). The pipeline is separated into six sections, corresponding to sections of the pipeline 

(https://github.com/saspeak/LoadLift). 1) (Yellow) Extraction of UCEs from the reference 

genome using Phyluce. 2) (Dark Blue) Mapping the sequencing reads for individuals to the 

reference genome indicates two parallel approaches for 10x Chromium read data (used in 

this paper) and for Illumina read data. 3) (Light Blue) Variant calling for SNPs within the 

UCEs. 4) (Light grey) Creation of a chain file for the conversion of annotation from the 

chicken genome. 5) (Dark Grey) chCADD scores conversion to pink pigeon (subject 

species) annotation. 6) (Green) Intersection of BED files and UCE sites to output per site 

ppCADD (subject species) scores (Red).  
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2.6 Phyluce UCE Extraction 

Previously published tetrapod UCE probes, based on the chicken reference genome 

(GalGal6) and the Tibetan ground-jay (Pseudopodoces humilis) (Faircloth et al., 2012), were 

used to harvest UCEs from the pink pigeon reference genome using the Phyluce workflow 

(Faircloth, 2016). Firstly, the genome was converted into a 2bit format using faToTwoBit to 

generate a tab file. After this, the probe set of 5K UCE loci 

(https://raw.githubusercontent.com/faircloth-lab/uce-probe-sets/master/uce-5k-probe- 

set/uce-5k-probes.fasta) of on average 120bp in length were downloaded and indexed using 

both SAMtools faidx v1.14 (Li et al., 2009) and BWA index v0.7.17  (Li and Durbin, 2009). 

Probes were then aligned to the pink pigeon genome using the 

phyluce_probe_run_multiple_lastzs_sqlite command. FASTA sequences matching the UCE 

loci were then extracted from the pink pigeon genome using the 

phyluce_probe_slice_sequence_from_genomes command, including a flanking region of 

1000 bp surrounding the UCE loci. To enable SNP calling, each UCE’s scaffold, start and 

end positions and orientation were extracted from the FASTA headers, and these data were 

separated into two files for UCEs in the forward and reverse orientation.   

 

2.7 Chain file creation for annotation lift-over 

To allow the accurate identification and scoring of single nucleotide variants, we decided to 

convert the chicken (i.e., chCADD) CADD scores to pink pigeon (i.e., ppCADD) CADD 

scores. This was achieved by lifting over the annotation of sites from the chicken GalGal6 

genome to their positions in the pink pigeon reference genome. This was achieved using a 

chain crossover file. Firstly the chicken GalGal6 genome was downloaded from 

ftp://ftp.ensembl.org/pub/release-

102/fasta/gallus_gallus/dna/Gallus_gallus.GRCg6a.dna_rm.toplevel.fa.gz (Warren et al., 

2017). The reference pink pigeon genome was split into scaffolds and the GalGal6 genome 

was also split into 35 files (32 autosomes, MT, Z, W) using faSplit. Both the pink pigeon and 

GalGal6 genomes were converted to 2bit format using faToTwoBit and the chromosome 

size determined through twoBitInfo. We aligned all chromosomes to the pink pigeon genome 

using lastz v1.04.15 (Harris, 2007).  Chain files were then created sorted and merged using 

axtChain, chainMergeSort, and chainSort respectively. Alignable regions were identified 

ftp://ftp.ensembl.org/pub/release-102/fasta/gallus_gallus/dna/Gallus_gallus.GRCg6a.dna_rm.toplevel.fa.gz
ftp://ftp.ensembl.org/pub/release-102/fasta/gallus_gallus/dna/Gallus_gallus.GRCg6a.dna_rm.toplevel.fa.gz
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from each chain file using chainNet and chainNetSubset. The output chain file allowed us to 

lift over the genomic coordinates of our set of UCEs from the chicken to the pink pigeon 

genome.  

 

2.8 Converting chCADD scores to ppCADD 

The chCADD scores of the chicken genome were downloaded from https://osf.io/c97ez/ 

(Groß, Bortoluzzi, et al., 2020). We then used the chain file to cross map the chicken CADD 

score to the reference pink pigeon genome using CrossMap.py (Zhao et al., 2014) . Only 

sites that were successfully mapped were retained, combined and sorted in BEDtools 

v2.30.0 following the pink pigeon scaffold annotation (Quinlan & Hall, 2010).  

 

2.9 Read mapping 

The pink pigeon reference genome was indexed using long ranger make ref (Marks et al., 

2019). Raw read data for each of the six pink pigeon individuals was mapped to the pink 

pigeon reference genome using LongRanger align. Duplicates were removed from each of 

the mapped read BAM files using picard MarkDuplicates (Broad Institute, 2019). 

 

2.10 SNP Calling 

Variants within both sets of UCEs (forward and reverse orientated) were called using 

BCFtools mpileup v1.14 (Li, 2011) for all sites and all samples. Indels were removed using 

VCFtools v0.1.15 (Danecek et al., 2011). The SNP calls were then converted to BED format 

using vcf2bed and sorted using BEDtools sort (Quinlan & Hall, 2010). The reverse-

orientated UCE BED file was then re-orientated to the forward orientation using a custom 

script.  

https://osf.io/c97ez/
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2.11 Polymorphism scoring 

Scores for forward and reverse UCEs were then extracted using BEDtools intersect (Quinlan 

& Hall, 2010) with the flags -wa -wb with the individuals UCE SNPs and ppCADD file, to 

output overlapping positions. Scores were then extracted using a custom script. This 

provided CADD scores for each SNP, identifying the chicken reference and alternative 

alleles for each position, the allele present in the pink pigeon UCE for each individual, and 

the corresponding ppCADD score for that polymorphism.  

 

2.12 Filtering with R 

Both files were then combined in R and filtered using the package tidyverse to remove any 

duplicated sites. The ppCADD scores were then quality checked using a custom R script 

including filtering of SNPs and recalling heterozygotes between an allele depth 17 - 83% of 

individual depth. Further filtering was used to remove fixed and non-scoring sites (a non-

scoring site is a site that is homozygous for the chicken reference allele with a CADD score 

equal to zero).  

 

2.13 Genetic load  

Genetic load was calculated for individuals and their potential offspring (see below) using 

custom R scripts. Although we only sampled one female, calculations of the theoretical 

genetic load components were carried out for all potential crosses. These hypothetical 

crosses included selfing individuals (i.e., crossing an individual with itself), and these 

crosses were made irrespective of the sex of the individuals. We included these crosses for 

illustrative purposes to show the application of the method. 
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The genetic load, the realised load and the masked load of each individual were calculated 

using the following formulas, as described in (Bertorelle et al., 2022): 

 

𝐺𝑒𝑛𝑒𝑡𝑖𝑐 𝑙𝑜𝑎𝑑 (𝑖𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 𝑘) = ∑ 𝑠𝑖

𝐿(ℎ𝑜𝑚)

𝑖=1

+ ∑ 0.5

𝐿(ℎ𝑒𝑡)

𝑗=1

𝑠𝑗 

[1] 

𝑅𝑒𝑎𝑙𝑖𝑠𝑒𝑑 𝑙𝑜𝑎𝑑 (𝑖𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 𝑘) = ∑ 𝑠𝑖

𝐿(ℎ𝑜𝑚)

𝑖=1

+ ∑ ℎ𝑗𝑠𝑗

𝐿(ℎ𝑒𝑡)

𝑗=1

 

[2] 

𝑀𝑎𝑠𝑘𝑒𝑑 𝑙𝑜𝑎𝑑 (𝑖𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 𝑘) = ∑ (0.5 −

𝐿(ℎ𝑒𝑡)

𝑗=1

ℎ𝑗)𝑠𝑗 

[3] 

Here, si (and sj) is the ppCADD score at locus i (and j), and they are summed across all 

homozygous (or heterozygous) loci at the UCEs of individual k. In the computer simulations 

(see below), s and h stand for the selection and dominance coefficients, and the fitness 

impact of the load can be expressed in lethal equivalents (Bertorelle et al., 2022). For 

simplicity, the dominance coefficient (hj) is assumed to be hj=0.1. Note that part of the 

realised load comprises heterozygous mutations that are assumed to be partially dominant.  

 

2.14 Pedigree of captive bred population 

A pedigree of the captive bred pink pigeon population was created using the R package 

FamAgg (Rainer et al., 2016) containing all 849 living and deceased individuals. The kinship 

coefficient values for potential offspring from the crosses were calculated using the kinship 

function of FamAgg. The kinship coefficient is a measure of genetic relatedness. It is defined 

as the probability that a pair of randomly sampled alleles at a one locus are identical by 

descent. Therefore, it is the probability that an allele selected randomly from individual i, and 

an allele selected from another individual j are identical (autozygous) and from the same 

ancestor (Rainer et al., 2016).   
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2.15 Homozygosity 

The inbreeding coefficient (FRoH) of the six pink pigeon individuals was also calculated using 

runs of homozygosity (RoH) with bcftools roh (Narasimhan et al., 2016) which implements 

a hidden Markov model approach to detect tracks of continuous homozygote states. Once 

RoH had been identified the FRoH was calculated for each individual using: 

FRoH =
∑ RoH > 100KB

∑ BP
 

[4] 

Here FRoH is equivalent to the proportion of the genome that is identical by descent between 

both parents, and it is proxy of an individual’s inbreeding coefficient. Short RoH under 100Kb 

were ignored and the sum length of all of the scaffolds in the pink pigeon genome in BP was 

used as the genome length (n = 1,294,301,718 bps). 

 

2.16 Computer simulations of breeding regimes 

This part of the analysis was conducted in collaboration with Thomas Birley and Hernán E. 

Morales. We conducted computer simulations in SLiM3 (Haller & Messer, 2019) to examine 

the impact of four breeding regimes on genetic and realised load, neutral genetic diversity, 

and fitness. In the “Minimise load” regime we examined whether mate pair selection can 

reduce the realised load of the offspring and minimise inbreeding depression. However, 

purifying selection against the genetic load can reduce genetic diversity  (Bertorelle et al., 

2022). The values presented in the figure represent the mean results obtained from 100 

replicates. 
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2.17 Results 

2.18 Distribution of UCEs and CADD scores 

The 4976 UCEs along the 34 chromosomes of the chicken reference genome are not evenly 

distributed (Figure 5A), 15 chromosomes were significantly depleted for UCEs, whilst 9 

chromosomes were significantly enriched for UCEs (Supplementary Table 2). Figure 5B 

shows the distribution of all chCADD scores along a single UCE (UCE-2729) and its 2000 

bp flanking region on Chromosome 1. The chCADD scores in the flanking region are lower 

than those within the UCE, except for a potential coding region (e.g., position 116230300 – 

116230450 in Figure 5B). Protein coding genes are typified by a combination of high 

chCADD scores (representing the first and second codon position substitutions), and low 

chCADD scores (third codon position substitutions).  
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Figure 5 – Distribution of ultraconserved elements (UCEs) and their mutation impact 

scores (CADD scores). (A) Karyotype plot of the chicken genome with the distribution of 

UCEs (black bars) and density of UCEs (green peaks). (B) Karyotype plot of chicken 

Chromosome 1 showing the distribution of UCE-dense regions. Green peaks above the 1% 

horizontal line are significantly enriched for UCEs (p<0.01). At the bottom of Panel B, 

zoomed in at a single UCE and its 2000bp flanking regions (i.e., UCE2729), the CADD 

scores of every possible substitution at each site. The UCE is shown in blue. The CADD 

scores in flanking regions are shown in red. Distribution of all CADD scores for (C) the entire 

Chromosome 1 of the chicken genome, and (D) 620 UCEs in Chromosome 1 and their 

2000bp flanking regions. (E) The CADD score distribution of the flanking regions and the 

UCEs within the six pink pigeon genomes. (F) SNP frequency at flanking regions and the 

UCEs. (See main text for test results). 

 

Figure 5C shows the distribution of chCADD scores along Chromosome 1 of the chicken 

genome. Most chCADD scores fall below 10, which per definition represent 90% of all 

scores. The right-hand tail represents a few high chCADD scores of highly deleterious 

mutations. In contrast, the UCEs and their flanking regions in Chromosome 1 have a bimodal 

distribution of chCADD scores, with a second peak of chCADD scores ranging between 17 

and 18 (Figure 5D). These chCADD scores represent the worst, 2% of all possible 
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substitutions in the genome. The median chCADD score of UCEs is significantly higher than 

that of the flanking regions (Mann-Whitney test W = 4541885925, p-value < 0.0001). The 

frequency of derived mutations is significantly lower at UCEs compared to that at the flanking 

regions (Mann-Whitney test W = 13010970, p-value < 0.0001), which is consistent with the 

effect of purifying selection.  

 

2.19 Genetic load components and kinship 

We analysed the genetic load in the hypothetical offspring of our six pink pigeons. This is 

calculated by theoretically crossing all possible combinations of individuals assuming 

mendelian segregation ratios. When the kinship coefficient, between two individuals is 

higher, homozygosity of their offspring increases (Figure 6), which elevates the offspring’s 

realised load and reduces the masked load (Figure 6). Optimal mate pairing can significantly 

reduce the realised load of the offspring compared to random mating (R2=0.258, F1,13 = 8.32, 

p = 0.00918).  

  



Chapter 2: Development and application of LoadLift for genomics-informed captive breeding 

100162318 76 

Figure 6  – The composition of the genetic load in six pink pigeon individuals and 

their hypothetical offspring. A) The total realised load (Blue) and masked load (Orange) 

in each of the six pink pigeon individuals within their UCEs. (B and C) The realised load at 

heterozygous loci (Red) and homozygous loci (Teal) of the offspring is shown for B) the total 

region and C) UCEs only. (D and E) The genetic load (Grey), realised load (Blue) and 

masked load (Orange) of the hypothetical offspring of all possible crosses between the six 

pink pigeons for the D) total region and the UCE only E). 

 

Next, we performed an analysis to identify optimal crosses to minimise genetic load (Figure 

7). CADD scores for the potential offspring of each cross, including self-mating, are provided 

for the genetic load (Supplementary Table 3), realised load (Supplementary Table 4) and 

masked load (Supplementary Table 5). Figure 7A shows average genetic load of potential 

offspring. In essence, these are the deleterious mutations that offspring are predicted to 

inherit from both parents. This can be distinguished for captive breeding managers with blue 

tiles representing offspring with low genetic load, and red tiles offspring with high genetic 

load. The genetic load is lowest in the offspring from a cross between individuals 2 and 3.   
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Figure 7 – The genetic load at UCEs of six pink pigeons calculated using cross-

mapped chCADD scores. Correlogram showing the total load of potential offspring 

between all combinations of six individuals of the captive pink pigeon population. The colour 

of the tile is relative to the load of the offspring when compared to other potential offspring, 

and it is ranked on a gradient from high load (red) to low load (blue).  A) genetic load of the 

offspring between two potential parents, B) realised load and C) masked load. D) The 

genetic load (grey), realised load (blue) and masked load (orange) of the hypothetical 

offspring of all possible crosses (including “selfing”). E) The distribution of the summed 

realised load in all offspring calculated by crossing all six individuals at random. In this 

procedure, each individual was crossed twice without self-mating or repeating the same 

crosses, and this was repeated 10,000 times. The optimal crossing combination is shown in 

blue.    

 

To predict the degree of inbreeding depression, the realised load of the offspring of different 

crosses was calculated. Blue tiles in the correlogram in Figure 7B show the realised load of 

the offspring of the optimal crosses. The realised load of these offspring is 7.4% less than 

that of offspring of random crosses (Figure 7E), and these offspring are predicted to show 

less inbreeding depression. Note that the offspring from the 2 x 3 cross with the lowest 
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genetic load possesses a relatively high realised load. Individuals 2 and 3 were closely 

related (uncle and nephew), but they each possess a low genetic load. However, because 

they are related, their offspring express a high realised load, even though their genetic load 

is low.  

 

2.20 Computer simulations of the genetic load 

Finally, we performed computer simulations examining the impact of genomics-informed 

captive breeding on the neutral nucleotide diversity, genetic load, realised load, and fitness 

of individuals. The "Random mating" and “Minimise relatedness” regimes showed a steady 

increase in genetic (Figure 8A) and realised (Figure 8B) load over generations. Both regimes 

also suffered from a large decline in fitness due to a mutation meltdown (Figure 8C). In 

contrast, both the genetic load and realised load were reduced in “Minimise load” and 

“Minimise load and relatedness” regimes (Figure 8A & B). Therefore, genomics-informed 

captive breeding can successfully reduce the realised load and homozygosity of deleterious 

mutations, independently of consideration of relatedness. Consequently, mean fitness 

remained high in these regimes, increasing during the first ten generations (Figure 8C). 

However, populations lost neutral genetic diversity at a relatively fast rate in the “Minimise 

load” regime (Figure 5D). Such loss in diversity was not observed in the “Minimise load and 

relatedness” regime, and after 10 generations, this regime maintained more diversity than 

the “Random mating” regime (Figure 8D). 
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Figure 8 – Impact of the four breeding regimes, simulated over 50 generations. 

Showing the impact on A) the genetic load, B) the realised load of offspring, C) the mean 

fitness of adults, and D) neutral nucleotide diversity (). Each coloured line corresponds to 

a specific mating regime: "Random mating" (grey), "Minimise relatedness" (blue), "Minimise 

load" (orange), and "Minimise load and relatedness" (green). The genetic load and realised 

load are expressed in lethal equivalents calculated using equations [1] and [2] in the Material 

& Methods (see Bertorelle et al., 2022). The values presented in the figure represent the 

mean results obtained from 100 replicates. Figure produced by Thomas Birley, UEA. 

A.

C. D.

B.



Chapter 2: Development and application of LoadLift for genomics-informed captive breeding 

100162318 80 

2.21 Discussion  

We conducted a proof-of-concept study to evaluate the utility of genomics-informed 

conservation for the management of captive populations in zoos. The aim was to examine 

whether we could use genomic data to reduce the level of inbreeding depression and genetic 

load, thereby increasing both the short- and long-term population viability. We developed a 

novel bioinformatics pipeline to estimate the genetic load using CADD scores calculated for 

a model species (the chicken). We piloted our bioinformatics pipeline on the genomes of six 

pink pigeons from the captive-bred population from two UK zoos (Jersey Zoo and Bristol 

Zoo). We quantified the realised load in hypothetical offspring by crossing these six 

individuals, showing that inbreeding depression may be reduced in the captive pink pigeon 

population. We furthermore found that UCEs possess the most severely deleterious 

mutations with highest CADD scores, and that mutations in UCEs occur at a lower SNP 

density and frequency compared to polymorphisms in the flanking regions. These 

observations are consistent with purifying selection. 

 

Substantial genetic drift and inbreeding in zoo populations reduces long-term viability. Since 

the early 1970s, conservation biologists have used pedigrees and neutral genetic markers 

to assess and minimise inbreeding (Rabier et al., 2020). However, genetic load cannot be 

effectively measured or managed using this approach because neither markers nor 

pedigrees contain information about the segregation of deleterious mutations. Furthermore, 

pedigree data does not capture the possible relatedness between founder individuals. This 

can be especially problematic in populations that experienced a bottleneck before being 

sampled.  

 

We showed our bioinformatics pipeline can identify optimal crosses that produce offspring 

with on average 7.4% lower realised load than random crosses. These offspring are 

expected to show less inbreeding depression. This reduction in realised load was modest 

because after nearly ten generations in captivity, all pink pigeon individuals are relatively 

related. Crosses between closely related individuals have been minimised in the captive 

management of this species by exchanging pigeons between different zoos. However, this 

means that all individuals are similarly related. More substantial gains can be made in 

reducing the realised load using genomics-informed breeding in zoo populations with 
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individuals that are less closely related. Genomics-informed breeding will be especially 

efficient in reducing inbreeding depression in captive populations founded by many 

individuals, fewer generations in captivity, non-bottlenecked species, and species with a 

large ancestral population size (Bertorelle et al., 2022). These are all scenarios of 

populations that are likely to possess a high genetic load of segregating deleterious 

mutations not yet purged (Dussex et al., 2023), with considerable differences in genetic load 

between individuals. 

 

We do not know how CADD scores translate into fitness effects, and hence, we cannot 

calculate the exact benefits of genomics-informed breeding for survival rates. For example, 

two mutations with a CADD score of 10 each do not necessarily have the same fitness 

impact as one mutation with a CADD score of 20. Theoretically, if a population carries a 

realised load of one lethal equivalent (LE), the probability of an individual surviving equals: 

𝐹𝑖𝑡𝑛𝑒𝑠𝑠 =  𝑒−1 = 0.368.  Hence, a reduction of 7.4% in realised load results in an increase 

of survival rate from 36.8% to 39.6% (𝐹𝑖𝑡𝑛𝑒𝑠𝑠 =  𝑒−0.926 = 0.396). This is a 7.7% relative 

increase in survival probability. With a higher realised load of 2 LEs, the survival probability 

is expected to improve from 13.5% to 15.7%, which amounts to a relative increase of nearly 

16%. More generally, reducing the realised load is likely to reduce inbreeding depression 

and increase fitness (Bertorelle et al., 2022). Furthermore, the higher the realised load, the 

more gain can be made with genomics-informed management, at least theoretically. Future 

investigations into CADD scores and fitness effects will be able to provide valuable insights 

into the correlation between the realised load and individual fitness. Investigation into the 

relationship between CADD scores and fitness impacts could be carried out by comparing 

the presence and absence of high CADD scores between viable and non-viable embryos. 

This would help to determine if possessing a high CADD score translates to an observable 

decrease in fitness. Furthermore, large scale investigations could also be carried out to 

compare the breeding success & offspring fledging of individuals to the calculated realised 

load of individuals and predicted offspring. Additionally, estimating the fitness effects of 

variants with known CADD scores would also help to improve the assessment of the 

extinction risk in population viability analysis (Jackson et al., 2022), and in artificial 

intelligence-informed conservation genomics (van Oosterhout, 2024). Such studies are 

required before our method of genomics-informed breeding can be formally implemented in 

the management of zoo populations.   
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Our simulations indicate that the genetic load and realised load can be reduced by the 

“Minimised load regime” and the “Minimised load and relatedness regime”. This resulted in 

a substantial increase in fitness compared to the “Random mating regime”, and the 

“Minimised relatedness regime”. Although the “Minimised load regime” resulted in a 

substantial loss in nucleotide diversity, this was avoided by reducing relatedness in the 

“Minimised load and relatedness regime”. Theoretically, this regime is the optimal approach 

to maximise the long-term viability of captive populations, both in terms of reduced genetic 

load and maintaining adaptive potential. 

 

2.22 Conclusion 

To conclude, CADD scores for model species can be successfully lifted over to provide an 

initial assessment of the genetic load from whole genome sequence data of non-model 

species. Optimal mate pairs can be identified to manage the realised load and inbreeding 

depression in the offspring generation. Computer simulations show that genomics-informed 

breeding can reduce the genetic load and realised load, and this can be accomplished with 

little reduction in nucleotide diversity. Genomics-informed conservation holds real potential 

for the management of captive populations, and it could also help to select the optimal 

individuals for reintroduction and genetic rescue programmes.
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3. Investigating the similarity of CADD scores in three 

model species 

 

3.1 Abstract 

In Chapter 2, I showed how CADD scores can be lifted over from model species and used 

to assess the genetic load of threatened species. This enables conservation managers to 

assess the genetic health and determine optimal mate pairings within their populations. To 

illustrate that CADD scores calculated in a model species can be lifted over to a distantly 

related species, in this chapter I have analysed how CADD scores compare between three 

model species. To do this, I extracted the UCE and flanking regions from the reference 

genomes of three model species for which CADD scores have been calculated human 

(hCADD), pig (pCADD) and chicken (chCADD). I compared the CADD scores within the 

shared UCEs of all three species and showed that the CADD scores of UCEs are, on 

average, higher than those of the flanking regions. Moreover, I show that within individual 

UCEs the CADD scores are comparable between all three model species and that across 

all 2537 shared UCEs, the average CADD scores are significantly correlated (pigs and 

humans: R2 = 0.3273, pigs and chickens: R2 =0.1803 and humans and chicken: R2 =0.4089). 

This suggests that it is appropriate to use CADD scores from model species to estimate the 

genetic load of non-model species within UCEs. Due to the high level of genetic 

conservation, I demonstrated that CADD lift-overs for UCEs can be performed, despite 

considerable phylogenetic distance between species.  

 

3.2 Introduction 

Like many other technological advances, the progress in genomic sequencing techniques 

and bioinformatics tends to first be developed for medical applications in humans and are 

then subsequently applied to model species and/or domesticated species (Arya et al., 2024). 

Combined Annotation Dependent Depletion (CADD) scores are a prime example of this, 

being first developed for use on the human genome (Kircher et al., 2014), before the 

techniques were applied to the chicken (chCADD)(Groß, Bortoluzzi, et al., 2020), pig 
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(pCADD)(Groß, Derks, et al., 2020) and mouse (mCADD)(Groß et al., 2018). The key driving 

factors behind developing CADD scores on these model species are firstly the benefits to 

human health through the advancement of medical technology (Kircher et al., 2014) and 

secondly the high economic value of identifying mutations with a negative impact on animal 

breeding (Groß, Bortoluzzi, et al., 2020). The vast quantity of projects and work on model 

species has allowed for a repository of data on the impacts of Single Nucleotide 

Polymorphisms (SNPs) on these model organisms. For instance, more than 20 years ago 

the human genome’s initial release covered 94% of the human genome with 30,000–40,000 

protein-coding genes and more than 1.4 million SNPs. From this developed the ENCODE 

(ENCODE, 2012) project that aimed to understand the functional coding regions of the 

genome, as well as the ClinVar (Landrum et al., 2014; Landrum et al., 2020) dataset of 2.3 

million pathogenic variants within the human genome. This wealth of clinical data has been 

utilised to produce CADD scores for the human genome (Kircher et al., 2014). However, this 

vast quantity of genomic information is not a resource that is available for non-model species 

which has only a handful of sequenced individuals.  

 

To overcome these issues, in Chapter 2 we used chCADD scores (Groß, Bortoluzzi, et al., 

2020) designed for the chicken genome (Galgal6) lifted over to the non-model species in 

order to calculate the genetic load of individual pink pigeons (Speak et al., 2024). Currently, 

CADD scores exist for multiple model species and have great potential to be applied to a 

wide range of threatened species across birds and mammals. It has been shown that 

annotation lift over tools are 99.21% accurate when converting between human reference 

genomes hg19 and hg38 (Luu et al., 2020). This provides confidence that CADD scores are 

applicable between species when they are combined with the annotation liftover on 

ultraconserved elements (UCEs) as these are, by definition highly similar between species 

(Bejerano et al., 2004; Faircloth et al., 2012). However, it would be of interest to assess the 

similarity of the CADD scores within the UCEs of three distantly diverged model species. 

Only if there is a significantly high correlation, can we conclude that CADD scores of model 

species are applicable to be used in threatened species. 

  

There is great potential for CADD scores to be used to quantify the genetic load within 

threatened species (van Oosterhout, Speak, et al., 2022; Speak et al., 2024). Applying these 
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approaches to UCEs allows for the detection of mutations that are likely deleterious to the 

subject species (Silla et al., 2014). Within the chicken genome, the highest chCADD scores 

were those which were the most potentially deleterious, namely stop-gained mutations and 

splice-site altering mutations (Groß, Bortoluzzi, et al., 2020). Similarly, when investigating 

the pCADD between coding positions of genes within the pig genome (Groß, Derks, et al., 

2020), comparing the pCADD score of the third codon position against the second codon 

position and the first codon position, scored higher for 81.3% and 80.7% of genes 

respectively. This indicated that higher pCADD scores do relate to the more deleterious 

mutation. Therefore, a multi-species-wide comparison of the CADD score distribution within 

exons and introns can show how comparable high CADD scores are within species.  

 

CADD scores assess the deleteriousness of mutations relative to all other potential variants 

within the genome of the focal species. But how do CADD scores of different model species 

compare and correlate? In this chapter, I will assess the correlation of CADD scores between 

three model species: human, pig and chicken. The three model species will be compared to 

examine the correlation between CADD scores and to determine whether CADD scores are 

higher within the UCEs than in other regions of the genome. I therefore use the existing 

published CADD score data available for each species, as well as the reference genomes, 

which allows me to compare the CADD scores of corresponding substitutions within the 

genomes of different model species.  

 

3.3 Materials and methods  

3.4 UCE extraction  

The ultraconserved elements (UCEs) and flanking regions of 1000bp up and downstream 

form the UCE loci were extracted using the PHYLUCE pipeline (Faircloth, 2016) from the 

reference genomes of three model species with CADD scores available:  

human hg38 (https://www.ncbi.nlm.nih.gov/datasets/genome/GCF_000001405.40/),  

pig Sscrofa11.1 (https://www.ncbi.nlm.nih.gov/datasets/genome/GCF_000003025.6/)  

(Warr et al., 2020) and chicken galGal6 

https://www.ncbi.nlm.nih.gov/datasets/genome/GCF_000001405.40/
https://www.ncbi.nlm.nih.gov/datasets/genome/GCF_000003025.6/
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(https://www.ncbi.nlm.nih.gov/datasets/genome/GCF_000002315.6/) (Warren et al., 2017). 

The extracted UCE sequences were aligned to the UCE probe set using BLAST, and filtered 

to remove sequences that aligned at less than 95% alignment for all species and where the 

UCE sequence that matched was under 90 bp in length. After filtering there were 2537 UCE 

loci, found in all three species.  

 

3.5 CADD score extraction 

Once the shared UCE loci had been identified, the CADD scores for the three model species: 

chicken (chCADD) (Groß, Bortoluzzi, et al., 2020) (available at: https://osf.io/c97ez/); pig 

(pCADD) (Groß, Derks, et al., 2020) (available at: 

https://www.bioinformatics.nl/pCADD/indexed_pPHRED-scores/) and humans (hCADD) 

(CADDv1.6) (Rentzsch et al., 2021) (available at: https://cadd.gs.washington.edu) were 

downloaded. The CADD scores for the shared UCEs and their 2000 bp flanking regions 

were extracted using Bedtools Intersect (Quinlan & Hall, 2010). The CADD scores were then 

orientated to that of the UCE probes.  

 

3.6 Obtaining UCE annotation 

The annotation files for the reference genomes of the three model species that the CADD 

scores were calculated on were downloaded from the NCBI database. These were imported 

to R and each species was converted to genomic ranges using the package 

GenomicRanges (Lawrence et al., 2013).  The UCE and flanking regions were then 

converted to genomic ranges and intersected using the overlapRegions function. The 

resulting files were filtered to include only annotation data within the UCEs and flanking 

regions and joined to the CADD score data for each species. 

 

https://www.ncbi.nlm.nih.gov/datasets/genome/GCF_000002315.6/
https://osf.io/c97ez/
https://cadd.gs.washington.edu/
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3.7 Range comparison 

The number of CADD scores for each species within the flanking regions and UCE were 

calculated (Supplementary Table 6), along with the number of CADD scores within the 

exons and intergenic regions for the UCEs and flanking regions for all three species 

(Supplementary Table 7). The CADD scores were binned into ranges between 0 and 60 with 

a bin width of five and the number of scores for each range for each species was counted. 

The percentage difference between exons and intergenic regions were calculated using the 

following formula: 

 

|𝑥| = 100
|𝑒 − 𝑖|  

𝑒 + 𝑖  
 

[5] 

 

Where e is the count of the number of CADD scores in the range for a species annotated 

within the exons and i is the count of the number of CADD scores in the range for a species 

annotated within the intergenic regions. 
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3.8 Results 

 

Figure 9 – A comparison of the alignment and length of UCEs to the genomes of the 

three species. Histograms showing the BLAST alignment of the UCE probes to the 

reference genomes of: A) chicken B) pig and C) human, D) correlations comparing chicken 

UCE length to human UCE length, E) chicken UCE length to pig UCE length and F) pig UCE 

length to human UCE length. For each comparison, a cut out showing the comparisons 

between 100 and 200 bp are provided.  

 

Of the original 5472 sequences in the Faircloth UCE probe set (Faircloth et al., 2012), 5301 

UCEs were aligned to the chicken reference genome (Figure 9A), 3510 to the pig reference 

genome (Figure 9B) and 3536 to the human reference genome (Figure 9C). After filtering to 
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remove UCE sequences below 90bp and 95% alignment to the probe sequence, 2537 UCE 

loci were found in all 3 species. The total length of filtered sequences for only the UCE 

regions was compared in a pairwise manner across the three species, showing that there 

was a significant correlation between the human and chicken (Figure 9D) (Regression 

analysis: R2 = 0.8896, p < 2.2e-16) and pig and chicken (Figure 9E) (Regression analysis: 

R2 = 0.8798, p < 2.2e-16). The strongest correlation in length was between the pig and 

human UCEs (Figure 9F) (Regression analysis: R2 = 0.9581, p < 2.2e-16).   
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Figure 10 – Distribution of all CADD scores within the UCEs and their 1000bp up and 

downstream flanking region for each of the three model species. A) human (hCADD), 

B) pig (pCADD) and C) chicken (chCADD), with an insert for each species for CADD scores 
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of over 40. All three species have a similar distribution of CADD scores. Maximum CADD 

scores for human, pig and chicken were at 63, 74 and 60 respectively. D) The cumulative 

frequency plots for the CADD scores for the chicken (Orange), human (Green) and pig 

(Blue). E) The distribution of CADD scores within the UCEs (Blue) and the 100bp up and 

downstream flanking regions (Red) across the three species, pig, chicken and humans. 

 

The shape of the distributions of the three CADD scores for the UCEs of the three species 

(humans, pigs and chickens) follow a similar shape (Figure 10A), with approximately 25% 

of all scores between 0-5, and 50% of all scores between 0-10 (Figure 10B). The maximum 

CADD scores within the UCEs were comparable: 63 in humans; 60 in chickens and 74 in 

pigs. The median CADD scores were significantly different between all three species: 9.74 

in humans; 7.29 in chickens and 7.83 in pigs (Kruskal-Wallis test, H = 746039, df = 2, p-

value < 2.2e-16). The shape of CADD score distributions are broadly similar, with the 

majority of sites between 0-10 and a second peak between 15-20 for each species. 

However, this suggests that the medians of the CADD distributions are distinct. The 

distribution of CADD scores within the UCEs and flanking regions of the three model species 

follows the same trend as that seen in Chapter 2 (Figure 5), with UCEs having higher on 

average CADD scores than sites within the flanking regions. The UCE regions for all three 

species mostly contain CADD scores between 15 and 25, which was higher than those in 

the flanking regions. The pCADD scores showed the highest scores, with CADD scores > 

70 for sites in both the UCE and their flanking regions. The hCADD scores possessed very 

few CADD scores of between 5 to 10 (Figure 10C) with 99.75337 % of these scores being 

in the flanking regions (Figure 10E).  
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Figure 11 - An example of the alignment of all three species’ CADD scores across one 

single UCE locus and flanking region. A) A multiple sequence alignment for a single UCE, 

UCE 1004 showing the 120 bp of the UCE in the centre and 150 bp of up and downstream 

flanking region. B) Per nucleotide CADD score for all bases within UCE 1004 of the three 

model species pig (Blue), chicken (Orange) and human (Green). All x-axis values are the 

nucleotide position divided by 100. C) Correlation plot for UCE 1004 showing the correlation 

of the CADD score per site between the species in the upper half of the plot and the 

distribution of the per-site CADD scores along the diagonal and an X-Y comparison of the 

per-site CADD score for all sites in UCE 1004 showing the pairwise comparison between 

the species in the lower half. 

 

All three species show comparable major peaks of CADD scores at a CADD score of circa 

20, in the centre of the UCE which would represent the region of the UCE itself and a small 

amount of the flanking regions (Figure 11A). All three model species show a similar second-

high peak in CADD score towards the end of the flanking region. This could potentially 

indicate the presence of an intron or in the human genome (Green) the presence of Kinase 

anchoring protein 6. The chicken and human sequences are in the forward orientation whilst 
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the pig is in the reverse orientation and therefore the peak is still in the same region across 

all three species.  

 

There is high continuity between the sequences of all three species at the UCE elements 

compared to within the flanking regions up and downstream of the UCE loci (Figure 11A). 

When comparing the CADD scores across a single UCE and its flanking regions, there were 

low CADD scores within the flanking regions (Figure 11B). There was an increase in CADD 

scores to around 20 at the UCE loci (light grey). Increased CADD scores then show a 

suspected gene with high CADD scores and low potential scores, indicating that these relate 

to the third codon position. There is a strong pairwise correlation between the CADD scores 

at every site within UCE 1004 (Figure 11C) showing that the CADD scores within the UCEs 

are comparable between the three species.   

Figure 12 – A comparison of all UCEs across three model species. A) The distribution 

of correlations of each of the 2537 UCE loci, comparing human and chicken CADD scores 

(Orange), chicken and pig CADD scores (Green) and human and pig CADD scores (Blue). 

B)  Correlation plot showing the correlation of the average score per UCE between the 

species in the upper half of the plot and the distribution of the UCE averages along the 

diagonal and an X-Y comparison of the average score of each UCE showing the comparison 

between the two species in the lower half. 
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The pairwise comparisons of CADD scores at every site within the UCEs show that there 

are a large range of correlations, with some UCEs showing no correlation, but the majority 

for all three species comparisons (pig to human, human to chicken and chicken to pig) all 

showing high average correlation values (Figure 12A). All three species correlated 

significantly across the average CADD score across all the UCEs (Figure 12B), with the 

strongest correlation being between the human and chicken, followed by those between 

human and pig. This suggests that although there is a large evolutionary time between 

species, the CADD scores at the UCEs are similar and are suitable for use on more closely 

related species. However, it is prudent to use a model species that is the most closely related 

phylogenetically, as variation between scores were observed, which is likely to increase with 

phylogenetic distance. 
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Figure 13 – A comparison of the CADD scores across three model species, humans 

(hCADD), chicken (chCADD) and pig (pCADD). A) Comparing the CADD scores within 

the exons and intergenic regions within both the UCE (Teal) and the up and downstream 

flanking regions (Red) for all three model species. B) Comparing the difference in the 

frequency of sites within CADD score ranges between the exon and intergenic regions of 

the UCEs (Teal) and the up and downstream flanking regions (Red). These are shown for 

the chicken (Circles), human (Triangles) and pig (Squares). The difference in frequency was 

calculated using Equation 5, as the difference in count between the exons and introns within 

each CADD range. Raw counts within each region for each species are available in 

Supplementary Tables 6 & 7. 

 

Due to the high number of sites within all three species (chCADD n = 13,975,044, hCADD 

n = 13,709,307 and pCADD n = 13,885,554) (Supplementary Table 6) all the pairwise 

comparisons between introns and exons were statistically highly significant (ANOVA: 

F2,41569893 = 3840.0, p < 2.2e-16). It is therefore more informative to calculate and report the 

medians, and their relative differences.  

A. B. 
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The median CADD scores of the three model species within the UCEs (median: hCADD = 

19.8, pCADD = 16.3, chCADD = 16.6) and the exons (median: hCADD = 19.8, pCADD = 

16.8, chCADD = 17.3) were similar to the intergenic UCE sites (median: hCADD = 19.8, 

pCADD = 16.3, chCADD = 16.5) (Figure 13). This reinforces that within the UCE, the median 

CADD scores across all species were similar in both exon and intergenic regions. There 

was a visual increase in CADD scores within exons compared to introns for all species 

(Figure 13A), but this was also paired with a decrease in CADD scores due to the third codon 

position (Figure 11A), resulting in small changes in median CADD score. The exons possess 

significantly more UCE sites than intergenic regions for all three species.  

 

There was also a strong shared similarity in that higher CADD scores were found in the 

exons (Figure 13), with 100% of hCADD and chCADD scores and 98% of pCADD scores 

over 25 being found in exon regions (Figure 13B). In comparison, there was less difference 

between the CADD scores in the flanking regions between the exons and intergenic regions 

(Figure 13B). This suggests that for all species, CADD scores within the exon and UCE 

regions are more likely to be deleterious than in other regions of the genome.  

 

Of the 2201 UCEs with annotation and CADD scores, 17.25% were located within exons for 

humans, 13.31% for chicken and 13.35% for pig. When accounting for the relative size of 

both regions (chicken genome: exons = 25%, pig genome: exons = 13%, human genome: 

exons = 23%), the exons were therefore not significantly enriched for UCEs (Supplementary 

Table 7). The highest CADD scores in the intergenic and UCE regions are lower in human 

and chicken than in intergenic flanking regions (Figure 13) suggesting that, although CADD 

scores are still on average higher than in the flanking regions, the most deleterious sites 

with extremely high CADD scores are located within exons in UCE regions. 
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3.9 Discussion 

3.10 Multi-species comparison of CADD scores 

CADD scores can be lifted over from model species to the genome of threatened species, 

thereby providing an insightful assessment of the genetic load (Speak et al., 2024) (Chapter 

2). The genetic load can thus be compared between individuals, and optimal mate pairings 

can be determined for captive breeding programmes (Speak et al., 2024). Here in Chapter 

3, I have shown that CADD scores in UCEs and flanking regions correlate between three 

model species (human, pig and chicken), demonstrating that the lift-over of CADD scores 

between model and non-model species is feasible and appropriate. There is a high similarity 

in the length of UCEs across all three pairwise comparisons between chickens, pigs and 

humans (Figure 9). This confirms that the extraction of UCEs ensures that we are comparing 

similar regions across all three species. Exact CADD score values for specific mutations 

differ between the three model species, but this is likely due to the CADD scores being a 

rank relative to the size of the species genome. As the three genomes differ in size (human 

(hg38) genome length = 3.1 Gb, pig (susScr11) genome length = 2.5Gb and chicken 

(galGal6) genome length = 1.1 Gb), the exact CADD score values for specific mutations will 

not be identical.  However, as we have shown the trend in CADD score values are 

comparable, with high CADD scores correlating to high CADD scores across these species 

(Figures 11 & 12).  I have furthermore demonstrated that the CADD scores in UCEs are 

higher than those in their flanking regions (Figure 10C), and that most UCE CADD scores 

fall between 15 and 25. This is equivalent to mutations that are between the 3.16% and 

0.316% most deleterious mutations within the entire genomes. This supports the hypothesis 

that despite the relatively small number of sites that comprise the UCEs, mutations within 

these regions comprise some of the most deleterious variants in the genome. This is shared 

across all three model species, despite their high divergence.  

 

3.11 Contextualising this work in the wider literature  

CADD scores across all three model species show strong significant correlations when 

comparing the CADD score per site for individual UCEs, such as UCE-1004 (Figure 11). All 

three species had low CADD scores in the flanking region upstream, rising to CADD scores 
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of 20 for potential mutations within the UCE. All three species also showed a similar 

distribution of CADD scores in the downstream flaking region, suggesting the presence of a 

gene, presenting both high CADD scores of greater than 20 and low CADD scores implying 

that these are scores for the third codon positions. In the pCADD scores, third codon 

positions were found to be lower than first codon positions in 8,830 genes, and second 

codon scores in 8,901 genes of 10,942 genes assessed (Groß, Derks, et al., 2020). This 

strong shared pattern across all three species suggests that the value of CADD scores does 

indicate deleteriousness.  

 

Gene annotations of the three species show that UCE sites in the exome possess higher 

CADD scores than intergenic UCE sites (Figure 13B). The initial publications of the human, 

chicken and pig CADD scores did not focus on the difference in scores in coding and non-

coding regions. However, studies into genetic diseases in humans have utilised CADD 

scores in their detection of potentially deleterious variants (Gelinas et al., 2020; Leung et al., 

2024). Studies investigating the genetic basis of childhood-onset Pulmonary Arterial 

Hypertension identified variants in the gene platelet-derived growth factor D which had a 

high CADD score of 28.2 (Gelinas et al., 2020). Similarly, an investigation into whole-exome 

sequencing for Alzheimer’s disease reported that 15.5% of their variants had CADD scores 

over 20, and that 1.8% of their exome variants had CADD scores over 30 (Leung et al., 

2024). Taken together, these results suggest that deleterious coding variants possess high 

CADD scores. Hence, substitutions in exome UCEs are amongst the most deleterious in the 

genome. Identifying individuals with equivalent mutations through conservation-genomic 

techniques has the potential to limit their deleterious impacts, thereby improving fitness and 

population viability in captive breeding and reintroduction programmes.  

 

3.12 Future investigations into CADD scores  

Although we can confidently transfer CADD scores between closely related species, future 

work should examine the relationship between CADD scores and observed reduction in 

fitness. CADD scores were correlated between all three model species (Figure 12) showing 

that a deleterious mutation with high CADD scores in one species is likely to also receive a 

high CADD score in the other two species. Future investigations into what phenotypic 
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changes result from these mutations could help to verify if high CADD scores translate into 

deleterious mutations. In species where a large amount of fitness data is available, it would 

be interesting to investigate if a decrease in fitness is observed in individuals who possess 

high CADD score mutations. This would help to provide a wider understanding of how 

quantifications of genetic load using CADD scores relate to individual fitness. Although 

CADD scores calculated on model species can be transferred to threatened species, raw 

CADD scores are not an appropriate measure of genetic load as they are log-converted 

scores (Rentzsch et al., 2019). Therefore, CADD scores should be converted to selection 

coefficients which can be added to calculate the lethal equivalents an individual possesses. 

 

3.13 Conclusion 

To conclude, CADD scores calculated in model species can be applied to threatened 

species using LoadLift to quantify the genetic load of individuals within the UCEs. Although 

not produced for the specific species, these scores show similarity across three model 

species: humans, pigs and chickens (Figure 10). Therefore, we can be confident in applying 

them to evaluate threatened species that are less diverged. CADD scores are, on average, 

higher in the UCEs than their flanking regions in all three species, and most UCEs are within 

non-coding regions. However, CADD scores are higher within coding regions than non-

coding regions (Figure 13). In all three species, CADD scores appear to show a similar 

pattern at a specific gene locus, showing a split of high and low CADD scores, suggesting 

third codon positions (Figure 11). The strong correlation of CADD scores for all UCEs across 

all pairwise comparisons suggests that although exact values for individual scores may differ 

between species, high CADD scores in the UCES of one species equate to a high CADD 

score in another. This thereby supports the use of LoadLift as a tool to apply CADD scores 

for the use of assessing genetic load within threatened species. This will enable 

conservation managers to make informed captive breeding decisions to conserve the 

“genetic health” of the population for the future. 
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4. Conversion of CADD scores to selection coefficients 

for load calculations 

 

4.1 Abstract 

CADD scores transferred from model species to endangered species using LoadLift allow 

for the assessment of an individual’s genetic health. The resultant mutation impact scores 

can be summed and compared between individuals. However, CADD scores are calculated 

as the log transformation of the rank of how deleterious a mutation is predicted to be, 

compared to all other mutations in the genome. This means that the deleterious impact of 

having two mutations is not the same as that of a single mutation with the value of the two 

CADD scores summed together. Therefore, for load comparisons, selection coefficients for 

each mutation need to be calculated. Here, I display two methods to convert CADD scores 

into values that can be used to calculate load components. Firstly, I will convert the CADD 

scores to the rank score of the mutation within all possible variants in the genome. These 

ranks can then be summed to calculate selection coefficients while retaining the more 

deleterious impact of higher CADD scores. Secondly, I will use selection coefficients from 

SLiM simulations. SLiM was used to simulate neutral and deleterious mutations under five 

Distribution of Fitness Effects (DFE) alternatives. I correlate the simulated selection 

coefficients to the raw CADD scores, thereby creating a function with which future 

investigations using CADD scores can infer selection coefficients. These selection 

coefficients are then used to calculate “Lethal Equivalents” for sites within the UCEs of six 

pink pigeons. This analysis shows that selection and dominance coefficients for deleterious 

mutations can be inferred from CADD scores, allowing for the calculation of genetic load, 

realised load and masked load in threatened species.  

 

4.2 Introduction 

Using mutation impact scores such as CADD to quantify the genetic load within individuals 

of threatened species can provide a valuable resource for captive breeding managers 

(Chapter 2). CADD scores can provide per-base values for potential deleterious mutations 

that, when compared between individuals, can indicate the potential genetic health of 
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individuals. This can provide a great resource and allow for a comparison of deleterious 

mutations within UCEs and flanking regions (Chapter 2). However, the genetic load 

components cannot be estimated simply by summing CADD scores (Speak et al., 2024). 

CADD scores are the logarithmically converted rank of how deleterious each mutation is 

relative to all possible mutations in the entire genome (Kircher et al., 2014; Rentzsch et al., 

2019). For example, CADD scores between 0 and 10 represent 90% of all potential 

mutations. Meanwhile, CADD scores greater than 20 represent the most deleterious 1% of 

all possible mutations, and a CADD score of 99 is the single most deleterious mutation. 

Therefore, if an individual possesses two separate mutations which both have a CADD score 

of 5, its genetic load is not equivalent to an individual that possesses a single mutation with 

a CADD score of 10. It is therefore pertinent when using CADD scores to accurately quantify 

the genetic load for conservation applications to ensure that the data and suggestions that 

are shared with population managers are not misleading. 

 

For accurate calculations of genetic load, realised load and masked load based on CADD 

scores, we first require the conversion of CADD scores into coefficients for selection (s) and 

dominance (h) for each variant. These can be expressed in Lethal Equivalents (LE) (Morton 

et al., 1956) (see section 1.8 of this thesis). Here we use the definition that a lethal equivalent 

is a group of mutant alleles with a summed selection coefficient equal to one (Bertorelle et 

al., 2022). Therefore, the load of a population was expressed by grouping genes or 

mutations that together caused, on average, the death of a given number of individuals (see 

Bertorelle et al., 2022; Dussex et al., 2023). LEs are mainly a theoretical value of the 

predicted total genome-wide genetic load within a population. Previous studies on the pink 

pigeon have predicted that the species possesses a genetic load of 12 LEs (Jackson et al., 

2022). The challenge is to convert mutation-impact scores such as CADD (and GERP) into 

selection and LEs. 

 

In this chapter, I will explore two possible solutions to convert CADD scores to selection 

coefficients. Firstly, I will examine whether before summing these values, it would be more 

accurate to first calculate the actual rank score of a variant based on its CADD score. Given 

that CADD scores are log-transformed values, it is likely that calculating the rank score of 
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variants before summing these values will give a more accurate reflection of the relative 

genetic load between individuals. Second, we will use the distribution of simulated selection 

coefficients (s) from SLiM simulations, again giving these rank scores (i.e., s-rank). We will 

then align the rank of the CADD score CADD-rank) to the s-rank of the s coefficient, thereby 

converting CADD into s coefficients. These two approaches will then be compared to 

visualise the impact of different conversion methods on the estimated load of individuals. 

The rationale is that these summed mutation-rank scores are better comparable because 

they are at a linear scale. I will test this by calculating the genetic load components in 

simulated selfing crosses of the six individuals analysed in Chapter 2. We know that selfing 

should increase the inbreeding coefficient F by 50% (F=0.5). This level of inbreeding results 

in a quantifiable increase in the realised load (see Bertorelle et al., 2022) We can thus 

calculate the increase in realised load in simulated crosses based on summing the rank-

scores. We can compare that to the increase in realised load based on summing the CADD 

scores to examine which values fit the theoretical increase in realised load best.  

 

This chapter aims to demonstrate that CADD scores lifted over from model species can be 

converted to selection and dominance coefficients simulated in SLiM (Haller & Messer, 

2019). This will allow for more accurate calculations of the genetic, realised and masked 

load. These mutation impact scores can then be used to also calculate the load of potential 

offspring between mate pairings as demonstrated in Chapter 2. This allows for the 

comparison between individuals and to identify optimal mate pairings.  

 

4.3 Material and methods  

4.4 LoadLift and filtering 

CADD scores were lifted over to the UCEs extracted from the genomes of six pink pigeons 

from the captive-bred population, using the LoadLift pipeline (Chapter 2.) (Speak et al., 

2024). The scores were then filtered using R to remove any non-scoring sites (sites where 

there were no differences from the chicken wild-type allele in all six pigeon individuals) and 
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sites that were fixed as homozygotes within all six individuals. UCEs with a SNP frequency 

over 0.35 were removed. After filtering 680 unique CADD scores were identified ranging 

between 0.0013 and 31.4595. This represents mutations that are the 0.03015932% and 

99.92854148% most deleterious mutations respectively of the 3,073,805,640 potential 

CADD scores.  

 

4.5 CADD score rank  

The 680 unique CADD scores were converted to their relative rank within all potential CADD 

scores in the whole chicken genome. chCADD scores are defined in Groß et al., 2020 as:  

 

chCADDi = −10 log10
𝑛𝑖

𝑁
 

 

[6] 

 

Where 𝑛𝑖  is the rank of the potential mutation and N is the 3,073,805,640 potential mutations 

across all chromosomes. chCADD scores were converted to determine proportion (
𝑛𝑖

𝑁
), for 

example, a chCADD score of 20 equates to a 
𝑛𝑖

𝑁
  of 0.01. A scaled conversion was applied 

1

𝑛𝑖
  to act as a proxy for the selection coefficient.  

4.6 Selection coefficient simulation 

Selection coefficient simulations were performed by Hernán E. Morales. We performed 

individual-based forward simulations with SLiM 3.1 (Haller & Messer, 2019). We modelled 

neutral genetic variation and a genetic load as in Jackson et al. (2022). The simulations are 

based on a non-Wright-Fisher implementation, which considers overlapping generations, 

age structure, and customizable offspring generation and migration patterns. During the 

simulation, each time step consists of three stages: reproduction, dispersal (between captive 
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and wild populations, if any), and mortality. Absolute fitness (i.e., probability of survival) was 

regulated by the carrying capacity and the known aged-based probability of mortality for pink 

pigeons (see supplementary information in Jackson et al., 2022). We simulated an ancestral 

population of 16,000 individuals (Ryan, 2021) that had a slow population collapse followed 

by a severe recent bottleneck. The simulated demographic trajectory was informed by the 

inferred (pre-1980s) population size and recorded census trajectories from 1980 to 2020. 

Reproductive age, fecundity, and mortality were drawn from a distribution that reflected the 

productivity of pink pigeons in the wild (see supplementary information in Jackson et al. 

2022). This resulted in an average generation time of 3.5 simulation steps, similar to the 

generation time of the pink pigeon. 

 

We simulated 4000 genes of 3400 bp each distributed proportionally to the number of genes 

contained across 28 autosomal chromosomes in the collared flycatcher genome (Kawakami 

et al., 2014). We thus simulated a total genomic length of 13.6 Mb. We used a recombination 

rate of 1x10-4 per base position per generation, with no recombination within genes. We 

simulated neutral and deleterious mutations at relative proportion of 1:2.3 with selection 

coefficients taken from different Distribution of Fitness Effects (DFE) alternatives as 

explained in the supplementary information of (Dussex et al., 2023).  

 

4.7 CADD score to selection coefficient conversions 

The 680 unique CADD scores were converted to their relative rank within all potential CADD 

scores in the whole chicken genome. Selection coefficients and their respective dominance 

coefficients were similarly ranked, and the corresponding rank selection coefficients were 

applied to the CADD scores. CADD scores for the SNPs within the UCEs of the six pink 

pigeon individuals were then converted to the relative selection and dominance coefficients.  
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4.8 Potential offspring crosses 

Potential offspring crosses for all crosses of the six pink pigeons including selfing were 

simulated using the Hardy-Weinberg equilibrium and the genotypes of both potential parents 

to inform the ratios of potential offspring genotypes. This was then used to calculate the 

homozygote and heterozygote load scores for each SNP. The genetic, realised, and masked 

load were then calculated using the following formulas (Bertorelle et al., 2022): 

𝐺𝑒𝑛𝑒𝑡𝑖𝑐 𝑙𝑜𝑎𝑑 (𝑖𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 𝑘) = ∑ 𝑠𝑖

𝐿(ℎ𝑜𝑚)

𝑖=1

+ ∑ 0.5

𝐿(ℎ𝑒𝑡)

𝑗=1

𝑠𝑗 

[7] 

𝑅𝑒𝑎𝑙𝑖𝑠𝑒𝑑 𝑙𝑜𝑎𝑑 (𝑖𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 𝑘) = ∑ 𝑠𝑖

𝐿(ℎ𝑜𝑚)

𝑖=1

+ ∑ ℎ𝑗𝑠𝑗

𝐿(ℎ𝑒𝑡)

𝑗=1

 

[8] 

𝑀𝑎𝑠𝑘𝑒𝑑 𝑙𝑜𝑎𝑑 (𝑖𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 𝑘) = ∑ (0.5 −

𝐿(ℎ𝑒𝑡)

𝑗=1

ℎ𝑗)𝑠𝑗 

[9] 

4.9 Realised load under selfing 

Under selfing, there should be an increase in the inbreeding coefficient F by 50% (F=0.5). 

A 50% increase in the inbreeding coefficient will theoretically lead to the realised load being 

doubled (Bertorelle et al., 2022). The realised load for the six pink pigeons and simulated 

selfing crosses were calculated using the methods defined above (Equation 8). These 

values were then compared to determine the increase in realised load relative to the 

increase in the inbreeding coefficient between the six individuals and selfing crosses 

(Supplementary Table 10). 
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4.10 Results 

Figure 14 – Raw CADD score conversions to determine proxies for the selection 

coefficients. A) The CADD scores were converted to the rank of the mutation within all 

3,073,805,640 possible substitutions. B)  the log conversion of the rank of the mutation. C) 

a scaled conversion 
1

𝑛𝑖
 for each mutation.  

CADD scores can be converted to their original rank within the genome using Equation 1 

(Figure 14A), these values are therefore able to be used to create scaled mutation ranks 

that can be summed whilst retaining how deleterious each variant is to each other (Figure 

14C). These values are scaled between 0 and 1, whereby 1 is the most deleterious mutation 

within the entire genome, one which would possess a CADD score of 99. 
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Figure 15 – A comparison of load components calculated for individuals across five 

different Distribution Fitness Effect scenarios (DFEs). The masked load (ML) (Orange) 

and realised load (RL) (Blue) in the five different DFEs for the six pink pigeon individuals, 

using simulated selection and dominance coefficients. A)  Whereby neutral mutations as 

well as harmful mutations were simulated. B) Whereby only harmful mutations were 

simulated. Load was calculated as the sum of the selection coefficients for each individual. 

Selection coefficients were simulated for 680 sites using SLiM (Haller & Messer, 2019) 

following the historical demography of the pink pigeon (Jackson et al. 2022). 
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Five separate DFE were simulated using the demographic trajectory of the pink pigeon 

(Supplementary Figures 3 & 4). When only the harmful variants from the simulations were 

ranked and assigned to the same rank CADD score SNP position, the total amount of 

genetic load within the UCEs was over ten for all individuals in four DFE. This would equate 

to 10 lethal equivalents in all individuals which would be unrealistic. In comparison, when 

also including neutral variants, three DFE (DFE 1, 2 & 3) predicted no realised load in most 

of the individuals (Figure 15A), and hence, these three scenarios were deemed to be 

unlikely. DFE 5 is the most realistic scenario as it showed consistent load calculations when 

using both neutral and only harmful selection coefficients. This DFE results in a genetic load 

of between 1.37 and 1.88 LE across the six individuals (Supplementary Tables 8 and 9). 

 

Figure 16 – A comparison of the CADD and simulated selection coefficients for 680 

SNPs within the UCEs of the pink pigeon. A) Distribution of CADD scores within the UCE 

for 680 SNPs not fixed within all six pigeons. B) The distribution of 680 simulated selection 

coefficients. C) Selection coefficients and CADD scores were ranked due to how deleterious 

they were, and the corresponding ranked CADD and selection coefficients were assigned 

to each other. A regression line was applied using the gam function (blue). CADD scores 

were lifted over from the model chicken (chCADD) onto the subject pink pigeon species 

using the LoadLift (Speak et al., 2024) pipeline. Selection coefficients were simulated for 
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680 sites using SLiM following the historical demography of the pink pigeon (Jackson et al. 

2022).  

 

The distribution of CADD scores and selection coefficients are similar with a comparable 

peak around a CADD score of 15-20 and a similar drop in the number of scores over 20 

(Figure 16A & B). There is a strong correlation between the CADD score and the selection 

coefficient (Figure 16C) (GAM, R2 = 0.999, p < 2.2e-16, n = 4036). This suggests that CADD 

scores can be successfully converted to simulated selection coefficients.  
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Figure 17 – The potential offspring load for 650 sites were calculated using CADD 

scores lifted from the model chicken to six pink pigeon genomes UCEs using the 

LoadLift pipeline (Speak et al., 2024), these were ranked and converted to equal 

ranked selection coefficients simulated in SLiM. A) The genetic load, B) realised load 

and C) masked load were calculated in lethal equivalents and as summed CADD scores. 

Simulated crosses between the same parent individuals “Selfing” (blue) and the load values 

for the original six “parent” (orange) are shown along with potential “offspring” of crosses 

between all six individuals (grey). 

 

There is a strong correlation between the sum of CADD scores and the summed selection 

coefficients (Lethal equivalents) that individuals possessed (Figure 17) for the realised load 

(Regression analysis: R2 = 0.9462, F1,40 = 721.5, p < 2.2e-16) and masked load (Regression 

analysis: R2 = 0. 0.9654, F1,40 = 1145, p < 2.2e-16). All predicted offspring’s genetic load 

was between that of the maximum and minimum of the parents (Figure 17A). The realised 
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load was highest in the selfing crosses (Figure 17B) as with selfing there would be an 

increase in homozygosity and therefore more masked load would be converted to realised 

load. Similarly, the masked load was lowest for the selfing crosses (Figure 17C).   

 

 

Figure 18 – Potential offspring load matrix calculated using CADD scores lifted from 

the model chicken to six pink pigeon genomes UCEs using the LoadLift pipeline 

(Speak et al., 2024). Comparing the values calculated using summed CADD scores for the 

A) total genetic load, B) realised load and C) masked load. In comparison values calculated 

using summed scales rank conversions values derived from CADD scores, for the D) total 

genetic load, E) realised load and F) masked load.  Calculated using summed selection 

coefficient values simulated in SLiM and substituted for their ranked CADD score, G) for the 

genetic load, H) realised load and I) masked load.  

 

A. B. C. 

D. E. F. 

G. H. I. 
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The optimal mate pairings between individuals across all samples were made using all three 

methods for the calculation of the genetic load components, using summed CADD scores 

(Figure 18A, B & C), scales rank conversions (Figure 18D, E & F) and SLiM simulated 

selection coefficients (Figure 18G, H & I) allowing for hypothetical crosses between all six 

pink pigeon individuals. 

 

Figure 19 – A comparison of the Heterozygous load conversion within the potential 

offspring of crosses between the six captive-bred pink pigeons. A) The conversion of 

load when calculated using the raw CADD scores, B) the conversion of load calculated using 

a scaled conversion of the mutations rank and C) calculated using selection and dominance 

coefficients simulated in SLiM (Haller & Messer, 2019). Heterozygous load (Orange), 

Homozygous load (Green) and realised load (Blue). 
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All three methods of load calculation show increasing realised load and homozygous load 

with increasing kinship between parents (Figure 19), as kinship increases more loci become 

homozygous due to the higher chance that both individuals have the derived allele, leading 

to an increased homozygosity and realised load. The increase in realised load between the 

least related and highest related individuals, when calculated from the CADD scores, is 

61.2% (Figure 19A). This increase is 61.8% when calculated with the scaled rank of the 

mutation (Figure 19B) and 85.6% when using the selection coefficients from the SLiM 

simulations (Figure 19C). The average ratio of load between the realised load for the six 

individuals and that of offspring from selfing crosses was highest for the SLiM simulated 

selection coefficients at 1.58. Meanwhile, the scaled rank of the mutation had a mean ratio 

of 1.34 and the CADD scores had a mean ratio of 1.41.  

 

4.11 Discussion  

CADD scores can be lifted over from non-model species to quantify the genetic load of 

individual members of a threatened species (Chapter 2). However, as the CADD scores are 

scaled ranks of the mutation within the entire genome, scores are not able to be summed to 

calculate load components. Here, I have ranked the CADD scores that are found within the 

UCEs of six pink pigeon genomes using five different DFE, and simulated selection and 

dominance coefficients in SLiM (Figure 15, Supplementary Figure 4). I have converted the 

CADD scores to selection and dominance coefficients (Figure 16). The selection coefficients 

were then summed to allow for the calculation of the realised, masked, and total genetic 

load present within the UCEs of each individual as Lethal Equivalents (LE). I correlated the 

load components calculated as LEs to the summed CADD scores (Figure 17) and showed 

that the summed values for realised load and masked load correlated highly, but that the 

total genetic load varied between the three methods (Figure 18). I also converted the CADD 

scores into their raw scores as the rank of the mutation within the genome and created a 

scaled rank score as a potential means for conservationists to mimic selection coefficients 

without SLiM simulations (Figure 19). I compared these three methods of calculating the 

realised and masked load (Figure 18) and showed that the SLiM simulated selection 

coefficients were the most accurate means of calculating the load components (Figure 19). 
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The difference between the calculation of realised load for the six individuals and their selfing 

crosses was the closest to the increase expected under selfing. This was likely due to the 

SLiM simulations providing both selection and dominance coefficients for all mutations, 

whilst the scaled rank conversion and CADD score values both used the same dominance 

coefficient for all mutations (h = 0.1). Therefore, future investigations should adjust the 

dominance coefficient with the increase in CADD score, with higher dominance coefficients 

for less deleterious mutations, and low dominance coefficients for highly deleterious 

mutations.  

 

Selection coefficient calculations have been completed for a wide variety of species and 

populations (Thurman and Barrett, 2016). This calculation, however, requires a large 

amount of fitness data, allele frequencies and multiple generations of individuals (Tataru et 

al., 2017), which is only possible for a limited number of model species. Therefore, the use 

of SLiM simulations allows for selection coefficients to be derived for mutations within the 

genomes of threatened species where this data is not available. Being able to infer selection 

coefficients for individuals using CADD scores, allows for more accurate calculations of 

genetic load components which can be used by conservation managers to inform their 

breeding programmes. Using this methodology, population managers will be able to reduce 

the predicted realised load of future generations.  

 

The total amount of genetic load calculated for each individual’s UCE region ranged between 

1.37 and 1.88 LE (Supplementary Table 8). With the UCEs equating to 0.5% of the genome, 

this may initially be seen as a potentially high estimate of the number of LE as previous 

studies in the pink pigeon suggest that they possess 12 LE across the entire genome 

(Jackson et al., 2022). However, mutations within the UCEs do equate to higher CADD 

scores in both the pink pigeon (Chapter 2, Figure 5) and all three model species that have 

available CADD scores, humans, pigs and chickens (Chapter 3, Figure 10E) and due to this 

are more likely to represent a greater quantity of load relative to the rest of the genome. 

Therefore, the estimate of 1.88 LE within the UCEs of an individual when summing the 

selection coefficients may be accurate as this equates to an assessment of some of the 

regions of the genome whereby a mutation would be extremely deleterious. Using the 
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conversion curve of selection coefficients and CADD scores (Figure 16C), CADD scores 

over 20 would equate to a selection coefficient of greater than 0.037. SLiM simulations of 

the Seychelles paradise flycatcher, a species which also underwent a population decline 

and recovery, suggested that large ancestral population sizes influence the genetic load of 

the populations during and post-recovery from a population bottleneck (Femerling et al., 

2023).  As the pink pigeon had a large ancestral population of around 16,000 individuals 

(Ryan, 2021) and suffered a severe population decline, the high levels of genetic load 

calculated are possible.  

 

In this chapter I have used simulated selection coefficients extracted from SLiM simulations 

that were performed, imitating the demographic history and population bottleneck of the pink 

pigeon. However, the simulated data was based on the 13.6 Mb chromosomal assembly of 

the collared flycatcher. Future investigations could be performed using the newly published 

pink pigeon reference genome (Morales et al., 2024). In this way, the simulated selection 

coefficients would be more accurate and any bias that would be introduced to the 

investigation due to the divergence between the collared flycatcher and the pink pigeon 

could be avoided. Simulating using the whole pink pigeon genome would also allow for the 

selection coefficients for the precise mutations to be extracted rather than the ranking of the 

selection coefficients and the CADD score rank within the chicken genome. This would allow 

for a higher confidence in the selection coefficient conversion. For other study species where 

a large quantity of sequence and pedigree data is available across multiple generations of 

the captive-bred population, it would provide an opportunity to perform a gene drop analysis 

(Honda et al., 2002; Doekes et al., 2020). In this way, specific mutations could be tracked 

across generations and provide more accurate selection and dominance coefficients that 

could be used to inform and check the simulated coefficient values. 

 

4.12 Conclusion 

In conclusion, CADD scores can be lifted over from model species to threatened species 

allowing for comparison of genetic load between individuals (Speak et al., 2024). However, 

as CADD scores are log-converted ranks of how deleterious a specific mutation is in the 
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genome, summing CADD scores will not give a true interpretation of genetic load. For more 

accurate calculations of genetic load, realised load and masked load using the equations in 

Bertorelle et al. (2022), selection and dominance coefficients should be used. I have shown 

in this chapter how selection and dominance coefficients can be inferred from SLiM 

simulations and applied to CADD scores that have been transferred to threatened species. 

I compared two potential methods for creating selection coefficients those derived from slim 

simulated data and those derived from the scaling the rank of CADD score within all 

3,073,805,640 potential mutations within the chicken genome. Calculations of the genetic 

load components within the genomes of the six pink pigeons showed that they possessed 

between 1.37 and 1.88 LE, previous work on the pink pigeons from wild samples calculated 

that the population possessed 12 LE across the genome. This therefore suggests that 

although the UCEs are only 0.5% of the genome, due to the highly deleterious nature of 

mutations present within these regions (Chapter 3), they equate to a large proportion of the 

genetic load within individuals. Within individuals, most of the genetic load is masked load 

and therefore not expressed (Figure 15). Therefore, quantifying the genetic load within 

individuals in captive breeding populations and calculating the optimal mate pairings within 

the population can reduce the realised load of individuals in future generations. 
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5. Conservation genomics of the previously endangered 

whooping crane (Grus americana) 

 

5.1 Abstract 

In this Chapter, I apply the techniques developed in Chapters 2, 3 and 4 to assess the 

genetic load in a similarly threatened species, the whooping crane (Grus americana), using 

the LoadLift pipeline. The whooping crane, native to North America, suffered an intense 

population bottleneck in the 20th century declining to sixteen individuals. Through intense 

conservation efforts including habitat conservation, establishing captive breeding 

populations and reintroducing individuals into the wild, the population has now recovered to 

800 individuals. Here, the LoadLift pipeline is used to assess the genetic load within 37 

whooping crane individuals across wild and captive-bred populations by applying CADD 

scores derived from model species. I also simulate mate pairings between all individuals to 

determine the optimal crosses. I demonstrate that the whooping crane possesses a 

relatively large realised load (RL) compared to its masked load (ML). The RL/ML ratio 

exceeds unity, which is unusually high. It likely reflects that besides the high levels of 

inbreeding during the population bottleneck, the realised load has been elevated by drift 

during prolonged periods of population size decline. A comparison of methodologies for 

calculating genetic load between SNPeff and CADD scores transferred using LoadLift was 

conducted to determine if the methodologies rank mutations similarly within the UCEs of the 

whooping crane. I show that mutations classified by SNPeff as highly and moderately 

deleterious have significantly higher average CADD scores than those classified as less 

deleterious by SNPeff, i.e., highly (mean CADD = 23.466), moderately (mean CADD = 

20.718), and low (mean CADD = 2.604). Finally, I discuss the value of converting the 

mutation categories of SNPeff and CADD scores into selection coefficients, and how that 

would help in the assessment of the genetic load, the fitness of individuals, and the extinction 

risk of populations. 
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5.2 Introduction 

Of the 163,040 species assessed by the International Union for Conservation of Nature 

(IUCN) Red List, 28% are threatened with extinction globally (IUCN 2024). Currently, over 

400 species are part of EAZA Ex situ Programmes (EEPs) (EAZA, 2024b) with their captive 

breeding populations acting as insurance populations against extinction caused by the 

ongoing threats to their environment. Of these captive populations, very few possess whole 

genome sequenced individuals.  

 

Conservation genomics has principally focussed on populations of species in the natural 

environment and in reserves. For example, the kākāpō (Strigops habroptilus) is a ground-

dwelling parrot endemic to New Zealand and is considered the genomic gold standard for 

conservationists as nearly all of the extant individuals have been sequenced (Guhlin et al., 

2023). Other bird species that have been genome sequenced to assess genetic diversity 

and population viability including the echo parakeet (Psittacua echo) (Tollington et al., 2013), 

pink pigeon (Nesoenas mayeri) (Jackson et al., 2022; Speak et al., 2024), burrowing owl 

(Athene cunicularia) (Mueller et al., 2018), hihi (Notiomystis cincta) (Nichols et al., 2024), 

Seychelles warbler (Acrocephalus sechellensis) (Gilroy et al., 2017; Wright et al., 2014), 

Seychelles magpie robin (Copsychus sechellarum) (Femerling et al., 2023), Swinhoe’s 

white-eye (Zosterops simplex) (Wu et al., 2024), black grouse (Lyrurus tetrix) (Wang et al., 

2014; Chen et al., 2023), rock dove (Columba livia) (Smith, 2023; Smith & Clegg, 2023) and 

many more as part of the Bird 10000 genomes project (B10K) (Feng et al., 2020). Many of 

these species have suffered from a population bottleneck, and some have recovered with 

conservation assistance, resulting in their down-listing on the IUCN Red List (IUCN, 2024). 

 

The whooping crane (Grus americana) is endemic to North America, where the species 

historically existed in a large population across much of modern-day Canada and the United 

States of America. During the 20th century, due to a combination of over-hunting and the 

loss of native habitat and nesting grounds, the population suffered a large demographic 

collapse to around 16 wild individuals in the 1940s (Butler et al., 2013; Smith, 2019). Unlike 

most other bird species, the population crash and recovery happened around 80 years ago, 

giving us a longer-term perspective of the processes involved (see section 1.25 for further 

information). The population of whooping cranes has now recovered to over 800 individuals 
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due to intense conservation efforts. These actions rescued the last surviving wild population 

at Aransas-Wood Buffalo, and they established a captive bred population. Despite this 

recovery, the species is still threatened with extinction due to man-made threats. The most 

severe threats to the whooping crane are collisions with powerlines and turbines whilst 

migrating, predation on chicks and eggs, and environmental changes caused by droughts, 

which threaten their vital overwintering habitats (Golden et al., 2022). In addition to these 

external threats to species survival, there is also a potential risk of inbreeding depression. 

For example, research on the pink pigeon has shown that even during population recovery, 

previously bottlenecked populations continue to lose genetic diversity due to a drift debt 

(Jackson et al., 2022; Pinto et al., 2024).  

 

The captive population of the whooping crane provides a rare opportunity to analyse the 

longer-term consequences of a demographic recovery after a population bottleneck.  The 

species also has a range of genomic samples readily available to apply the LoadLift pipeline 

to. This includes whole genome sequenced data for individuals sampled from: historical 

museum taxidermy samples killed before the population bottleneck; individuals from the 

original captive founder generations and each generation in captivity thereafter; today’s 

captive population and today’s wild population. This wide range of data allows for the 

assessment of the genetic load of individuals in the population, a comparison of the load 

between the wild and captive populations, and an assessment of how much of the load is 

realised versus masked. By analysing temporal samples, it is also possible to assess how 

this ratio between the realised and masked load has changed over time. This will therefore 

allow conservation managers to assess the risks of the species to inbreeding depression 

now that the demographic rescue appears to have been successful. This will also provide 

an opportunity to simulate crossings between individuals from the wild and captive 

populations and compare potential crosses to select those that would have the lowest 

realised load in future generations. This would provide an example for conservation 

managers to visualise how they could compare and select individuals for mate pairings as 

well as for reintroduction programmes.  

 

Over recent years, there have been many advances in bioinformatic techniques to study the 

large quantity of genetic data that is more easily produced due to decreases in the costs of 
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sequencing technology. There are multiple recently developed techniques to calculate and 

compare the genetic load of species including: PhyloP (Pollard et al., 2010), GERP 

(Davydov et al., 2010), SNPeff (Cingolani et al., 2012) and CADD (Kircher et al., 2014; 

Rentzsch et al., 2019). GERP scores are calculated as the number of substitutions observed 

minus the number of substitutions expected under a neutral model (Davydov et al., 2010). 

In this way, a GERP score can be seen as the measure of how conserved a sequence is 

across the species investigated. Positive GERP scores represent regions where 

substitutions are observed at a lower rate than expected under a neutral model (Huber et 

al., 2020). SNPeff does not provide scores but predicts the effects of genetic variants and 

categorises them based on their likely fitness consequences: high, moderate and low impact 

mutations. SNPeff does this by using the reference genome and annotation information 

provided by a user to identify when a variant is present within a region with annotated data 

and predicts the likely result of this mutation (Cingolani et al., 2012). SNPeff is a widely used 

approach with over 10,000 citations, primarily due to its speed, flexibility and integration with 

other widely used tools (Cingolani et al., 2012). Therefore, it is appropriate that SNPeff and 

CADD methodologies are compared in this study, with consideration of the application of 

both approaches when looking to assess the genetic load of endangered species.  

 

This Chapter investigates the genetic load present within 37 whooping crane samples using 

CADD scores transferred using the LoadLift pipeline. Using this dataset, we demonstrate 

that the pipeline is applicable to species besides the pink pigeon. We also compare the 

genetic load of individuals of the wild and captive-bred populations. We compare the load 

components at different generations in the captive-bred population. We furthermore identify 

optimal mate pairings across all individuals to minimise inbreeding depression in the 

offspring generation (Speak et al. 2024; Chapter 2). Finally, we compare the methods of 

calculating the genetic load using SNPeff and CADD scores from LoadLift and discuss the 

value of converting the mutation categories of SNPeff and CADD scores into selection 

coefficients. 
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5.3 Material and Methods 

5.4 Study species  

Blood samples were taken from 37 modern whooping cranes (Grus americana), of which 19 

were from “Wild” individuals. The remaining 18 were from the captive population across 

three separate time points six from the founder individuals of the captive bred population, 

six from the F1 captive generation “Early” and six from amongst the F2 and F3 generations 

“Late”. 

 

5.5 Modern whooping crane sample preparation.  

Library preparation and sequencing were carried out by Molly Cassatt-Johnstone of the 

University of California, Santa Cruz, they extracted modern whooping crane samples from 

blood stored on FTA cards using the DNEasy Blood & Tissue kit (cat #69506) as described 

in the protocol for nucleated blood. Briefly, they punched two 2 mm holes from the blood 

spot on each FTA card using a hole punch. They cleaned the hole punch between samples 

with 2% NaClO and then with 70% EtOH. The punched-out blood spots were added to one 

1.5 mL tube per sample with 20 µL proteinase-K and buffer PBS was added until the final 

volume was 220 µL. Finally, they performed the DNA isolation as described in the protocol.  

 

They converted the modern extractions into libraries using the NEB Ultra II FS kit (cat 

#E7805L) with enzymatic shearing. We used 100ng of DNA as input, shearing extracts for 

14 minutes at 37°C, and followed the protocol as described. They size selected for final 

library products of 270-370 bp and amplified the libraries for 5 cycles. They pooled the 

libraries at an equimolar ratio and sequenced the libraries on one lane of 2x150 S4 Illumina 

NovaSeq 6000 run at Duke University.  

 

5.6 FASTQ trimming, mapping and quality control 

FASTQ trimming, mapping and quality control was carried out by Hernán Morales of the 

Globe Institute, Copenhagen University. Reads were trimmed and sequencing adapters 
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were removed from Raw FASTQs with SeqPrep2 (https://github.com/jeizenga/SeqPrep2), 

retaining reads longer than 30 base pairs and with mapping quality (MQ) higher than 20. 

Sequences were aligned to the chromosome-level assembly of the whooping crane 

(GCF_028858705.1) (https://www.ncbi.nlm.nih.gov/datasets/genome/GCF_028858705.1/) 

using BWA 0.7.17 mem (default parameters) for modern samples and aln (-l 1024 -n 0.03 -

o 2) for historical samples  (Li and Durbin, 2009). PCR duplicates were removed with picard 

MarkDuplicates 2.27.5 (http:// broadinstitute.github.io/picard/) 

 

5.7 Variant calling and filtering  

Variant Calling was carried out by Claudia Fontsere of the Globe Institute, Copenhagen 

University. We used snpAD v0.3.1.10 (Prüfer, 2018) to call genotypes in all samples on each 

autosomal chromosome. Next, we merged individual VCFs per autosome in a single file with 

bcftools v1.20 (Danecek et al., 2021) merge option. We kept only those variants with a read 

depth between 4 and 50 (included) and a minimum genotype quality of 30 with bcftools 

(Danecek et al., 2021) filter. Finally, we concatenated all VCFs with bcftools (Danecek et al., 

2021)  concat. 

 

5.8 LoadLift CADD score analysis  

Using the LoadLift Snakemake pipeline (Speak et al., 2024) (Chapter 2, Figure 4) a chain 

file was created for the chicken (Gallus gallus) and whooping crane reference genomes, for 

which the read data had been aligned. The CADD scores calculated for the chicken 

(chCADD scores) were then crossmapped to the annotation of the whooping crane 

reference genome using crossmap.py (Zhao et al., 2014). 

 

Ultraconserved Elements (UCEs) and 2000bp flanking regions were extracted from the 

whooping crane reference genome using the Phyluce pipeline (Faircloth, 2016). The BCF 

files were subsampled to include only sites within the UCEs and their flanking regions using 

BCFtools (Danecek et al., 2021). UCEs in the reverse orientation were corrected using a 

custom awk script (Speak et al., 2024), both the forwards and orientation corrected files 

https://github.com/jeizenga/SeqPrep2
https://www.ncbi.nlm.nih.gov/datasets/genome/GCF_028858705.1/
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were then filtered to remove Insertion and Deletions (indel) using Picard tools and 

subsequently converted to BED format using vcf2bed (Quinlan & Hall, 2010). CADD scores 

were then extracted using BEDtools intersect to produce whooping crane CADD scores for 

the UCEs and their 2000 bp flanking regions (Chapter 2, Figure 4).  

 

5.9 SNPeff 

The genetic load was estimated using snpEff by Claudia Fontsere of the Globe Institute, 

Copenhagen University. For genetic load analysis, we added three ancestral notes and one 

sister species (Grus nigricollis) into the VCF to polalirze variants (derived/ancestral). We 

chose the first three closest ancestral notes to the whooping crane (birdAnc314, birdAnc315, 

birdAnc316). We obtained the ancestral nodes fasta sequence from (Feng et al., 2020) in 

the hal file using hal2fasta (Armstrong et al., 2020) the G. nigricollis reference genome 

(GCA_004360235.1) (Zhou et al., 2019). Then we fragmented each fasta sequence into 

150bp long sequences using bedtools windowMaker v2.30.0 (Quinlan & Hall, 2010) and 

subsequently map them to the whooping crane reference genome with BWA (Li and Durbin, 

2009) mem v0.7.17. Finally, we obtained variants using bcftools mpileup and bcftools call 

v1.15. (Danecek et al., 2021), and we combined them to the whooping crane VCF with 

(Danecek et al., 2021) merge. We filtered the resulting VCF to remove fixed positions and 

keep variants with a genotyping rate of 40%. We also restricted the analysis to those variants 

with a 100% of genotyping rate in the four outgroups. We annotated the resulting VCF with 

snpEff (Cingolani et al., 2012) using the gff annotation file from the whooping crane 

reference genome. 

 

From the annotated VCF we extracted those variants classified as high, moderate and 

low.  High-impact variants are assumed to have a high (disruptive) impact on the protein, 

probably causing protein truncation, loss of function (LoF) or triggering nonsense-mediated 

decay (i.e., stop codons, splice donor variant and splice acceptor, start codon lost, etc.). 

Moderate impact variants are non-disruptive variants that might change protein 

effectiveness (i.e., missense variants), whereas low impact variants are mostly harmless or 

unlikely to change protein behaviour (i.e., synonymous variants). We considered only 

variants with a minimum read depth of five and samples with at least 10x coverage. 

https://paperpile.com/c/yfR2kw/21Zf
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We separated total genetic load into heterozygous and homozygous load, and counted the 

number of derived alleles with low, moderate and high predicted levels for homozygous 

(multiplied by two as they are represented twice) and heterozygous alleles.  

 

5.10 Genetic load calculations  

The whooping crane CADD score data was filtered to remove sites that were non-scoring 

within all 37 individuals (sites at which the chicken reference genome and whooping crane 

reference genomes were the same and no alternate allele was present) and fixed sites 

where all 37 individuals were homozygous for the same allele. Selection (s) coefficients 

were calculated using a generalised associative model (GAM) function based on ranked 

CADD and selection coefficients simulated using SLiM (Haller & Messer, 2019) (Chapter 4). 

The sites were grouped into CADD scores less than 10, between 10 and 20, greater than 

20 and greater than 30 and given dominance coefficients of 0.3, 0.15, 0.02 and 0 

respectively. 

 

For every locus within the UCEs and 2000bp flanking regions the individuals’ genetic load, 

realised load and masked load were calculated (Speak et al., 2024) per the following 

formulas (Bertorelle et al., 2022) (see Chapter 2): 

 

𝐺𝑒𝑛𝑒𝑡𝑖𝑐 𝑙𝑜𝑎𝑑 (𝑖𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 𝑘) = ∑ 𝑠𝑖

𝐿(ℎ𝑜𝑚)

𝑖=1

+ ∑ 0.5

𝐿(ℎ𝑒𝑡)

𝑗=1

𝑠𝑗 

[10] 

𝑅𝑒𝑎𝑙𝑖𝑠𝑒𝑑 𝑙𝑜𝑎𝑑 (𝑖𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 𝑘) = ∑ 𝑠𝑖

𝐿(ℎ𝑜𝑚)

𝑖=1

+ ∑ ℎ𝑗𝑠𝑗

𝐿(ℎ𝑒𝑡)

𝑗=1

 

[11] 

𝑀𝑎𝑠𝑘𝑒𝑑 𝑙𝑜𝑎𝑑 (𝑖𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 𝑘) = ∑ (0.5 −

𝐿(ℎ𝑒𝑡)

𝑗=1

ℎ𝑗)𝑠𝑗 
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[12] 

 

Here, si (and sj) are the values of the selection coefficient inferred from the whooping crane 

CADD score at locus i (and j), and they are summed across all homozygous (or 

heterozygous) loci at the UCEs of individual k. The dominance coefficient (hj) was 

categorised depending on the CADD scores of the mutation and was determined as follows. 

For mutations with a CADD score less than 10, h = 0.3; between 10 and 20, h = 0.15; 

between 20 and 30, h = 0.02; and over 30, h = 0. 

 

5.11 Sample pedigree, inbreeding coefficients and relatedness.  

A pedigree of 1836 individuals of the captive-bred population was produced using the R 

package FamAgg (Rainer et al., 2016). Inbreeding coefficients for all individuals were 

calculated using the function inbreeding from the ribd package (Vigeland, 2020) and the 

relatedness of the sampled individuals was calculated using the kinship function of the 

FamAgg package (Rainer et al., 2016). This calculated relatedness as the chance a locus 

on the genome would be identical between the two individuals, whereby in the absence of 

inbreeding a parent and child would have a calculated kinship of 0.25 and a selfing cross 

equates to a kinship of 0.5 (Rainer et al., 2016). The genetic relatedness (θ) of the samples 

was calculated by Claudia Fontsere Alemany of the Globe Institute, Copenhagen University 

using ANGSD NgsRelate v2 (Korneliussen and Moltke, 2015).  
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5.12 Results  

 

Figure 20 – The distribution of CADD scores lifted over from chicken CADD scores 

(chCADD scores) using the LoadLift pipeline (Speak et al., 2024) for 37 modern 

whooping crane samples. A) The distribution of CADD scores within the Ultraconserved 

Elements (UCE) (Teal) and the 2000bp up and downstream flanking regions to the UCEs 

(Red). B) The distribution of CADD scores within 144 sites within the UCE regions for sites 

that are Homozygous (Orange) and Heterozygous (Blue).  

 

There is a significant difference between the CADD scores in the UCE and their 2000bp up 

and downstream flanking regions (Kruskal Wallis test, df = 1, p < 2e-16). Although the largest 

(most deleterious) CADD scores were present in the flanking regions, the majority of CADD 

scores with values between of 10-20 were found within the UCEs (Figure 20A). There was 

a significant difference in CADD scores of heterozygous and homozygous sites within the 
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UCEs (Figure 20B) (Kruskal Wallis test, df = 1, p < 2e-16), with higher CADD scores being 

found at predominantly heterozygous sites.  

 

Figure 21 – CADD scores lifted over to the whooping crane. A) The inbreeding 

coefficient (FIS) of sites relative to the CADD score, comparing the UCEs (Teal) and the 

Flanking regions (Red). Deleterious mutations were grouped as:  <5; 5-10; 10-15; 15-20 and 

>20. B) A histogram showing the count of the derived allele found across the UCEs and 

flanking regions (data prior to the removal of sites not found in all 37 individuals and the 

removal of fixed sites). C) Correlation of the derived allele frequency and the CADD score 

of the deleterious allele (regression line shown in blue) (Regression analysis: R2 = 0.02715, 

F1,11482 = 321.5, p < 2.2e-16), shows that mutations with high CADD scores tend to have a 

lower frequency. 
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The median FIS was below zero for all CADD score categories, indicating a relative 

heterozygous excess (Figure 21A). This is consistent with purifying selection against 

deleterious mutations, but it could also be an effect of captive population management and 

the avoidance of inbreeding. The latter explanation is likely, given that variants with the 

lowest CADD scores (CADD-score < 5) also show a heterozygote excess. In fact, the mean 

FIS was lower for the low CADD scores, but there was no significant difference in FIS between 

CADD score range or location within UCEs or flanking regions (ANOVA: F4,6178 = 0.850, p = 

0.493). This suggests that breeding practice caused the excess of heterozygosity rather 

than purifying selection. 

 

Across the 37 samples, the number of derived alleles was summed for each site before 

filtering of data for the removal of fixed sites and sites with insufficient depth for all samples 

(Figure 21B). This is the “Count” in Figure 21B, and it tallies the number of loci with a given 

number of derived alleles. The most common derived allele count was for loci that were 

heterozygotes for one individual and homozygous for the other 36 individuals. In total, there 

were 1460 of such loci. Such rare variants may represent genotyping or sequencing errors, 

but this is unlikely because the sequencing depth of single heterozygote sites (mean depth 

= 12) was not much lower than the depth of other variants (mean depth = 13). Moreover, all 

loci analysed were filtered to a minimum depth of five reads. Hence, it seems more likely 

that they are deleterious mutations that are kept at a low frequency by a combination of 

purifying selection and good breeding practice to increase the observed heterozygosity. In 

addition, many of these variants may represent de novo mutations that arise and are lost 

over generations. We tested this by examining the temporal distribution of these “singleton” 

variants, which revealed a more-or-less uniform distribution (Supplementary Figure 7). The 

next highest peak was at 74 alleles (n = 1209) representing loci at which all individuals were 

homozygous for the derived allele. These fixed derived mutations could represent the drift 

load, or they may be species-specific adaptations.  

 

The derived allele frequency was significantly correlated to the CADD score (Figure 21C) 

(Regression analysis: R2 = 0.02715, F1,11482 = 321.5,   p < 2.2e-16), with high derived 

(deleterious) allele frequency correlating with lower CADD scores. This supports the 
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hypothesis that they represent deleterious mutations that are kept at a low frequency by 

purifying selection.  

 

Figure 22 – The summed genetic load in lethal equivalents within the Ultra conserved 

Elements (UCE), for 37 whooping crane samples taken from wild individuals (Wild, n 

= 19), samples from founders of the captive population (Founders, n = 6), samples 

from early members of the captive population (Early captive, n = 6) and samples from 

later members of the captive population (Late captive, n = 6). A) The total FROH of the 

37 whooping crane samples, Wild (Green), Founder individuals (Dark Blue), Early captive 

(Yellow) and Late captive (Orange). B) The genetic load of each individual was calculated 

for sites within the UCE the realised load (RL) (Orange), masked load (ML) (Blue) and the 

genetic load (GL) (Grey). C) The GL, RL and ML of each of the 37 individuals as a function 

of their FROH, D) the GL, RL and ML of potential crosses compared to the genetic relatedness 

of the two parents, and E) the GL, RL and ML of potential offspring of crosses as a function 

of the relatedness of their parents based on the pedigree.  

 

There was a significant difference between the FROH and the sample type (Figure 22A) 

(Kruskal Wallis test: chi-squared = 15.516, df = 3, p = 0.001425), with wild individuals being 

significantly higher than founder (Wilcoxon rank sum, p = 0.0089) and early captive 
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individuals (Wilcoxon rank sum, p = 0.0212), and founder individuals being significantly 

fewer runs of homozygosity than cate captive members (Wilcoxon rank sum, p = 0.0212).  

 

There was no statistically significant difference between the genetic load components 

between the wild, founder, early or late captive individuals (Figure 22B) (ANOVA: F6,99 

=0.471, p=0.829). The realise load was consistently higher than the masked load, which is 

unusual, even in recently bottlenecked species such as the pink pigeon. Such elevated 

RL/ML ratio is rarely (if ever) observed in non-threatened species.  

 

Surprisingly, the load components and FROH of the individuals showed no significant 

correlation (Figure 22C) (Regression analysis: Genetic load, R2 = 0.001217, p = 0.8376, 

Realised load, R2 = 0.01113, p = 0.5342, Masked load, R2 = 0.0111, p = 0.5349). Possibly, 

the Runs of Homozygosity (ROH) are comprised of mostly ancient ROH that have already 

been purged of the most highly deleterious mutations (Bosse and van Loon, 2022). In 

contrast, the realised and masked load in the potential offspring of the crosses was 

correlated to both the genetic relatedness of the parents (Figure 22D) (Regression analysis: 

Genetic load, R2 = 5.854e-05, p =0.9348, Realised load, R2 = 0.2388, p = 2.272e-08, 

Masked load, R2 = 0.6277, p < 2.2e-16) and the pedigree relatedness of the parents (Figure 

22E) (Regression analysis: Genetic load, R2 = 0.003523, p = 2.272e-08 0.5872, Realised 

load, R2 = 0.2559, p = 6.745e-07, Masked load, R2 = 0.6711, p < 2.2e-16). This shows that 

contemporary inbreeding does increase the realised load, despite the masked load being 

relatively low, even though historic inbreeding (based on FROH) is not correlated to the 

realised load. 
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Figure 23 – Mating matrix showing all the possible potential theoretical mate 

combinations between whooping crane individuals for samples from wild individuals 

(n = 19), founder members of the captive population (n = 6), early members of the 

captive population (n. = 6) and late captive-bred population members (n = 6). A) The 

genetic load expressed in lethal equivalents (LE) for all potential crossings. B) The realised 

load in LE of all potential crossings and C) the masked load in LE of all potential crossings. 

Scaled from the highest load (Red) to the lowest load (Blue) of all potential crossings, 

excluding selfing crosses. All crosses were made irrespective of the sex of individuals. The 

categories of the parents are denoted along the x and y axis: wild individuals (Yellow), 

founder individuals (Grey), early captive (Green) and late captive (Pink). The distribution of 

summed LE for all potential offspring excluding selfing crosses for the D) genetic load, E) 

realised load and F) masked load. For all distributions, the median value for the potential 

offspring is shown with dashed lines.  

 

The optimal mate pairings between individuals across all samples were made (Figure 23), 

allowing for hypothetical crosses between individuals within the captive and wild 

populations, as well as between generations. Some individuals provide potential crossings 
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that, relative to all other potential crosses, have low realised load (Figure 23 B) and low 

masked load (Figure 23C). There is a large range in the distribution of realised load between 

the potential offspring, indicating that the optimal mate pairing of potential crosses could 

effectively reduce the level of inbreeding depression in the offspring. In particular, the 

realised load of the best (0.091 LEs) crosses is only 47.56% of the worst crosses (0.192 

LEs) (excluding self-matings).  
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Figure 24 – A comparison of chCADD scores lifted over to the whooping crane 

annotation using the LoadLift pipeline and SNPeff categories across 37 whooping 

crane samples. A) SNPeff categories and the chCADD score of the same mutation were 

compared to determine whether both methods are comparable. SNPeff categories are 

colour-coded: low (Yellow), moderate (Blue), high (Orange) and sites with no SNPeff 

category (Green). B) The SNPeff categories and distribution of the selection coefficient 

simulated using SLiM (Chapter 4) of the same mutation to compare the average selection 

coefficient (s) across low SNPeff (Yellow), moderate (Blue), high (Orange) and sites with no 

SNPeff category (Green). C) The chCADD scores for the whooping crane samples were 

then compared to determine if the categories were different depending on if the site was in 

the 120bp UCE (Teal) or the 2000bp up and downstream flanking regions (Red). D) The 

zygosity of the 37 individuals was compared across the different SNPeff categories, with 

individuals homozygous for the wildtype chicken reference allele (non-scoring) (Green), 

heterozygous for the deleterious allele with a chCADD score (Orange) and homozygous for 

the deleterious allele with a chCADD score (Blue).  

 

A. B. 

C. D. 
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The SNPeff Category and chCADD score were comparable in their ranking of the severity 

of deleterious mutations (Figure 24A) with the average chCADD scores significantly different 

(Kruskall-Wallis, df = 3, p-value < 2.2e-16) between sites categorised as low (mean chCADD 

= 2.60, SE = 0.257), moderate (mean chCADD = 20.7, SE = 0.309), high (mean = 23.5, SE 

= 2.05) and sites not categorised by SNPeff (mean chCADD = 5.96, SE = 0.0252) 

(Supplementary Table 11). Sites categorised as low by SNPeff had significantly lower 

chCADD scores than sites categorised as moderate (Wilcoxon rank sum, p < 2.2e-16) and 

high (Wilcoxon rank sum, p < 2.2e16). Sites categorised as moderate and high by SNPeff 

were not significantly different in chCADD score (Wilcoxon rank sum, p < 0.087), potentially 

due to the small number of sites with the high SNPeff category (n = 34). There were many 

sites (n = 30064) that were not identified as deleterious by SNPeff. These sites do have 

chCADD scores (Supplementary Table 11). Moreover, SNPeff categorised a total of 623 loci 

across the UCEs and flanking regions as deleterious, which compares to 30687 when using 

CADD.    

 

Across all categories classified as deleterious by SNPeff there was no significant difference 

in chCADD score between loci in the UCE or flanking regions (Figure 24C). Whilst loci that 

were not identified by SNPeff as deleterious were significantly different in chCADD score 

between UCE and flanking region (Wilcoxon rank sum, p < 2.2e-16) and followed the trend 

of higher CADD scores in the UCEs (Figure 20A). 

 

Highly deleterious mutations with higher chCADD scores were rarely found in a homozygous 

state across the 37 samples, with loci identified as highly deleterious by SNPeff were almost 

all homozygous for the wild-type (non-scoring) allele (Figure 24C) (homozygous n = 33, 

heterozygous n = 1). Loci classified as moderate by SNPeff showed a significant difference 

between the zygosity and CADD score, with loci homozygous for the non-scoring allele 

having higher CADD scores than heterozygous sites (Wilcoxon rank sum, p < 2.2e-16) and 

loci homozygous for the deleterious CADD scoring allele (Wilcoxon rank sum, p < 2.2e-16). 

This suggests that purifying selection was reducing the frequency of highly deleterious 

alleles within the population.  
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5.13 Discussion 

5.14 High CADD scores are present at low frequency 

In this Chapter, I lifted over the CADD scores from the model species (chicken) to the 

whooping crane. I showed that CADD scores in the 144 segregating sites within the UCEs 

were higher on average than those within the flanking regions (Figure 20A), similar to the 

results found across all three model species (humans, pigs and chickens) in Chapter 3. I 

identified that CADD scores for mutations found as heterozygotes were higher than CADD 

scores for sites that were homozygotes (Figure 20B). This suggests that when high scores 

become homozygotes, the reduction in fitness is great enough that it leads to selection 

against the homozygous deleterious allele (or genotype). I found that across all sites with 

CADD scores within the UCE and flanking regions, the FIS values were on average negative 

(Figure 21A), indicating that there was an excess of heterozygotes in the population. Further 

to this, 1460 sites across the UCE and flanking regions had only one derived allele (Figure 

21B) out of all 74 alleles present within the 37 individuals, supporting the excess of 

heterozygotes. CADD scores correlated with the derived allele frequency (Figure 21C), 

suggesting that highly deleterious mutations (high CADD scores) were rare within the 

population. In comparison, less deleterious mutations (low CADD scores) were found in 

more individuals and as homozygotes more frequently. This suggested that the deleterious 

mutations within the genome were being selected against once they became homozygotes, 

resulting in the observed excess of heterozygotes in the population. These highly deleterious 

mutations were removed from the population by purifying selection resulting in purging 

(García-Dorado, 2012; Hedrick, 1994; Dussex et al., 2023). In addition, the large number of 

singletons (i.e., mutations occurring in one copy across all 37 individuals) would also have 

increased the FIS, given that these mutations can only occur as heterozygotes. These 

singletons are likely to represent de novo mutations that continuously pop in and out of 

existence, as evidenced by their homogeneous temporal distribution.    

 

Purifying selection has been shown to be effective at removing highly deleterious variants 

during population bottlenecks, as demonstrated in the case of the Alpine ibex (Capra ibex) 

(Grossen et al., 2020) and in small, isolated populations of Bengal tigers (Panthera tigris 

tigris) in India (Khan et al., 2021). However, many slightly less deleterious mutations with 
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less effect on fitness can increase in frequency within the population and are in many cases 

fixed within the population. The majority of the mutations with high CADD scores that were 

categorised as highly deleterious by SNPeff were homozygous for the wildtype (non-soring) 

allele (Figure 24C). Similarly, the average CADD score for wildtype (non-scoring) 

homozygotes was higher than heterozygotes or homozygotes for the scoring allele for all 

SNPeff categories (Figure 24C). This supports the finding that highly deleterious mutations 

(with high CADD scores) are very rarely found in homozygote conditions within the UCEs 

(Figure 20B & 21C). This could be a result of the rarity of these mutations within the 

population, as only 0.0006% of the loci identified with mutations present in the population 

had a CADD score over 30 (which is equivalent to the most deleterious 0.01% of mutations 

within the genome). Combined with this, the highly deleterious mutations are more likely to 

be removed by purifying selection, with homozygotes for these deleterious mutations 

potentially having lethal effects and therefore meaning that they were not able to be 

observed.  

 

5.15 The impact and applications of captive breeding management  

One of the main applications for the LoadLift pipeline is to be used to assess the optimal 

potential mate pairings within captive breeding populations. Interestingly, when I 

investigated the genetic load within the potential offspring from all of the 1369 crosses 

available with the 37 individuals that I had sequencing data for (Figure 23), the crosses 

between members of the original founding population with other founder individuals for five 

of the six individuals produced offspring that were on average lower in realised load than 

other crosses made in the population (Figure 23B). Further to this, I selected all of the 

crossing combinations between wild individuals and founder individuals to simulate the 

individuals who would have been available to be selected to form the captive breeding 

population. For the purpose of this work, I assumed the wild individual and wild-borne 

founders came from the same population. I found that two of the crossing combinations 

between the original founders resulted in a significantly lower realised load in their predicted 

offspring than would be expected by random mating between any combination of founder 

and wild individuals (Supplementary Table 12) (Supplementary Figure 6). With only one of 

the 30 potential mate pairings being significantly worse than random. This therefore 
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suggests that the original members of the founding population were good candidates to use 

for the founding of the captive population. The good selection of founder individuals can also 

be seen in the low inbreeding coefficients, calculated as the Runs of Homozygosity (FROH), 

of the founder individuals (Figure 22A). This shows that five of the six founder individuals 

were not highly inbred, and the population was genetically diverse. This is exhibited in the 

high number of heterozygous sites that were found in the sampled individuals, with 1460 

sites across the UCE and flanking regions where only a single derived allele was present in 

the population (Figure 21B). This indicates that the founders of the captive population were 

genetically diverse and not highly inbred. This is critical for captive breeding populations as 

the small number of founders and often little information on their original relatedness can, 

especially during the early years of many captive breeding populations, make it hard to avoid 

inbreeding. The distinct genetic diversity present in the population will also be vital for 

reintroduction programmes to attempt the genetic rescue of the wild population and to 

provide the adaptive potential to survive future environmental or climatic changes. LoadLift 

is a useful tool in conservation management to assess the genetic load in candidates for 

captive breeding programmes, and to assess the genetic diversity relatedness of potential 

founders.  

 

The crossing matrix for all of the individuals within a captive population can provide valuable 

breeding information for captive-breeding population managers for the whooping crane. It 

displays the relative impact of mate pairings on load components of their predicted offspring, 

and it can thereby reduce the severity of inbreeding depression in the offspring generation. 

Using LoadLift, I predicted the optimal and suboptimal mate pairings across all 1332 mate 

pairings that are hypothetically possible within the population, irrespective of the sex of the 

individuals and avoiding selfing scenarios. Here, I have shown that the best crosses can 

produce offspring with a total realised load of 0.091 LE, in comparison the worst crossings 

would produce a realised load of 0.192 LE. This means that screening the population can 

result in a 52% reduction in the realise load in offspring relative to the worst potential 

crosses. This approach can also be applied to provide information on which current captive 

breeding individuals have predicted offspring with low realised load when crossed with wild 

individuals. This information could be applied to select the optimal candidates for 

reintroduction programmes allowing for the wild and captive-bred populations to be 

managed as one large population fulfilling the goal of the One Plan Approach.  



Chapter 5: Conservation genomics of the previously endangered whooping crane (Grus americana) 
 

100162318 138 

 

5.16 Evaluating the impact of inbreeding on genetic load  

Although there was no significant difference between the genetic load components of the 

wild and captive-bred populations of the whooping cranes (Figure 22), the realised load 

across the wild, founders, early captive and late captive populations was higher than that of 

the masked load. This is indicative of the extremely high inbreeding that the population went 

through due to the population decline and bottleneck, as well as the small number of 

founders that were available to start the captive population. Due to this, a large proportion 

of the deleterious mutations that previously contributed to the masked load were converted 

to realised load. This is because they were present in the population at low frequency and 

therefore rarely became homozygotes. This likely happened due to drift and inbreeding 

during prolonged population decline, before the bottleneck and early generations in captivity. 

It increased in the frequency of some harmful mutations, raising the realised load within both 

the wild and captive populations. Similar investigations in both the Montezuma quail 

(Cyrtonyx montezumae) (Mathur and DeWoody, 2021) and the Alpine (Capra ibex) and 

Iberian (Capra pyrenaica) ibex (Grossen et al., 2020) which investigated the genetic load 

within highly inbred populations of threatened species, found elevated levels of realised load 

compared to less inbred populations. Both investigations conducted analyses using SNPeff 

to quantify genetic load.  

 

The investigation into the Montezuma quail found that the number of sites that were 

homozygotes for moderate, low and no impact mutations were significantly higher in 

populations that were highly inbred compared to those with a lower inbreeding coefficient 

(Mathur and DeWoody, 2021). Further, the mutations that were classified as highly 

deleterious were rarely homozygous, and not significantly higher in frequency. Both the 

Alpine and Iberian ibex, species that have been through a severe population bottleneck, 

were shown to have the largest accumulation of homozygous deleterious mutations 

compared to closely related species (Grossen et al., 2020). Grossen et al., in their 

investigations, found that the species with small population sizes and/or having recently 

suffered large population bottlenecks had accumulated more genetic load when comparing 

related species (Grossen et al., 2020). Simulations of the Alpine ibex also showed a 
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significant increase in realised load post the population bottleneck. This investigation into 

ibex species also highlighted that across all of the populations of the Alpine ibex, the most 

highly inbred population founded by just six captive released individuals had the most 

homozygotic mutations (realised load) for moderate and low categorised mutations, while 

having a low number of highly deleterious mutations (Grossen et al., 2020). Both 

investigations demonstrated extensively that highly inbred species will, after a population 

bottleneck such as the one the whooping crane suffered, show elevated proportions of 

realised load. These investigations also both showed that these severe population 

bottlenecks can result in the purging of the most highly deleterious mutations within the 

population, which is conducive to the results from the analysis in the whooping crane (Figure 

24D), whereby highly deleterious mutations were rare across the 37 samples (n = 33) and 

none of the individuals were homozygotes for these mutations.  

 

5.17 A comparison of the methodologies LoadLift and SNPeff 

I compared the scoring for deleterious mutations within the UCEs quantified by LoadLift 

(Speak et al., 2024) with the results of the commonly used tool SNPeff (Cingolani et al., 

2012). This analysis suggested that the methodologies of LoadLift and SNPeff were 

comparable in the scoring of mutations and that the two methods are congruent with each 

having complementary strengths. CADD scores provide the ability to quantify the genetic 

load in terms of mutation impact scores, thus allowing for the calculation of the realised and 

masked load (Figures 22 & 23). However, it is recommended that CADD scores lifted over 

with LoadLift are only applied to the UCEs, where it can be assumed that the mutations will 

likely be deleterious (Speak et al., 2024). In comparison, SNPeff can be applied to the whole 

genome meaning that they can provide a wider assessment of the number of mutations that 

are predicted to be deleterious and categorise them. However, as I have shown in this 

Chapter, 30064 sites were lifted over by LoadLift with CADD scores for potentially 

deleterious mutations for sites which were not identified as deleterious by SNPeff. This is 

due to the way that SNPeff scores are categorised, as SNPeff is based on the reference 

allele for the species which can lead to biases in the results. This can occur if the deleterious 

mutation is present within the sample provided to make the reference genome, these 

variants will be assumed to be harmless irrespective of the mutation’s potential impact. In 
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comparison, CADD scores are created using a wide range of data from model species 

allowing for higher confidence in the categorisation of a mutation as deleterious. Across the 

UCEs, SNPeff had not categorised 1290 loci (93.2%) for which there were potential CADD 

scores available, 247 (15.1%) of which were found to be heterozygotes and 123 (7.5%) were 

homozygotes of the deleterious mutation in at least one of the 37 samples. When summing 

the selection coefficients for these mutations this represents a possible 1.65 LE not identified 

as deleterious. This could lead to a high underestimation of the genetic load of the 

threatened population as well as biasing against individuals possessing the wildtype allele 

at any of these sites. Due to the potential benefits that can be gained from using both 

techniques, it is recommended that analyses of endangered species apply both methods to 

assess the quantity of genetic load present in the genomes of individuals. 

 

As demonstrated in this chapter, CADD scores were concurrent with the SNPeff category 

predicted. Mutations predicted to be highly (mean CADD = 23.466) and moderately (mean 

CADD = 20.718) deleterious had on average higher CADD scores than mutations predicted 

by SNPeff to be nearly benign (low) (mean CADD = 2.604) (Figure 24A) (Supplementary 

Table 11). This result helps to confirm that SNPeff categories are correct in their ranking of 

mutations within species, as I have shown previously (Chapter 3). High CADD scores within 

the UCEs are shared across multiple model species indicating that these mutations are likely 

to be deleterious if found as homozygotes. CADD scores were able to be converted to 

selection coefficients (Chapter 4) and showed higher selection coefficients for mutations 

classified by SNPeff as highly deleterious (mean s = 0.306) or moderately deleterious (mean 

s = 0.115) than those classified as benign (low) (mean s = 0.002). This provides a unique 

possibility for future investigations as SNPeff is a popular methodology within the 

bioinformatics and conservation genomics community with coverage of over 320 genomes 

(Cingolani et al., 2012; Sukumar et al., 2021), and over 10000 citations. Therefore, there 

currently is a large quantity of data across a wide range of species that have been classified 

by SNPeff. This data could be used to calculate genome-wide assessments of the genetic 

load components of threatened species. This could be achieved by using the average 

selection coefficients for SNPeff categories from within the UCE and applying these to the 

loci categorised as deleterious by SNPeff. Whilst this method and approach would rely on 

the average selection and dominance coefficients, and therefore the results would not be 

precise measures of the whole genome-wide genetic load, they would be quick and easy 
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assessments that could retroactively be calculated for a large number of species, providing 

conservationists with calculations of realised and masked load to inform captive breeding 

and reintroduction programmes.  

 

Conclusion 

To conclude, over Chapters 2, 3 and 4 I have developed the LoadLift pipeline and 

demonstrated that CADD scores can be applied to threatened species and how to convert 

these CADD scores into selection and dominance coefficients. In this Chapter, I have 

applied these techniques to score another previously threatened bird species, the whooping 

crane, to investigate the impact of a severe genetic bottleneck on the population’s genetic 

load. I also highlight how assessments of genetic load within threatened populations can be 

applied for species conservation. The whooping cranes showed no significant difference in 

genetic, realised or masked load between the captive-bred individuals and the wild 

population (Figure 22). However, the wild, founder, early captive and late captive samples 

possessed, all showed on average, higher realised load than masked load due to the high 

inbreeding that occurred following the severe population bottleneck suffered. The 

consequences of the population bottlenecks observed here are mirrored in other assessed 

species in the wider literature such as the Montezuma quail (Mathur and DeWoody, 2021) 

and the Alpine ibex (Grossen et al., 2020).   

 

I was able to produce a breeding matrix identifying the optimal and suboptimal crosses for 

all 1369 potential pairings (Figure 23). Using these predictions, I was able to show that the 

original founding members were, by good fortune, good candidates to form this founding 

population, highlighting the strengths of the captive breeding management program. This 

also provides a means for identifying potential individuals that would be suited to be used in 

future reintroduction programmes with low realised load (Figure 23B). I have shown that 

CADD scores validate the categories that SNPeff predicts for mutations within the UCE 

(Figure 24) and that SNPeff identified a small number of mutations due to being based on 

the whooping crane reference genome. I conclude that CADD and SNPeff analyses can be 

highly complementary approaches to investigating the genetic load within threatened 

species, with the possibility to apply the selection coefficient retroactively quickly and easily 

to the large quantity of SNPeff investigations previously performed on threatened species.  
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Therefore, using LoadLift and SNPeff in conjunction can provide a wealth of information for 

conservationists and population managers.  As well as to gain insights into the threats their 

species face, assess the risks of future inbreeding depression and provide information on 

the optimal captive individuals to be used for reintroduction programmes. 
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6. A discussion of the development of LoadLift  and its 

future uses for conservation genomics 

 

6.1 Abstract 

Intensive efforts by conservationists have helped the demographic recovery of many species 

after they suffered a severe population decline or bottleneck. However, these species are 

still at risk of extinction from the effects of inbreeding depression and high genetic load. 

Therefore, genetic and genomic analyses are vital to supporting future conservation efforts, 

to ensure that conservation success, such as that of the pink pigeon and whooping crane, 

are sustainable at both a population and genomic level. With the aim to reduce the threat of 

imminent extinction from inbreeding depression during and following their recovery from 

severe population bottlenecks. Here, I summarise the development and applications of 

LoadLift in the pink pigeon and whooping crane. I highlight how LoadLift and conservation 

genomics can be applied for captive breeding and reintroduction programmes. I suggest 

future analyses that could be conducted to compare LoadLift and SNPeff across the whole 

genome, as well as how it could be applied to the study of the fitness effects of CADD scores 

in captive-bred and wild populations.   

 

6.2 Discussion 

6.3 Development of LoadLift 

In Chapter 2 I performed a proof-of-concept study to provide a method for the assessment 

of the genetic load within individuals using CADD scores lifted-over from model species. I 

showed that using LoadLift CADD scores could be transferred to sites within the UCEs of 

sequenced individuals, enabling conservation genomicists to quantify the genetic load of 

individuals. Using the genomes of six pink pigeon individuals, I demonstrated how in silico 

crosses could be simulated to identify the optimal mate pairings, providing a tool to manage 

the genetic health of threatened populations for captive breeding managers.  
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In Chapter 3 I showed that CADD scores that have been previously calculated on model 

species, chickens (chCADD) (Groß, Bortoluzzi, et al., 2020), humans (hCADD) (Kircher et 

al., 2014; Rentzsch et al., 2019) and pigs (pCADD)(Groß, Derks, et al., 2020), are 

significantly and positively correlated and that they can therefore be used to assess the 

genetic load of species threatened with extinction. CADD scores are calculated as a rank of 

the score within the whole genome and therefore their absolute values cannot be shared 

across the species. However, I showed that CADD scores were comparable between all 

three species despite the large evolutionary distance between them. This is likely because 

ultra-conserved elements (UCEs) are, by their nature, highly conserved across species. 

UCEs play an important role in processes vital for survival, such as development (Visel et 

al., 2008; Warnefors et al., 2016), and consequently, their sequence variation evolves at a 

much slower pace than other genomic regions. I also highlight that, across all three species, 

the highest CADD scores (i.e. those most likely to be deleterious) were found within coding 

regions of the UCEs.  

 

In Chapter 4, I demonstrated how CADD scores lifted over from model species could be 

converted into selection coefficients to calculate lethal equivalents (LE) within individuals. In 

this way, I showed that despite UCEs accounting only for 0.5% of the genome, this tiny 

region harboured an estimated load of between 1.37 and 1.88 LE. Moreover, of the six 

individuals that this work assessed, half of the lethal equivalents identified were realised 

load, and half as masked load and therefore not expressed. This also means that the pink 

pigeon is still vulnerable to inbreeding depression in the future. 

 

In Chapter 5, I expanded the application of the LoadLift pipeline to the whooping crane, 

another bird species threatened with extinction from significant inbreeding following a 

population bottleneck to a minimum population of between 16 to 20 individuals in 1944 

(Butler et al., 2013; Smith, 2019). This allowed for the comparison of genetic load between 

wild and captive individuals, showing that there was no statistically significant difference in 

total load between wild and captive individuals. Interestingly, the majority of this load was 

expressed as realised load, far higher than seen in the pink pigeon (Chapter 2), the 

Montezuma quail (Cyrtonyx montezumae) (Mathur and DeWoody, 2021), the Alpine (Capra 
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ibex) (Grossen et al., 2020) and Bengal tigers (Panthera tigris tigris)  (Khan et al., 2021). I 

was also able to compare CADD scores to SNPeff within the UCEs and showed that SNPeff 

categories were significantly different in CADD score values for the mutations. Variants that 

were assessed by SNPeff as low impact have a mean(SE) selection coefficient of s = 

0.002(0.00005), moderate variants an s = 0.115(0.007), and highly deleterious variants s = 

0.306(0.603). However, CADD scores identified a large number of potentially deleterious 

sites that were not detected using SNPeff, and the total genetic load across the UCEs was 

underestimated by 1.65 LE by SNPeff. Therefore, this work presents a proof of concept for 

how conservationists can assess genetic load in threatened species globally. With real-world 

applications that can help to improve species survival globally. 

 

6.4 Applications for reintroductions and genetic rescue 

Across this thesis, I have shown the development and various applications of LoadLift 

(Speak et al., 2024) to the assessment of genetic load within species threatened with 

extinction. This work also highlights the value of quantifying the genetic load within these 

species to better understand the risks of sudden population decline that they may face, 

which conservationists may have been unaware of in the past. Previously, many practical 

assessments and studies focused only on the genetic diversity present within threatened 

populations (DeWoody et al., 2021; García-Dorado and Caballero, 2021; Kardos et al., 

2021; White et al., 2023; Bossu et al., 2023). This is reflected in global conservation policies 

such as the Kunming-Montreal Global Biodiversity Framework, which states “The genetic 

diversity within populations of wild and domesticated species, is maintained, safeguarding 

their adaptive potential”(CBD, 2022). Conservationists should not overlook the importance 

of maintaining genetic diversity within declining or previously threatened species as it can 

be a critical measure of threat to species extinction (Kardos et al., 2021). However, when 

setting up an insurance population or considering reintroduction programmes following a 

genetic bottleneck, genetic diversity should not be the only metric for which species are 

evaluated as genetic load is also a concern (van Oosterhout, 2020). This is because, if the 

ancestral population of a species was historically large enough, the population may have 

accrued a large historical genetic load which was previously masked due to its large 

population size (Bertorelle et al., 2022; Femerling et al., 2023). If the population bottleneck 
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was both short and sharp (Bortoluzzi et al., 2020) much of this load could, by random 

chance, have persisted into the current population without being removed by purifying 

selection (Dussex et al., 2023). Therefore, with a large number of species globally having 

demographically recovered, or in conservation breeding programmes, there is currently a 

great opportunity to apply these techniques. This can be achieved by managing the 

populations to limit the number of deleterious alleles that are present as realised load in 

subsequent generations, helping to breed genetically healthy individuals. In this way, we 

can help to ensure the long-term survival of demographically recovered species that have 

recently been down-listed in the IUCN Red List (IUCN, 2024).  

 

Much of the conservation genetics and genomics community has highlighted the benefits of 

using reintroduction programmes for their potential to support the successful genetic rescue 

of threatened populations. Despite this, to date, only a very limited number of reintroductions 

and reinforcement from captive-bred populations have taken place. A fear that may be 

limiting the widespread application of translocations from captive populations, is that after 

successful demographic rescue work, conservationists want to avoid causing any harm by 

reintroducing deleterious alleles not in the current wild populations (Frankham et al., 2011; 

White et al., 2023). Therefore, understanding the most appropriate populations and 

individuals to use for reintroduction programmes will provide a mechanism for screening 

translocation candidates to reduce the chances of introducing deleterious alleles. Studies 

differ in the ideal population to use for reintroduction programmes, whether that is to use 

historically small populations that have through inbreeding purged many deleterious 

mutations (Kyriazis et al., 2021; Robinson et al., 2019). However, this has been contested 

by others who argue that the benefits of maximising genetic diversity outweigh the risks of 

reintroducing deleterious mutations (Ralls et al., 2020). The approaches developed and 

piloted in my thesis will help assess the risks posed by harmful mutations in genetic rescue 

management programmes. Further studies should be conducted to assess the potential 

genetic load that has been inadvertently introduced through these translocations. Computer 

simulations can be performed to conduct such retrospective and counterfactual analysis, 

addressing the question: “What would have happened to the population without rescue?”. 

When the genetic load can be managed, the genetic diversity of the whole metapopulation 

can be maximised, increasing its adaptive potential to future changes in the environment or 

threats. 
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6.5 Whole genome application of LoadLift 

In Chapter 3 I investigated how comparable the CADD scores of the three model species 

(humans, pigs and chickens) were, and demonstrated that the UCEs were highly 

comparable. UCE sites are highly important and harbour some of the most deleterious 

mutations in the genome with higher average CADD scores than regions flanking them. This 

results in a large quantity of genetic load being present in these regions, despite them only 

accounting for between 0.5% to 5% of the total genome (Bejerano et al., 2004). It would 

therefore be interesting to assess the application of CADD scores in non-UCE regions, 

allowing for whole genome calculations of genetic load. However, many non-UCE regions 

will likely contain lineage-specific adaptations that have evolved since the last common 

ancestor of chickens and the target species. This could lead to sites being identified as 

deleterious as they possess an allele not found in the chicken reference, leading to 

overestimations of the genetic load. To avoid this, ancestral alleles for the lineage being 

investigated could be determined (Feng et al., 2020), alleles that are different in the ancestor 

and chicken reference genome could therefore be identified and removed from the 

investigations. Another way that this could be achieved would be by combining the analyses 

of SNPeff with those of LoadLift. 

 

The quantification of genetic load within individuals has been achieved with methods such 

as GERP (Davydov et al., 2010; Huber et al., 2020), PhyloP (Pollard et al., 2010) and SNPeff 

(Cingolani et al., 2012), which have been gaining traction in the genomics community due 

to their ability to be applied to non-model species. Approaches using SNPeff provide a quick 

and reliable method to categorise and assess the number of deleterious mutations within 

samples (Cingolani et al., 2012). As I have shown in this thesis investigations with CADD 

scores can provide additional benefits by providing impact scores of deleterious mutations, 

which can be converted to selection coefficients to calculate genetic load components 

(Chapter 4). As such information is not able to be calculated using SNPeff alone combining 

the application of both techniques could lead to whole genome quantifications of genetic 

load components in threatened species. 
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In Chapter 5, I demonstrated that CADD scores and SNPeff categories for mutations within 

the UCEs of the whooping cranes are comparable. To further ensure that lineage-specific 

mutations which account for 0.2% to 5.5% of avian order genomes (Feng et al., 2020) are 

not being wrongly determined as deleterious. To solve this, methodologies such as SNPeff 

(Cingolani et al., 2012), could be used to certify assumptions of deleteriousness. In this way 

mutations that are not categorised as deleterious by SNPeff and have the same lineage-

specific adaptation as their ancestors would not be scored. Thereby, ensuring that only 

mutations that are likely to be deleterious are evaluated. Future investigation into genetic 

load within species using CADD and SNPeff across the whole genome would also enable a 

greater comparison of the two methodologies. In this way, we could expand the application 

of the LoadLift pipeline to allow for the calculation of genetic load components across the 

whole genome rather than being limited to the UCEs, which only account for 5% of the 

genome (Bejerano et al., 2004), where we can be confident that the mutations are likely to 

be deleterious (Silla et al., 2014). In this way, we can also validate that CADD scores and 

SNPeff categories are similar by investigating how they jointly score mutations across a 

greater number of sites, increasing the power of the analysis.  

 

After filtering this investigation into the CADD scores within the UCEs of whooping crane 

individuals analysed only 144 sites (Chapter 5). This is likely due to a combination of factors. 

This could be as a result of a low genetic diversity that the population now suffers as a result 

of its small founder population. This would influence the filtering of the data, for example, 

due to the large amount of inbreeding, many SNPs are homozygous for all of the individuals, 

and these mutations were not assessed. Within the UCE, 1209 sites were homozygote for 

the deleterious allele (non-chicken reference) in all of the 37 individuals all of which will have 

been filtered out. There is, especially in the wild and later generations of the captive-bred 

population, a high total FROH (Chapter 5, Figure 22B), which shows that there has been 

recent inbreeding within both populations due to the bottleneck.  

 

There were many sites where at least one individual had insufficient read depth to 

confidently call the genotypes and I retained only sites that were present within all 37 

individuals. In future investigations, more sites could be retained by increasing the 

sequencing effort to increase the read depth and confidence in genotype calling. The 
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continued advancement in Next-Generation Sequencing technology (NGS) means that 

high-quality data is becoming more easily accessible (Levy and Boone, 2019; Satam et al., 

2023).  Alternatively, in analyses of historical using aDNA, samples are more degraded, and 

the read depth will be lower, this can make differentiation between heterozygotes and 

homozygotes harder (Parks and Lambert, 2015; Dalal et al., 2023). Therefore, genotypes 

could be called using genotype likelihoods, using ANGSD (Korneliussen et al., 2014). For 

potential future investigations especially in those with many historical samples, it may be 

pertinent to set a lower threshold for the number of individuals that have data for each site, 

for example, a 95% threshold and that all individuals needed to have data for 95% of sites 

analysed. This would mean that the investigation would be able to retain more sites to 

improve confidence in the results whilst also ensuring that a few lower-quality samples did 

not hinder the analysis. 

 

It has been suggested previously that although CADD scores do range from 0 to 99 and can 

allow for the comparison of how deleterious SNPs are, there is no official guideline as to a 

value for a CADD score of a mutation for it to be considered deleterious or benign (Kircher 

et al., 2014). Despite this, investigations have attempted to provide their own arbitrary cut-

offs for what can be considered deleterious, in an attempt to identify potentially deleterious 

mutations within the genome. An investigation to attempt to identify mutations linked to 

Amyotrophic lateral sclerosis (ALS) reported that filtering for CADD scores greater than 20 

resulted in too many potential sites and that limiting the investigation to CADD scores of 

greater than 30 provided too few (Fiorini et al., 2023). Through my comparison of CADD 

scores and SNPeff categories, I found that although those identified by SNPeff as highly 

and moderately deleterious did have significantly higher CADD scores than those identified 

as low (Figure 24A), for all of the categories in the range of CADD scores did overlap. 

Therefore, investigations conducted using CADD scores should not apply an arbitrary cut-

off for the selection of SNPs to investigate as this could be misleading. In this way, the 

categorisation of alleles by SNPeff can be used in conjunction with CADD scores to estimate 

the genetic load of populations. SNPeff assesses the genetic load across the entire genome 

(not just UCEs), but it does not categorise a large proportion (93.2%) of the variants. Still, if 

the SNPeff categories can be converted into s coefficients (see Chapter 4), this would be a 

big advantage, especially if the proportion of unassessed SNPeff variants is known and 

accounted for. 



Chapter 6: A discussion of the development of LoadLift and its future uses for conservation genomics 

100162318 150 

 

6.6 Evaluating the future applications of LoadLift 

I have shown that CADD scores can be converted to selection and dominance coefficients 

and then used for the calculation of load components (Chapter 4). These can then be used 

to predict the optimal mate pairings of individuals (Chapters 2, 4 & 5), allowing for the 

assessment of crosses between wild and captive individuals simulating future mating 

matrices that could be used by conservation managers to select candidates for 

reintroduction programmes. Whilst the primary aim of LoadLift is to allow for captive-bred 

populations to be employed for reintroductions to provide genetic diversity not found in the 

wild populations without introducing deleterious alleles, other applications of LoadLift could 

be used for the management of threatened species. 

 

Firstly, in captive breeding populations, where crossings can be more actively controlled, 

once mate pairings have been made samples could be taken from the offspring generations 

and LoadLift could be used to assess the load present in these individuals to compare to 

the predicted values of the crossing. This would allow conservation genomicists to identify 

if there are any alleles with high CADD scores that are not found as homozygotes in the 

offspring. This would indicate that these alleles are being removed by selection before 

hatching, this information could then be used in future mate choice selections.  An analysis 

of this kind would also provide a wealth of information on how high CADD scores relate to 

phenotypic effects.        

 

Secondly, for populations where reintroduction or population reinforcement is being planned 

LoadLift can be used to select the optimal individuals for the reintroduction programme that 

would increase the genetic diversity whilst not increasing the realised load of the population. 

Once crosses have been made between the wild and captive populations the offspring could 

be sampled and compared to those of crossings in captive populations. This could highlight 

how effective the genetic rescue is as well as monitor the levels of realised load within the 

population. In this way, with long-term monitoring conservationists would be able to have a 

continued assessment of the threats from genetic load to the population as well as identify 

the optimal individuals to take place in the next round of introductions. In an ideal situation 
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where the wild and captive populations have all been sequenced and analysed and mating 

between the wild and reintroduced individuals are not controlled, a comparison between the 

optimal theoretical crosses for the lowest genetic load and the observed crosses could be 

made. This will help to investigate if any potential behaviours are acting to limit inbreeding 

or genetic load naturally within the wild populations. Monitoring the offspring from these 

releases would also ensure that no single individual is being overrepresented in the wild 

populations, this would help conservationists to avoid future inbreeding depression such as 

that seen in the Isle Royal wolves (Robinson et al., 2019).  In this way, conservationists 

would be able to protect against any potential harm as a result of the reintroduction of 

individuals and alleles.   

 

Thirdly, sampling historical samples of threatened species such as museum samples would 

allow for a comparison of the species’ genetic load over a longer period of time. Using 

samples that were preserved prior to the species declines would also allow for investigations 

to quantify the genetic load present in the populations before the bottleneck. It has been 

shown that ancestral population size (Femerling et al., 2023) as well as the quantity of load 

that the ancestral population harboured prior to a bottleneck influences the load present in 

the post-bottleneck populations (Dussex et al., 2023). Therefore, using historical samples of 

currently endangered species may allow for a comparison of how the load present in the 

current populations has changed over time. In this way, it will also provide greater context 

surrounding the historical population to be used in simulations, such as those used for 

predicting the future population (Chapter 2, Figure 8) or to simulate selection coefficients 

(Chapter 4).  

 

LoadLift also has great potential to investigate the load present within historical populations 

that have gone extinct, such as the passenger pigeon (Ectopistes migratorius). The 

passenger pigeon population was thought to have numbered between 3 to 5 billion 

individuals (Murray et al., 2017) and were once present in such great numbers across North 

America that the sky would blacken as great flocks flew over (Hung et al., 2014). The 

passenger pigeon population collapsed suddenly and catastrophically in the early 1900s, 

leading to their eventual extinction in 1914 (Herman William C, 1948). Whilst this is 

commonly attributed to overhunting by humans, previous studies into the passenger pigeon 
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suggest that it had suffered frequent and dramatic population declines (Hung et al., 2014) 

and possessed a high genetic diversity prior to its extinction (Murray et al., 2017). Due to 

the high genetic diversity in a population of billions, they likely possessed a high genetic load 

that may have led to such a rapid decline. In a large population, a high masked load can be 

accumulated due to the low frequency at which they are found as homozygotes. This means 

that selection could not act to remove them from the population. When the population began 

to decline this masked load would have become realised and expressed, leading to the 

eventual extinction of the species. This, paired with conspicuous behavioural adaptations 

that made hunting easier (Hung et al., 2014), could have resulted in the catastrophic 

collapse the population suffered. Tools like LoadLift could be applied to species like the 

passenger pigeon to help establish why they became extinct and to help protect current 

species from suffering the same fate.    

 

Finally, many zoos globally not only possess living individuals of endangered species, but it 

is also common that when individuals die in captivity some biological material is preserved 

in biobanks such as the EAZA biobank (EAZA, 2024). This biobank material has the 

potential to be extremely valuable for conservation efforts (Bolton et al., 2022; Breithoff & 

Harrison, 2020; Howell et al., 2021). This material is often frozen very soon after the animal 

has died and is often preserved in either ethanol or a buffer such as RNA-later. Therefore, 

this material will be less degraded than samples taken from museum specimens which often 

can face issues due to the preservatives used in taxidermy, as well as the age of the samples 

and risk of contamination (Singh & Bahuguna, 2014; Tsai et al., 2020; Zimmermann et al., 

2008). Therefore, samples preserved in a biobank will provide a means of comparing genetic 

load across long periods within a captive-bred population. These samples if combined with 

pedigree information can also provide an opportunity to use gene drop analysis (Honda et 

al., 2002) to track how selection acts on deleterious traits and to help infer selection and 

dominance coefficients within captivity. A recent application for biobank material is to use it 

to perform reintroductions of individuals and lost genetic variation (Bolton et al., 2022; Howell 

et al., 2021; Novak et al., 2024). In the black-footed ferret, stomatic cell lines from two 

individuals were cryopreserved, which allowed for the individuals to be cloned (Novak et al., 

2024). The individuals cloned had no living descendants. Therefore, the aim is to integrate 

the clones into the breeding programme to act as a source of “new” genetic diversity to the 

population (Novak et al., 2024). This approach is groundbreaking and would act as a means 
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of reducing the effects of population bottlenecks by breeding the current population with the 

pre-bottleneck population providing geneflow across generations. However, reintroductions 

of individuals in this manner could introduce deleterious mutations that were removed from 

the population during the bottleneck through purifying selection (Dussex et al., 2023; 

Grossen et al., 2020; Hedrick, 1994; van der Valk et al., 2021). While this method therefore 

has great advantages, assessments should also be carried out to determine the genetic load 

within the biobank samples to determine the best samples to use for future reintroduction 

programmes. This is especially important as the costs related to this method are high 

(around USD 40,000) (Fritts, 2022) and therefore the number of individuals that this can be 

performed on is low. This means selecting the optimal individuals prior to cloning would 

reduce the risks of wasting both potential samples and funds that could be applied 

elsewhere. 

 

6.7 Conclusion 

To conclude, 45,300 species globally are currently threatened with extinction (IUCN, 2024), 

whilst many more species have managed to recover demographically, due to a concerted 

effort by conservationists globally. The pink pigeon and whooping crane are two such 

examples, declining to populations of 12 and 21 respectively. Both populations have since 

recovered due to effective population management, including captive breeding populations 

designed to act as insurance populations against extinction. However, due to the large 

ancestral population sizes and subsequent significant population bottleneck converting 

masked load to realised load, these species are now, at high risk of extinction in the future, 

despite the population’s apparent recovery. Both species have benefited from intense 

conservation efforts including captive breeding populations, from which reintroductions can 

be performed. While many in the conservation community call for genetic rescue attempts 

(Frankham, 2015), the number of genetic attempts from captive populations is limited. One 

of the reasons for this is due to concerns about reintroducing deleterious alleles that are not 

found in the wild populations.  

 

With the growing availability of whole genome sequenced data and the advances in 

bioinformatics and genomic techniques, tools can be applied to assess the number of 
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deleterious alleles present within sequenced data. I developed a pipeline to apply CADD 

scores calculated in model species to assess the genetic load of individuals as well as to 

identify optimal mate pairings (Chapter 2). I investigated the CADD scores across the UCEs 

of three model species and showed that they are comparable and that they are therefore 

appropriate to be lifted over to assess threatened species (Chapter 3). I converted the CADD 

scores into selection and dominance coefficients to allow for calculations of the genetic load 

within individuals that can be summed to produce values in the form of lethal equivalents 

(Chapter 4). I applied all of this to the whooping crane showing that the population 

possessed more realised load than masked load.  As well as validating that SNPeff 

categories were comparable to CADD scores but that SNPeff only identified half of the sites 

as deleterious as those with available CADD scores (Chapter 5).   

 

LoadLift has the potential to provide conservationists with calculations of genetic load 

components within individuals in both captive breeding and wild populations (Speak et al., 

2024). This tool can be applied by captive-breeding population managers to assess the 

optimal mate pairings within populations, ensuring the long-term survival of the captive 

population. This approach can then be applied to assess the optimal individuals to breed for 

reintroduction programmes to select the healthiest individuals to be released into the wild. 

As well as to screen the individuals to select those that would be able to introduce genetic 

variation that will improve the species’ adaptive potential without introducing harmful genetic 

variation. Investigations into the historical load in extinct species or the ancestral species of 

currently threatened populations would help to understand how genetic load can impact 

species recovery and survival. Zoo specimens and biobank samples can provide vital 

information on the founder members of these critical insurance populations to ensure they 

are managed sustainably. These assessments may also enable future conservation 

applications such as inseminations with biobank samples or cloning of individuals for 

reintroduction programmes to be screened to ensure that the optimal material is used in 

these expensive processes (Al Hikmani et al., 2024; Fritts, 2022; Jackson et al., 2022; Lott 

et al., 2020). LoadLift has wide-ranging applications to help maximise the potential of captive 

breeding populations for endangered species conservation globally. This will ensure that 

populations avoid inbreeding depression and increase the recovery potential of threatened 

species. 
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Appendix 

7. Development and application of LoadLift for genomics-

informed captive breeding 

7.1 Supplementary Tables 

Supplementary Table 1 – The Inbreeding coefficient (Fped), the molecular estimate of 

inbreeding (FROH) and the kinship coefficient between the six pink pigeon individuals 

of the study. The inbreeding coefficient was calculated using purgeR and the full captive 

breeding pedigree. The FROH is calculated across the whole genome of each individual using 

Equation 4. The kinship coefficient is calculated as the probability that a randomly selected 

allele from a locus will be identical by descent. Therefore, in the absence of prior inbreeding 

an individual crossed with itself would generate a kinship coefficient of 0.5, and a parent and 

child would have a kinship coefficient of 0.25. 
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Supplementary Table 2 – The number of UCEs found on each of the 34 Chromosomes 

of the galgal6 chicken reference genome. Observed vs expected number of UCEs 

relative to the length of each chromosome. Significant depletion (Blue) and enrichment 

(Green) were determined by a binomial test (p<0.05). 
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Supplementary Table 3 – The genetic load of potential offspring from mate parings 

between all combinations of six individuals of the captive pink pigeon population. The 

sites within the ultraconserved elements of the genome were scored using CADD scores 

lifted from the chicken genome using the LoadLift pipeline. The genetic load of the potential 

offspring was calculated using equation [1]. All potential mate pairings were used 

irrespective of sex and including self-mating for illustrative purposes.  

Supplementary Table 4 – The realised load of potential offspring from mate parings 

between all combinations of six individuals of the captive pink pigeon population. The 

sites within the ultraconserved elements of the genome were scored using CADD scores 

lifted from the chicken genome using the LoadLift pipeline. The realised load of the potential 

offspring was calculated using equation [2]. All potential mate pairings were used 

irrespective of sex and including self-mating for illustrative purposes.  
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Supplementary Table 5 – The masked load of potential offspring from mate parings 

between all combinations of six individuals of the captive pink pigeon population. The 

sites within the ultraconserved elements of the genome were scored using CADD scores 

lifted from the chicken genome using the LoadLift pipeline. The masked load of the potential 

offspring was calculated using equation [3]. All potential mate pairings were used 

irrespective of sex and including self-mating for illustrative purposes.  
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7.2 Supplementary Figures 

Supplementary Figure  1 – A partial pedigree of the captive bred pink pigeon 

population. Pedigree trimmed to focus on the six pink pigeon individuals for the study 

(black), males (square) and females (circles).  
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8. Investigating the similarity of CADD scores in three 

model species 

8.1 Supplementary Tables 

Supplementary Table 6 – A table to show of the number of CADD scores in the UCE 

and flanking regions of each of the three model species: humans, chicken and pig. 
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Supplementary Table 7 – A table to show of the number of CADD scores which fall 

within regions annotated as within exon or Intergenic regions within the UCEs and 

flanking regions of each of the three model species: humans, chicken and pig. 
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8.2 Supplementary Figures 

Supplementary Figure  2 – Pairwise comparisons of UCE length between three model 

species A) Correlations comparing pig UCE length to chicken UCE length, B) chicken UCE 

length to human UCE length and C) pig UCE length to human UCE length. Distributions of 

the UCE lengths are supplied on for each species on the x and y axis. The total length of 

filtered sequences including UCE and flanking regions were then compared in a pairwise 

manner across the three species showing that there was a significant correlation between 

the pig and chicken (R2 = 0.1031, p < 2.2e-16), human and chicken (R2 = 0.1219, p < 2.2e-

16) and pig and human ( R2 = 0.1659, p < 2.2e-16).   
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9. Conversion of CADD scores to selection coefficients 

for load calculations 

9.1 Supplementary Tables 
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Supplementary Table 8 – The load components as summed simulated selection coefficients for neutral and harmful 

mutations for all five DFEs. For all six pink pigeon individuals, the genetic load was calculated using Equation 2, the realised load 

was calculated using Equation 3 and the masked load was calculated using Equation 4. 

 

Supplementary Table 9 – The load components as summed simulated selection coefficients for only harmful mutations for 

all five DFEs. For all six pink pigeon individuals, the genetic load was calculated using Equation 2, the realised load was calculated 

using Equation 3 and the masked load was calculated using Equation 4.  
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Supplementary Table 10 – The Inbreeding coefficient (Fped) and the kinship coefficient 

for selfing crosses for each of the six pink pigeon individuals of the study, the 

increase in inbreeding coefficient and the predicted ratio of realised load. The 

inbreeding coefficient was calculated using purgeR and the full captive breeding pedigree. 

The kinship coefficient is calculated as the probability that a randomly selected allele from a 

locus will be identical by descent. Therefore, in the absence of prior inbreeding an individual 

crossed with itself would generate a kinship coefficient of 0.5, and a parent and child would 

have a kinship coefficient of 0.25. However, due to the inbreeding in the pink pigeon the 

increase in inbreeding coefficient is not 0.5.  
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9.2 Supplementary Figures 

 

Supplementary Figure  3 – A comparison of all five DFEs simulated in SLiM (Haller & 

Messer, 2019) and the ranked CADD score. A) The simulated selection coefficients and 

B) the simulated dominance coefficients.  
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Supplementary Figure  4 – The distributions of selection and dominance coefficients 

for the five DFEs. Figure produced by Dr Hernán E Morales, Globe institute, University of 

Copenhagen.  
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10. Conservation genomics of the previously 

endangered whooping crane (Grus americana) 

10.1 Supplementary Tables 

Supplementary Table 11 – The mean CADD scores and selection coefficient (s) and 

Standard Error (SE) for each of the four categories of deleterious mutations across 

the UCEs and their flanking regions. The count showing the number of each category of 

site is also shown. 



Appendix 

100162318 169 

Supplementary Table 12 – The predicted realised load for all of the potential offspring 

of crossings between the six founder individuals sequenced. Showing the rank of the 

crossing in relation to all 600 potential crossings between members of the founder (n = 6) or 

wild population (n = 19), where 1 is the crossing with the lowest realised load and 600 is the 

crossing with the highest realised load, excluding any self-matings. 
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10.2 Supplementary Figures 

 

 

Supplementary Figure  5 – CADD scores were converted to selection and dominance 

coefficients. A) The conversion of CADD scores for mutations and the selection coefficient 

converted using a generalised associative model (GAM) function based on ranked CADD 

and selection coefficients simulated using SLiM (Haller & Messer, 2019) (Chapter 4).  B) 

The dominance coefficients of mutations for their respective CADD scores. 



Appendix 

100162318 171 

 

Supplementary Figure  6 – Histograms showing the predicted realised load within the 

offspring of potential crossings of the sampled whooping crane population. Showing 

the sum of the realised load between combinations of the wild (n = 19), founder individuals 

(n = 6), early captive individuals (n = 6) and late captive individual (n = 6) A) all potential 

crossing across all categories, B) all crossings using individuals of the wild and founder 

populations and C) founder individuals only. All selfing crossing excluded.  
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Supplementary Figure  7 – The number of A) singletons unique to a single individual 

within the UCEs and B) the count of the number of heterozygous loci per individual 

across the UCEs and flanking regions. A singleton was defined as a site found to be 

heterozygous for only one of the 37 individuals. Sites were counted across all categories of 

the captive breeding and wild population sampled, wild (n = 19) (Green), founder individuals 

(n = 6) (Blue), early members of the captive breeding programme (n = 6) (Yellow) and late 

members of the captive breeding programme (n = 6) (Orange).  
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Glossary 

ALS – Amyotrophic lateral sclerosis  

ART – Assisted reproductive technology 

AZA - Association of Zoos and Aquariums  

BAM – Binary sequence Alignment/Map file format 

BCF – Binary variant Call Format file format 

BED – Browser Extensible Data file format 

BLAST – Basic Local Alignment Search Tool 

CADD – Combined Annotation-Dependant Depletion 

chCADD – Chicken Combined Annotation-Dependant Depletion 

Deleterious mutation – A mutation to a gene that causes the protein product to not be 

produced, is produced but not functional or is produced and impacts regular function. 

DFE – Distribution Fitness Effect scenarios 

Dominance coefficient – The fitness of heterozygous relative to homozygous for a genotype. 

Drift debt - The time lag of evolutionary genetic change during population size decline 

EAZA – The European Association for Zoos and Aquaria  

EEPs – EAZA Ex situ Programmes 

Ex situ – A population outside or away from its natural location 

Extinction vortex – A cyclic process resulting in the extinction of a population or species. 

Whereby, random genetic drift and increased inbreeding as a result of a decline in 

population size leads to a reduction in the fitness of individuals leading to a further reduction 

in population size.  

FASTA – A text-based data format used to store nucleotide or amino acid sequences. 

FIS – Inbreeding coefficient of an individual relative to the local subpopulation 

FROH – A measure of inbreeding as the proportion of the autosomal genome in runs of 

homozygosity. 

Galgal6 – chicken reference genome  
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GAM – Generalised associative model  

GATK – Genome Analysis Toolkit 

GDEWS – Gerald Durrell Endemic Wildlife Sanctuary  

Gene flow – The introduction of genetic material from one population to another 

Genetic bottleneck– Sharp reductions in the effective population size (Ne) over one or 

multiple generations. 

Genetic drift – The random fluctuations in allele frequency in a population due to finite 

sampling of individuals. 

Genetic load – The sum of the realised load and masked load 

Genetic Rescue – The reintroduction of new or previously rare genetic variation into a 

population with the aims of reducing inbreeding depression, increasing genetic variation and 

population viability. 

Genetic swamping – The genetic variation of new immigrants that replaces the variation in 

the local gene pool, undermining local adaptation. 

GERP scores – Genomic Evolutionary Rate Profiling scores 

hCADD – Human Combined Annotation-Dependant Depletion 

Inbreeding – Reproduction by two individuals that are closely related genetically. 

Inbreeding depression – A reduction in the mean fitness of offspring arising from 

reproduction between related individuals. 

Indel – Insertions and Deletions 

In situ – A population within its natural location. 

IUCN – International Union for Conservation of Nature 

Karyotype – The appearance of a complete set of chromosomes. 

Kinship coefficient – The probability that a randomly selected allele from a locus will be 

identical by descent between two individuals.  

Lethal equivalent – A group of mutant alleles with a summed selection coefficient equal to 

one. For a population, it is expressed as a grouping of genes or mutations that together 

cause, on average, the death of one individual.  
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LoadLift Pipeline – A Snakemake pipeline for the transfer of CADD scores from model 

species to non-model species. 

Masked load – The fitness effects of all (partially) recessive mutations that are in 

heterozygous conditions, and which are not completely expressed. 

MHC – Major histocompatibility complexes. 

MWF – Mauritius Wildlife Foundation  

NCBI database – The National Centre for Biotechnology Information database. An online 

resource of biological information and data. 

Ne – Effective population size  

NPCS – National Parks and Conservation Service  

OMIA – Online Mendelian Inheritance in Animals 

One Plan approach – A method for species conservation and management to develop a 

conservation plan with input from all stakeholders involved with both in situ and ex situ 

populations of the species.  

Outbreeding depression (c.f. Reproductive isolation) - a reduction in reproductive fitness of 

a population after gene flow due to either pre or postzygotic isolation, or a combination of 

both (Frankham et al., 2011) 

pCADD – Pig Combined Annotation-Dependant Depletion 

Pi – The neutral nucleotide diversity (). 

ppCADD – Pink pigeon Combined Annotation-Dependant Depletion 

Purging – The reduction in genetic load by purifying selection operating against recessive 

deleterious variants that have become exposed in a homozygous state. 

Purifying selection – Selection that removes deleterious mutations. 

Realised load – The proportion of deleterious mutations that are present as homozygotes, 

plus the fitness effects of the partially recessive, additive and dominant mutations that are 

in heterozygous loci. 

Reinforcement – The translocation of an organism into an existing population of the same 

species within its natural range, with the aim to improve population viability (GOV.UK, 2024). 
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Reintroduction – The translocation of an organism inside its natural range, to areas from 

which it has been lost. Reintroduction aims to re-establish a viable population of the focal 

species within its natural range (GOV.UK, 2024) 

Reintroduction programme – The release of individuals either raised or rehabilitated in 

captivity into their natural environment, to stabilise, reestablish, or increase in-

situ populations that have suffered significant declines (AZA, 2024). 

Reproductive isolation (c.f. Outbreeding depression) - a reduction in reproductive fitness of 

a population after gene flow due to either pre or postzygotic isolation, or a combination of 

both (Frankham et al., 2011) 

ROH - Runs of Homozygosity  

SAM – Sequence Alignment/Map  

Selection coefficients – A measure of the relative reduction in contribution to gametes a 

genotype causes relative to other genotypes in a population (s). 

Selfing – Where offspring are produced from one parent alone. 

Singletons - Mutations occurring in one copy across all 37 individuals. 

SNP – Single Nucleotide Polymorphism 

UCE – Ultraconserved Elements 

VCF – Variant Call Format 

WAZA – World Association of Zoos and Aquariums
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