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Abstract
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With human populations forecasted to grow in the next decades, many mammals face increasing
anthropogenic threats. The consequential population declines are a precursor to extinctions, as
small populations are not only more sensitive to stochastic events, but reduction in population
size is generally also followed by a decrease in genetic diversity, which in turn reduces adaptive
potential and fitness of the population. By using molecular methods I aimed to estimate the
magnitude of the genomic consequences as a result of rapid population declines with a focus on
the endangered eastern gorillas. First, I genotyped Grauer’s gorilla (Gorilla beringei graueri)
faecal samples, which revealed lower genetic diversity and high differentiation in the peripheral
compared to the central populations, indicating a strong effect of genetic drift and limited gene
flow among the small, isolated forest fragments (Chapter 1). Next, by using a target capture
approach I obtained complete mitochondrial genomes from degraded Grauer’s and mountain
(Gorilla beringei beringei) gorilla faecal and museum samples (Chapter 2) which showed a
loss of mitochondrial diversity within the last century in Grauer’s gorillas, mainly driven by the
extinction of peripheral populations (Chapter 3). Genome-wide sequence data from historical
samples suggests that this loss has also affected the nuclear genome, as modern Grauer’s gorillas
carry on average more genetic variants with putatively negative fitness consequences than
historically. No significant temporal changes were observed in the closely related mountain
gorillas, which might be due to their contrasting demographic history (Chapter 4). I then
switched study species to the endangered Dryas monkey and find that, despite its possible small
population size, the current Dryas monkey population is genetically diverse with low levels of
inbreeding and as such likely viable in the long-term if appropriate conservation measures are
taken (Chapter 5). Finally, I aimed to estimate the strength of genetic purging across a range
of mammalian species. This revealed that although genetic purging might be common among
endangered species, it mainly acts on long evolutionary time scales with limited strength during
the rapid population declines as experienced by many species today (Chapter 6).
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1.1| The genetic consequences of population
decline in the Anthropocene

Anthropogenic impacts on the Earth’s ecosystems are now so prominent that
our current time period is defined by some as a new, human dominated, geological epoch: the Anthropocene (Lewis and Maslin, 2015). Although the
magnitude of human-driven species extinctions is debated, even under a conservative scenario, current extinction rates are far above usual background
levels and as such the Anthropocene can be considered the planet’s sixth mass
extinction event (Ceballos et al., 2015; Ceballos, Ehrlich and Dirzo, 2017).
Decades ago, scientists already warned for the disastrous effects of human
pressures on wildlife, arguing for the urgent implementation of strict conservation actions (McVay, 1973; Myers, 1990). Nonetheless, many animals face
ever increasing threats from urban, industrial and agricultural development in
their natural habitats (Ceballos et al., 2015; Ceballos, Ehrlich and Dirzo,
2017). The resulting population declines are a precursor to extinctions, as not
only are small populations more sensitive to stochastic events such as disease
outbreaks or extreme climatic events, reduction in population size is generally
followed by a decrease in genetic diversity (Frankham, 1996). Populations
with lower genetic diversity have reduced adaptive potential to changing environment (Lande and Shannon, 1996), often display lower fertility (Reed and
Frankham, 2003) and are more prone to infectious diseases (Smith, Sax and
Lafferty, 2006). In addition, mating between closely related individuals (inbreeding) is expected to increase when the number of individuals within a
population becomes small. This can result in inbreeding depression, the reduction of fitness because of lower survival, mating success, and/or reproduction in the offspring of related individuals compared to those of unrelated individuals (Hedrick and Kalinowski, 2000). In turn, the negative fitness consequences of reduced genetic diversity can accelerate population decline, further
increasing inbreeding depression and ultimately resulting in an “extinction
vortex” (Fagan and Holmes, 2005).
However, despite broad theoretical and empirical support for the negative
genetic consequences of population declines (Keller and Waller, 2002;
Charlesworth and Willis, 2009), many animals have survived for thousands of
generations at small population size, without apparent strong effects on fitness. One suggested explanation for the long-term persistence of these populations is genetic purging; the increased efficiency of purifying selection that
7

removes deleterious recessive alleles facilitated by inbreeding (Hedrick,
1994). Whereas in large populations deleterious recessive alleles are most often found at low frequency, such alleles can drift to a higher frequency in small
populations. Mating between related individuals subsequently increases the
likelihood that recessive deleterious alleles end up in homozygous state,
thereby becoming subjected to purifying selection (Charlesworth and Willis,
2009). The interplay between demographic change, selection, drift and inbreeding might thus over time result in the removal of recessive deleterious
alleles from small populations, and as such facilitate “adaptation” to small
population size. Strong genetic purging has been described in, among others,
the Channel Island foxes (Robinson et al., 2018), mountain gorillas (Xue et
al., 2015), ibex (Grossen et al., 2019) and Apennine brown bears (Cornetti et
al., 2017). However, the deleterious genomic consequences and extend of
purging during population declines in the Anthropocene remain largely unknown due to limited empirical data (Díez-del-Molino et al., 2017).
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1.2| Obtaining genetic information from
endangered species

Given the wealth of demographic and ecological information that can be deduced from genetic data it is evident that genomics can play an important role
in the protection of biodiversity and conservation research. However, despite
some conservation success stories that relied on genetics such as the Florida
panther population increase and the detection of illegal harvesting and trade
(Manel, Berthier and Luikart, 2002; US Fish and Wildlife services, 2008;
Wasser et al., 2018), genomics is not yet widely used in conservation planning. This is partly due to the difficulties of translating genomic data into practical conservation planning and to the fact that solving the most pressing conservation issues requires immediate political actions rather than genomic data
(Fyumagwa et al., 2013; Ripple et al., 2014; Shafer et al., 2015; Britt et al.,
2018; Kardos and Shafer, 2018). In addition, an overlooked challenge for the
application of genomic tools to ecology and conservation research is the possibility of obtaining DNA for the species of interest. High quality samples (e.g.
fresh blood or tissue) are ideal from the analysis standpoint, but in most cases
acquiring such samples is not possible as the species of interest are rare, endangered, occur in challenging habitats, and invasive sampling is ethically undesired (Taberlet and Waits, 1998). Current genomic studies of endangered
animals are therefore often based on samples obtained from captive individuals. Such samples can yield a wealth of information about the demographic
history of a species (e.g. Locke et al., 2011; Scally et al., 2012), but do not
always provide an accurate representation of the wild population. Specific
breeding practices (e.g. hybridization between divergent populations) can obscure demographic inferences, change the social structure or result in “adaptations to captivity” (Snyder et al., 1996; Araki, Cooper and Blouin, 2007;
Christie et al., 2012). In addition, the exact geographical origins of captive
individuals are often unknown, making it challenging to obtain accurate inferences about substructure and relationships between populations. In rare cases,
high quality genomic data can be obtained from wild-born individuals of endangered species, often by sampling during medical treatment, post-mortem
or using biopsy darts (Prado-Martinez et al., 2013; Xue et al., 2015; Abascal
et al., 2016; Foote et al., 2016; Nater et al., 2017; Tunstall et al., 2018). However, such studies rely on opportunistic sampling, and therefore the study design is usually not optimal (Fünfstück et al., 2015) and sample collection can
9

take a long time. For instance, the collection of blood samples from the endangered mountain gorillas took several years (Xue et al., 2015). With the
nowadays low cost of DNA sequencing, sample availability rather than DNA
sequencing has become the main bottleneck for most genomic studies.
The limitations of access to high quality samples were already recognized
in the early days of conservation genetics (Taberlet and Bouvet, 1992). As
means to overcome this constrain, much work has been done on optimizing
the DNA yield and quality obtained from minimal-invasive sample sources
such as faeces, hair, saliva, feathers and urine (in addition, museum-preserved
specimens might also be considered minimal-invasive as they do not pose additional pressure for current wild-populations, however, many of these samples are from poached individuals, and at one point in time were thus extremely invasive). The first genetic information from minimal-invasive samples was obtained by Taberlet & Bouvet 1992 and Höss et al. 1992, who used
snagged hair and faecal samples from brown bears to amplify and sequence
mitochondrial DNA. Shortly after, using similar PCR-based approaches, mitochondrial sequences were obtained from a wild chimpanzee population to
study their social structure (Martin, Dixson and Wickings, 1992) and only a
year later, these targeted PCR amplification methods where extended to nuclear DNA, allowing the determination of the sex of wild individuals from
faecal and hair samples (Taberlet et al., 1993). By now, genetic data from
minimal-invasive samples has been used for a wide range of applications
which include; the detection of rare species, modelling demographic history,
estimating genetic diversity and gene flow, detecting population structure and
migration events, uncovering social structure, detecting hybrids, monitoring
disease episodes, identifying species diet, and wildlife forensics (Schunck,
Kraft and Truyen, 1995; Constable et al., 2001; Palomares et al., 2002; Epps
et al., 2005; Proctor et al., 2005; Kendall et al., 2009; Lukoschek et al., 2009;
De Barba et al., 2014; Steyer et al., 2016; Balasingham et al., 2018). Despite
the wealth of information that can be obtained, using minimal-invasive samples remains challenging as they are characterized by low quantities of host
DNA, low DNA quality (the DNA is chemical modified, degraded and damaged), and presence of enzyme inhibitors which make standard lab protocols
unsuitable (Monteiro et al., 1997; Taberlet, Waits and Luikart, 1999). Especially, the large proportion of non-host DNA complicates analyses from minimal-invasive samples, as it is inherently difficult to target endogenous DNA
in a complex mixture of DNA sources.
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1.3| Research aims

The aim of this thesis was two-fold; (i) Use genetic data from minimal-invasive samples to study the ecology and demography of endangered species, focusing on the eastern gorillas and (ii) Increase our understanding of the genomic consequences of population declines and small population size in the
Anthropocene.
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1.4| The gorillas

In chapters 1-4 of this thesis I focus on the eastern gorillas. Two gorilla species
are recognized, the relatively abundant western gorillas (Gorilla gorilla, with
an estimated census population size of ~360.000 individuals) and the much
rarer eastern gorillas (Gorilla beringei, ~5.000 individuals) (Gray et al., 2013;
Plumptre et al., 2016; Strindberg et al., 2018). The two species are allopatric,
genetically distinct from each other, and further classified into two subspecies,
respectively, in the west of Central Africa the western lowland (Gorilla gorilla
gorilla) and Cross-River gorillas (Gorilla gorilla diehli), and in East Africa
the Grauer’s (Gorilla beringei graueri) and mountain gorillas (Gorilla beringei beringei) (Figure 1). All gorilla (sub)species experienced population decline for at least the last ~100 thousand years, but this decline has been especially pronounced in the eastern species (Figure 2, Xue et al., 2015). In recent
times, anthropogenic pressures and disease outbreaks have further reduced the
gorilla populations, so that until very recently all four sub-species were classified as critically endangered (IUCN, 2018).
The most famous and intensively studied are the mountain gorillas, endemic to the mountain ranges of the Virunga Volcanoes and Bwindi Impenetrable National Park in Uganda, Rwanda and the Democratic Republic of
Congo (Harcourt and Fossey, 1981). Thanks to intense conservation efforts,
the mountain gorillas, which experienced a population low of possibly less
than 250 individuals in the 1980s (Harcourt and Fossey, 1981), have now recovered to ~1000 individuals, and are no longer considered critically endangered (IUCN, 2019). Geographically and genetically close to the mountain
gorillas are the lesser known and little studied Grauer’s gorillas, the subspecies currently facing great anthropogenic threats from poaching, agricultural
development and illegal mining operations (Plumptre et al., 2016). Formerly
occupying a much larger geographic range, the Grauer’s gorillas lost up to
90% of their population in the last two decades and are nowadays restricted to
fragmented forest patches in the eastern parts of the Democratic Republic of
Congo (Plumptre et al., 2016).
Despite the availability of genomic data for all (sub)species, the exact demographic history of the gorillas remains unclear. Estimates of the divergence
times between western and eastern gorillas range from 100kya to over
1.5Mya, depending on the modelled extent and timing of gene flow
(Thalmann et al., 2007; Mailund et al., 2012; Scally et al., 2012; Prado12

Martinez et al., 2013; Xue et al., 2015). A recent estimate using Bayesian coalescent modelling inferred a divergence time of ~261 kya (McManus et al.,
2015), however such models are sensitive to allele frequency estimates, which
can be biased due to high levels of inbreeding in the eastern gorillas and small
samples size (2 eastern gorilla genomes were used in McManus et al.). By
applying a Hidden Markov-Model aimed at identifying “archaic-like” fragments without the availability of genomic data from the “archaic” source population (Skov et al., 2018) to all published gorilla genomes I observed that
~10% of the eastern gorilla genomes have diverged from the western species
possibly up to ~2 million years ago. The other ~90% of the genome suggests
a much more recent divergence of ~200kya ago (Figure 3A). Whole-genome
Pairwise Markovian Coalescent Analysis (PSMC) also shows that the demographic history of the two species started to markedly differ around 200kya,
but in addition suggests that the demographic history of the two species might
have been diverging already much earlier (Figure 2). One possible explanation
for this pattern would be an ancient split (~1-2Mya) between the two gorilla
species with subsequent strong admixture between the two species in more
recent times, a similar scenario to what has previously been proposed
(Thalmann et al., 2007; Scally et al., 2012). The divergence between the gorilla subspecies (western – Cross River and mountain – Grauer’s gorilla) is
more recent, estimated at ~10-20ky, with possible gene-flow up to very recently between the two western subspecies (Thalmann et al., 2011; Roy et al.,
2014), although one study estimates a much older western – Cross River split
of ~65kya (McManus et al., 2015).
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Figure 1. Geographic distribution and evolutionary relationships of gorilla taxa.
(A) Rough approximation of the current gorilla distribution ranges. Note that although depicted as continuous habitat, the western and Grauer’s gorillas are mostly
found in fragmented forest patches (B) Estimates of gorilla (sub)species divergence
times obtained from the literature (McManus et al., 2015; Xue et al., 2015). (C)
Genome-wide principal component analysis on 44 gorilla genomes. Data was obtained from (Prado-Martinez et al., 2013; Xue et al., 2015; Besenbacher et al., 2019)
and mapped to a high quality western lowland gorilla reference (Gordon et al., 2016)
using bwa mem on default parameters (Li, 2013). SNPs were subsequently identified
and filtered following “GATK best-practices” (Van der Auwera et al., 2013) and principal components on all bi-allelic autosomal SNPs were calculated using smartpca
(Patterson, Price and Reich, 2006).
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Figure 2. Inferred effective population size history for the gorillas using PSMC.
High-coverage genomes (range 33X – 38X) for two western, two Grauer’s and two
mountain gorillas were mapped against the long-read western gorilla assembly
(Gordon et al., 2016). PSMC analysis was then run on all autosomes, excluding sites
within highly repetitive regions and those below depth 1/3X and above depth 2X of
genome-wide coverage. Trajectories between the western and eastern (Grauer’s +
mountain) gorillas start diverging 1-2Mya, with the most prominent change starting
~200Kya (using a generation-time of 19.3 years and a mutation rate of 1.25 * 10-8).
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Figure 3. Support for ancient divergence with recent gene flow between the two
gorilla species. For each eastern gorilla genome all nucleotide variants not present
in any of the western gorillas were identified in non-overlapping windows of 1000
base pairs. SNP calls were obtained as described in Figure 1C, however this time the
genomes were mapped to a human reference (hg19) to avoid possible reference bias
from using a western gorilla reference (Günther and Nettelblad, 2018). Next, a Hidden Markov Model aimed at identifying “archaic-like” genomic fragments based on
a high density of private nucleotide variants was applied (Skov et al., 2018). Model
priors were set corresponding to the divergence of western-eastern of ~1mya, eastern“archaic” divergence of ~3 mya, with ~5% of the eastern genome being of archaic
component. (A) Shows the divergence time estimates between the eastern gorillas and
the putatively “archaic” fraction of the eastern genomes (the external fraction) and
the divergence between the western and “non-archaic” eastern gorilla genomes (internal fraction) as obtained from the model posteriors (using a mutation rate of 1.25
* 10-8 and a generation time of 19 years). Each dot represents one individual genome.
The “archaic” fraction most likely does not represent a distinct lineage but rather an
ancient divergence between western and eastern gorillas (B) Shows the posterior estimate for the timing of gene-flow between the eastern gorillas and putative “archaic”
lineage. (C) By summing over all decoded genomic windows an estimated ~10% of
the eastern gorilla genomes show a signal of “archaic” admixture (e.g. ancient divergence (~2mya) to the western gorilla). (D) The distribution of fragments identified
as “archaic” (e.g. ~2 million years divergence to the western gorillas) along chromosome 21. Each row represents a chromosome from a single eastern gorilla individual.
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2.1| Population‐level assessment of genetic
diversity and habitat fragmentation in critically
endangered Grauer's gorillas (Chapter 1)

The possibility to amplify nuclear DNA from minimal-invasive samples and
subsequent improved understanding of microsatellite mutation processes
sparked a revolution in conservation genetics in the 1980s (Taberlet et al.,
1996). Microsatellites are tracts of repetitive DNA, in which sequences of one
or more base pairs are repeated up to hundreds of times. As microsatellites are
usually highly polymorphic, Mendelian inherited, noncoding (and thus likely
selectively neutral) and abundant in eukaryote genomes they are an ideal genetic marker for conservation genetic studies (Taberlet, Waits and Luikart,
1999). Genotyping microsatellites from minimal-invasive samples allows for
accurate identification of individuals and their relationship through time and
space without having to catch, handle or even observe the animals and as such
have been widely used for studying endangered wildlife, including gorillas
(Taberlet et al., 1997; Bradley, Chambers and Vigilant, 2001; Guschanski et
al., 2008, 2009; Vigilant and Guschanski, 2009; Arandjelovic et al., 2010;
Fünfstück and Vigilant, 2015). Due to the political instability in the eastern
Democratic Republic of Congo, little is known about substructure, connectivity and diversity of the critically endangered Grauer’s gorillas that are endemic
to this region. We are thus lacking crucial information needed for the effective
conservation of this species. In chapter 1, I extracted, amplified and genotyped microsatellite markers from Grauer’s gorilla faecal samples using previously developed methods (Nsubuga et al., 2004; Vallet et al., 2008;
Arandjelovic et al., 2009) with the aim to; (i) compare genetic diversity among
eastern gorilla populations; (ii) estimate levels of differentiation among Grauer's gorilla populations and (iii) test if peripheral and central populations of
this species differ from each other in genetic diversity.
Results and discussion
Nineteen samples from the high‐altitude sector of the Kahuzi-Biega National
Park and thirty‐nine samples from the Nkuba Research and Conservation Area
in the Walikale territory were genotyped at 13 microsatelite loci (Figure 4A).
These samples represented 32 unique individuals, of which 28 identified from

17

at least ten genotyped loci. The newly generated genotypes were then complemented with previously published data obtained from three additional
Grauer’s gorilla populations (the Itombwe Massif Natural Reserve, Mount
Tshiaberimu, and Walikale) and a gorilla group that was previously sampled
in the high‐altitude sector of the Kahuzi-Biega National Park (Figure 4A)
(Roy et al., 2014). I also included a subset of data from two mountain gorilla
populations from the Bwindi Impenetrable National Park (Guschanski et al.,
2009) and the Virunga Massif (Bradley et al., 2005) and a western lowland
gorilla population from Loango National Park (Gabon) (Arandjelovic et al.,
2010) for between-species comparisons.
Structure and principal component analysis on the entire dataset (Pritchard,
Stephens and Donnelly, 2000; Jombart, 2008) showed a clear genetic distinction between the gorillas species and subspecies, (Figure 4 A-C), corroborating previous finding (Fünfstück and Vigilant, 2015). A principal component
analysis for the dataset containing only Grauer's gorillas revealed genetic distinction between the populations of Kahuzi-Biega National Park, Mount Tshiaberimu and the other populations (Figure 4D). Estimates of heterozygosity,
number of unique alleles and allelic richness were significantly higher in the
western lowland gorillas compared to the eastern gorillas. I did not observe
significant differences in estimates of genetic diversity between the two eastern subspecies, the mountain and Grauer's gorillas, however, at population
level the Bwindi mountain gorillas had a greater mean number of alleles than
the two peripheral Grauer's populations; Itombwe and Mount Tshiaberimu.
Within Grauer's gorillas, the centrally located population of Nkuba was genetically more diverse than the peripheral populations of Itombwe, Mt. Tshiaberimu, and Kahuzi-Biega. The relative levels of genetic diversity among
gorilla taxa found in this study (highest in western lowland gorillas, followed
by Grauer's and finally mountain gorillas) are in line with previous work that
used different genetic markers ranging from microsatellites to whole genome
sequences (Prado-Martinez et al., 2013; Fünfstück and Vigilant, 2015; Xue et
al., 2015). Among eastern gorillas, Grauer's gorillas generally show higher
values of genetic diversity than the mountain gorillas, however it is especially
the central populations of Walikale and particularly Nkuba that are the most
genetically diverse.
Chapter 1 demonstrates that compared to mountain gorillas, which are
now recovering thanks to dedicated conservation efforts, appreciable genetic
diversity is still present in Grauer's gorillas, but it is not evenly distributed
across the species range. Specifically, isolated populations are less genetically
diverse than those located in the core of the species range, similar to what has
been observed in peripheral populations of western lowland gorillas
(Fünfstück and Vigilant, 2015). Conservation efforts often prioritize the genetically most diverse populations, however, small peripheral populations can
be essential for species survival as immigrants from low‐diversity, isolated
populations into larger central ones can still introduce novel variants that help
18

maintain genetic diversity (Hogg et al., 2006; Åkesson et al., 2016; Chen et
al., 2016). Therefore, small, isolated gorilla populations can have an important
conservation value despite lower genetic diversity, and restoration of connectivity between them and the species' core range might increase conservation
success for this species.

Figure 4. Geographic location and genetic population structure of eastern gorillas.
(A) The eastern Bwindi and Virunga populations are mountain gorillas, whereas all
other depicted populations are Grauer's gorillas. The Loango population of western
lowland gorillas from Gabon is not shown. The location of the pie‐charts represents
the approximate sampling location, pie‐chart size corresponds to the number of
unique individuals sampled, and the colour of the pie‐chart reflects the proportion of
the group's genome membership in one of six genetic clusters as inferred using the
software structure. (B) Principal component analysis for the complete dataset, showing PC1 and PC2 or (C) PC1 and PC3. (D) Principal component analysis only for
the Grauer's gorilla populations.
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2.2| Whole mitochondrial genome capture
from faecal samples and museum-preserved
specimens (Chapter 2)

Although chapter 1 provides new insights into the genetic diversity and population structure of the Grauer’s gorillas, the quantification of genetic diversity loss resulting from recent population decline requires comparisons between modern and historical samples that predate the causative events. Although microsatellites amplification from historical samples can be successful
if DNA preservation is exceptionally high (e.g. Thalmann, Wegmann,
Spitzner, Arandjelovic, Guschanski, Wegmann, et al., 2011), in most cases
the degraded DNA of historical samples makes microsatellite markers inaccessible for direct amplification. In chapter 2 I therefore focus on mitochondrial genomes, another widely used marker in population genetic studies because of its fast evolutionary rate, adaptive potential and female‐specific inheritance (Ruiz-Pesini et al., 2004; Duchêne et al., 2011; Gutiérrez et al.,
2014; Hofman et al., 2015; Desalle, Schierwater and Hadrys, 2017). In addition, the high copy number per cell and small genome size makes it suitable
for sequencing from low‐quality samples. Obtaining mitochondrial genomes
from low-quality samples (e.g. faecal and museum specimens) is non-trivial
as the DNA in such samples is highly degraded (short DNA fragments), of
low quantity (picograms of host DNA), and usually contaminated with environmental and bacterial DNA. In chapter 2 I aimed to recover complete mitochondrial genomes from highly degraded Grauer’s gorilla faecal and museum samples using methods specifically developed for low-quality samples.
DNA from museum specimens (powder obtained from teeth and skin fragments) was extracted using a DNA extraction protocol designed for the retention of ultra-short DNA fragments (Dabney, Meyer and Pääbo, 2013). The
DNA of the faecal samples was extracted using methods specifically aimed at
reducing the amount of inhibiting components in the extract (Nsubuga et al.,
2004; Vallet et al., 2008). Faecal and historical samples generally contain a
complex mixture of DNA, with only a minority coming from the host species,
thus shotgun sequencing of these DNA extracts usually does not yield enough
sequence data for the inferences of host genetics. I therefore applied a capturebased approach aimed at enriching the DNA extract for endogenous fragment
(Maricic, Whitten and Pääbo, 2010). In this method, “baits” are created from
20

a high-quality sample (I used a western lowland gorilla blood extract), which
are then used to “fish” out endogenous DNA fragments through hybridization.
This method circumvents the need for PCR amplification-based sequence
analysis (such as microsatellites or mtDNA hypervariable regions), which often cannot be applied to highly degraded samples, as they require the presence
of long DNA molecules (e.g. >100 basepairs). In addition, PCR‐based mitochondrial studies of great apes have been hampered by the high prevalence of
mitochondrial DNA-like sequences in the nucleus (numts) (Thalmann et al.,
2004). Targeted capture overcomes this problem, due to the greater number of
true mitochondrial fragments compared to nucleus‐encoded numts post-capture (Guschanski et al., 2013). Although previously successful on ancient and
historical samples, the target capture methods had not been applied to faecal
samples prior to my study. Besides sharing damage characteristics with historical samples, faecal samples also contain enzyme inhibitors reducing the
efficiency of many laboratory protocols. In addition, biases such as preferential retention of specific fragment sizes, reduced capture efficiency of damaged molecules and capture performance in the face of closely related contaminating sequences have not been systematically evaluated for target capture approaches. The aim of chapter 2 was thus twofold: (i) using gorilla museum specimens, to evaluate how targeted enrichment of host-DNA affects
the endogenous content, levels of human contamination, read length distribution and prevalence of DNA damage and (ii) investigate if mitochondrial capture is possible from faecal samples and evaluate its performance compared
to museum specimens. In addition, although the faecal samples used in this
study were collected from three presumed gorilla social groups, one of the
groups was later identified as eastern chimpanzees based on recovered mitochondrial sequences. This initially unintentional inclusion of chimpanzee
samples allowed me to also evaluate (iii) the ability to capture mitochondrial
genomes from closely related species using a divergent bait (gorilla) and the
effects of sequence divergence between target and bait.
Results and discussion
By comparing sequence data from the same libraries pre- and post-capture I
show that the applied capture method increased the proportion of target sequences from 0.13 ± 0.04% reads pre-capture to 29.15 ± 3.23% and
40.5 ± 3.78% after one and two capture rounds, respectively (Figure 5A), an
increase of over 300‐fold. Genome coverage post-capture was relatively equal
across the entire length of the mitochondrial genome, suggesting no pronounced regional capture biases. In contrast to previous findings that reported
preferential retention of longer fragments after target capture (Enk, Rouillard
and Poinar, 2013; Cruz-Dávalos et al., 2016), I observed no change in median
read length, but instead reduced retention of both short and long fragments
following capture. Capture was also considerably less efficient for contami21

nating human fragments than for gorilla fragments overall, however the proportion of human mitochondrial reads did increase following capture. This
shows that human contamination remains a challenge when working with low‐
quality (great ape) samples. Applying the target enrichment method to 51
Grauer's gorilla and five eastern chimpanzee faecal samples, over 90% of the
mitochondrial genomes was recovered for 80% and 40% of gorilla and chimpanzee samples, respectively. The proportion of on‐target reads did not differ
significantly between faecal and museum gorilla samples, suggesting that the
capture approach works efficiently for both sample types. Significantly fewer
on‐target reads were observed for the chimpanzee faecal samples. While this
could be due to significantly lower pre-capture endogenous content of these
samples, it is also possible that capture efficiency decreases with increasing
genetic distance between bait and sample. Concordantly, I observed a negative
correlation between regional genome divergence and coverage, suggesting
that regions with higher divergence to the bait were captured less efficiently
(Figure 5B,C). Nevertheless, nearly complete mitochondrial genomes from
chimpanzee samples were obtained, showing that the applied target enrichment method can be successful despite more than eight million years divergence between chimpanzees and gorillas (Langergraber et al., 2012).
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Figure 5. Hybridization capture of mitochondrial DNA fragments from faecal and
museum-preserved specimens (A) The proportion of mtDNA reads significantly increased following one and two capture rounds (*p‐value = <.05, ***p‐
value < 10−10). (B) Relative coverage of chimpanzee samples, calculated as the average coverage in 30 base pair sliding windows divided by the average coverage of the
whole mitochondrial genome, plotted against the sequence divergence to the western
lowland gorilla. Dotted line shows the fitted linear regression (r = −0.31, p‐
value < .0001). (C) Same as (B) for gorilla faecal samples (r = −0.15, p < .0001)
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2.3| Significant loss of mitochondrial diversity
within the last century due to extinction of
peripheral populations in eastern gorillas
(Chapter 3)

All four recognized gorilla taxa experienced continued long-term population
decline over the last 100,000 years (Xue et al., 2015, Figure 2). However, this
decline was particularly pronounced in the eastern species, which is reflected
by the low genetic diversity in eastern compared to western gorillas
(Kuhlwilm et al., 2016). Surveys on the ground have estimated possibly up to
90% population decline in Grauer’s gorillas in the last two decades due to
habitat loss and poaching, and the current population size is possibly less than
4,000 individuals (Plumptre et al., 2016). In contrast, thanks to major international conservation efforts, the mountain gorilla population of the Virunga
Massif has recovered from a population low of ~250 in the early 1980s, to
around 1000 individuals today (Kalpers et al., 2003; Gray et al., 2013, Dian
Fossey Gorila Fund 2018). Therefore, eastern gorillas (and in particular the
Grauer’s gorillas) represent a case of rapid population decline over the last
few generations that happened against the backdrop of long-term small population size. Demographic analyses of gorillas had so far only considered modern samples and therefore have limited power to resolve how genetic diversity
has changed in recent time periods. In chapter 3 I used historical museum and
modern faecal samples that span the last 110 years, to provide a direct pastto-present comparison of mitochondrial genetic diversity in eastern gorillas.
Mitochondrial genomes are well suited for such a comparison, as they can
reflect recent demographic changes (Cassidy et al., 2017). Due to the low effective population size of mtDNA (1/4th of the nuclear genome) and high mutation rate, nucleotide variants rapidly become fixed through genetic drift, allowing the observation of demographic processes, even when the sampling
period encompasses only a few generations (Nyström, Angerbjörn and Dalén,
2006; Xenikoudakis et al., 2015). In chapter 2, I obtained a large set of mitochondrial genomes and this revealed that many of the historical samples contained relatively well preserved DNA, likely due to the young age of these
samples (~100 years), the area targeted for DNA extraction (bone powder
from the inside of the teeth) and extensive surface contamination (sanding and
UV decontamination). The preservation levels for many of these samples
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made it possible to obtain (nearly) complete mitochondrial genomes through
Illumina shotgun sequencing of the initial DNA extract. Thus the mountain
gorilla historical mitochondrial genomes in chapter 3 were obtained through
shotgun sequencing rather than applying the hybridisation capture method of
chapter 2. Obtained mitochondrial genomes were combined with previously
published data from contemporary gorilla populations (Prado-Martinez et al.,
2013; Xue et al., 2015), resulting in a set of over 100 gorilla mitochondrial
genomes, which were then used to; (i) quantitatively assess how genetic diversity has changed over the course of a few generations in the eastern gorillas
and (ii) evaluate the relative contribution of decline in population size versus
local population extinction to genetic diversity of Grauer’s gorillas.
Results and discussion
Comparing the eastern gorilla mitochondrial genomes from modern and historical samples, a pronounced loss of genetic diversity within the last century
was observed in Grauer’s gorillas. Because the historical sampling contained
populations from both within and outside of the current known species distribution range, it allowed me to assess the relative contribution of population
size reduction compared to population loss due to genetic diversity. This is
important, as Grauer’s gorillas have not only experienced reduction in population size and increased fragmentation throughout their range (Plumptre et
al., 2016; Molinario et al., 2017), but also face a general range contraction,
accompanied by local population extirpation (Maldonado et al., 2012). Although genetic diversity within the Grauer’s gorilla core distribution range remained relatively stable over the time period spanned by our study (~100
years), overall genetic diversity in this species declined significantly as the
result of extinction of populations that are outside the current species range.
This significant loss of mitochondrial diversity in Grauer’s gorillas over a
short time period is alarming, as it likely also holds for autosomal variation
(albeit to a lesser extent due to differences in effective population size). A
particularly large number of unique mitochondrial haplotypes in peripheral
historical populations was observed and multiple unique haplotypes were observed within relatively small geographic regions (Figure 6). These patterns
are possibly the result of the long-term historical isolation of peripheral populations, with limited (female) dispersal, which may have allowed multiple
unique variants to drift to high frequency.
In the historical mountain gorilla samples only four different haplotypes
were present, showing that mitochondrial diversity was already extremely low
in the past. Among the modern samples only two unique haplotypes remained.
Such low levels of diversity in the datasets made it impossible to derive any
statistically meaningful conclusions about genetic temporal changes in the
mountain gorillas.
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Although chapter 1 shows that the peripheral Grauer’s gorillas generally
have lower diversity than the core population, chapter 3, reveals that peripheral gorilla populations are nonetheless keepers of unique genetic variants,
highlighting their conservation importance (Lawton, 1993; Vucetich and
Waite, 2003). Therefore, conservation actions aimed at preserving peripheral
populations, improving habitat connectivity and hence facilitating gene flow,
could have a disproportionally positive effect on maintaining overall diversity
of Grauer’s gorillas.
Finally, demographic modelling (extended Bayesian Skyline plots) on the
mitochondrial genomes, suggest that Grauer’s gorillas went through a period
of population growth, most likely between 10,000 and 2,500 years ago, and
only recently experienced dramatic population decline. This is concordant
with previous inferences about Grauer’s gorilla evolutionary history based on
morphological analyses, and coincides with the expansion of forest habitat in
central Africa during this time period (Barks et al., 2014; Tocheri et al., 2016).
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Figure 6. Haplotype map and haplotype network showing the geographic and
genetic placement of haplotypes for historical and modern samples. Each haplotype is marked by a unique colour. Dashed line in panels A and C designates the
currently estimated distribution range of Grauer’s gorillas. Geographic origin of
studied mountain gorilla samples is limited to the Virunga Massif, but is presented
larger on the map for clarity. (A) Geographic location of all samples and (B) the
corresponding mtDNA haplotype network. (C) Geographic location and (D) the
corresponding mtDNA haplotype network of modern samples (coloured) and historical samples (shown as outlines). Red outlines designate historical samples from
locations outside of the current distribution range, where Grauer’s gorillas are
extinct today.
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2.4| Historical genomes reveal the genomic
consequences of recent population decline in
eastern gorillas (Chapter 4)

Chapter 3 revealed a decline in mitochondrial diversity within the last century
in the eastern gorillas, however the functional consequences of this decline
remained unknown. In chapter 4 I thus aimed to directly quantify genomic
changes within the last century in the two eastern gorilla subspecies by analysing genome-wide sequence data generated from the best-preserved historical gorillas specimens and comparing them to present-day (modern) genomes
(Prado-Martinez et al., 2013; Xue et al., 2015). By low-depth shotgun sequencing of historical gorilla specimens (chapter 2 and 3), the specimens
with the highest endogenous content and quantity could be identified and selected for deep genome sequencing. For seven Grauer’s and four mountain
gorilla samples collected between 1910 and 1962 (median: 1923) adequate
coverage (3.1X–10.8X) to infer genomic changes through time was obtained.
Results and discussion
Estimates of autosomal heterozygosity in the Grauer’s gorillas suggested a
decline in genetic diversity in the last century, with modern individuals containing on average 20% fewer heterozygous sites than historical individuals.
Lower genetic diversity in modern mountain gorillas was also observed, however the difference compared to the historical individuals was small (3%) and
not statistically significant. Additional support for reduced diversity in the
modern Grauer’s gorilla population was obtained at population level (measured as the total number of variable sites per population). Next, I aimed to
infer the effects of the recent population decline on inbreeding levels by identifying tracts of within-individual chromosomal sequence sharing (ROH).
Whereas an average of 35.1% and 33.9% of the historical Grauer’s and mountain gorilla genomes, respectively, consisted of ROH above 100 kb, this proportion increased to 39.2% in modern Grauer’s and to 36.3% in modern mountain gorillas. This change is mainly driven by the proportion of the genome
contained in very long ROH (2.5–10 Mb), which increased by 24% in modern
Grauer’s gorilla genomes (Figures 7A). Such long tracts are likely to arise
from mating between closely related individuals less than a few generations
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ago (Kardos et al., 2018) and as such suggest that mating between related individuals might have increased within the last century. The proportion of the
genome contained in long ROH also increased in modern mountain gorillas
(+6.9%) however the difference with the historical samples was not statistically significant. To test if the population decline and subsequent increase in
inbreeding led to an accumulation of deleterious mutations in eastern gorillas,
three complementary approaches to characterize genetic load on genomewide, gene, and protein level were used. A significant increase in frequency
of both missense and loss-of-function (LoF) variants in modern Grauer’s gorillas compared to the historical individuals was found, consistent with a
higher genetic load in the modern population (Figure 7B). In contrast, this
analysis suggested that the frequency of missense and LoF variants has remained stable in the mountain gorillas during the same time period (Figure
8B). Genes affected by LoF mutations with the highest frequency increase in
the modern Grauer’s gorillas were enriched for functions related to immunity
and methylation, possibly indicating a decline in pathogen resistance.
Overall the Grauer’s gorillas have been more severely affected by population decline than mountain gorillas, which could be a result of their contrasting
demographic histories. In chapter 3, I suggested that Grauer’s gorillas likely
went through a period of population growth and range expansion 2,500–
10,000 years ago. This demographic expansion may have led not only to a
historically higher genetic diversity in Grauer’s compared to mountain gorillas
but also to a higher number of low-frequency (de-novo) deleterious mutations
in the Grauer’s gorilla population. As Grauer’s gorillas went through a severe
population decline of up to 90% in the last 20 years (Plumptre et al., 2016),
these deleterious mutations might have increased in frequency, possibly due
to increased drift and inbreeding, thus leading to a more pronounced change
in genetic load in Grauer’s compared to mountain gorillas. However, the sample size in this study was limited, and Grauer’s gorilla historical samples were
not all obtained from the same locations as the modern samples. Thus, the
observed difference between the historical and modern Grauer’s gorillas
might also be the result of sample specific features or more ancient substructure (and consequently differences in inbreeding and genetic load between
isolated populations) rather than recent temporal changes.
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Figure 7. Genomic consequences of population decline in eastern gorillas (A) Cumulative proportion of the genomes contained in ROH below the length displayed on
the x axis. Thin lines represent individual genomes, whereas thick lines show the population averages. Trajectories of modern and historical genomes start diverging at
long ROH (>1 Mb) for Grauer’s gorillas, which are expected to arise primarily form
recent inbreeding. (B) Ratio of derived alleles between historical and modern genomes at LoF and missense sites. Error bars depict ±1 SD. This ratio is significantly
different from 1 in Grauer’s gorillas.
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2.5| The genome of the endangered Dryas
monkey provides new insights into the
evolutionary history of vervets (Chapter 5)

In Chapter 5 I switch study species to the dryas monkey (Cercopithecus
dryas, Figure 8), a cryptic guenon, previously only known from a single small
isolated population (Kokolopori) in the Congo River basin. The recent discovery of a second geographically distinct population (Lomani, Figure 9A) has
led to the elevation of its conservation status from critically endangered to
endangered, however the actual population size, distribution range, behaviour,
ecology and evolutionary history of the dryas monkey remains unknown
(IUCN, 2019). Despite being classified as a Cercopithecus species due to its
resembles to the Diana monkey (Colyn, Gautier-Hion and van den
Audenaerde, 1991), a previous study based on mitochondrial genomes placed
the dryas monkey together with the vervets (genus: Chlorocebus), supporting
suggested grouping based on similarities in cranial and dental morphology
(Kuroda, Kano and Muhindo, 1985; Guschanski et al., 2013). Thus, even the
phylogenetic placement of the dryas monkey is unclear. With possibly less
than 250 remaining adult individuals, the dryas monkey is of high-conservation concern, but it’s challenging habitat, cryptic behaviour and the decadelong unstable political situation in the Democratic Republic of Congo have
made it extremely challenging to observe and study this primate in the wild
(Hart et al., 2019). In such instances, genomic data can possibly provide a
wealth of novel conservation-relevant information, not accessible by other
means. The goal of this study was twofold: (i) Reconstruct the evolutionary
and demographic history of the dryas monkey in relation to that of the vervets
and (ii) asses the long-term genetic viability of this species. To this end, the
genome of a single male dryas monkey was sequenced to high coverage (33X)
and analysed together with previously published vervet monkey genomes
(Svardal et al., 2017).
Results and discussion
Multiple independent phylogenomic approaches using whole-genome sequencing data unambiguously support the same tree topology, showing the
dryas monkey as a sister species to all other vervets. The dryas monkey diverged from the common ancestor of all vervets at least 1 million years ago,
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long before the vervet radiation started ca. 590 thousand years ago (Figure
9B). The Y-chromosome-based phylogeny shows the same topology and divergence time estimates as the autosomal trees (Figure 9C). This stands in
stark contrast to the inferences based on the mitochondrial genomes, which
show the dryas monkey (both the modern dryas monkey sample and the type
specimen mitochondrial genome) to be nested within the vervet genus
Chlorocebus (Guschanski et al., 2013) (Figure 9D). The incongruence between the nuclear and the mitochondrial phylogeny could be explained by ancient admixture between the vervets and dryas.
The sabaeus-vervets share significantly fewer derived alleles with the
dryas monkey than all other vervets. As derived alleles should be approximately equally frequent in all populations under the scenario of incomplete
lineage sorting without additional gene flow (Green et al., 2010), such a pattern strongly suggest that indeed alleles were exchanged between the dryas
monkey and the vervets after sabaeus-vervets diverged from the other vervets.
Using model-based approaches, I obtained additional support for gene flow
that occurred 590,000 – 360,000 years ago between the common ancestor of
the non-sabaeus vervets and the dryas monkey. Bonobo-chimpanzee admixture also occurred during the same time-period and both admixture events
most likely involved the crossing of the Congo River (Figure 9A), previously
thought to be an impenetrable barrier for mammals (Colyn, 1987; Colyn,
Gautier-Hion and Verheyen, 1991; Colyn and Deleporte, 2004; Eriksson et
al., 2004; Kennis et al., 2011). In addition, the proposed archaic gene-flow
from an unknown great-ape lineage into bonobos also occurred during the
same time period (Kuhlwilm et al., 2019). As the timing of these events are
highly congruent, the fluvial topology of the Congo River and the geology
within the Congo basin might have been more dynamic 300,000-500,000
years ago than previously recognised (Beadle, 1981; Stankiewicz and de Wit,
2006).
Principal Pairwise Markovian Coalescent analysis suggest that 100,000 –
300,000 years ago the dryas monkey population was the largest among all
vervets, possibly ranging in the tens of thousands of individuals. This is also
reflected by the high genetic diversity of the dryas monkey individual. The
dryas monkey did not show signs of excessive recent inbreeding, which would
manifest itself in a high fraction of the genome contained in long tracts of
homozygosity (> 2.5Mb). In addition, genome-wide measures of genetic load,
measured as the ratio between LoF or missense and synonymous mutations,
did not show an increased genomic burden of deleterious mutations in the
dryas monkey compared to the much more abundant and widely distributed
vervets. The demographic history and genome-wide measures of genetic diversity and genetic load of the dryas monkey thus suggest that the population
of this endangered primate might be larger than currently recognised and
likely has good chances for long-term survival, if appropriate conservation
measures are implemented.
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Figure 8. A rare image of the dryas monkey obtained from camera trapping. ©Daniel
Alempijevic.
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Figure 9. Phylogeny of the dryas monkey and the vervets. (A) Distribution ranges of
the vervets and dryas monkey. The dryas monkey is currently known from two isolated
populations: The Kokolopori-Wamba and the Lomami National Park. The sequenced
dryas monkey individual was sampled from the Lomami population as indicated by
the asterisk. (B) The autosomal consensus phylogeny of the dryas monkey and the
vervets. The tree topology is supported by multiple analyses. Red dotted lines depict
previously reported admixture events between the different vervet species (Svardal et
al., 2017), with the line width corresponding to the relative strength of admixture.
Green arrows show the best-supported timing of admixture between the dryas monkey
and the vervets, with arrow heads pointing into the most prominent direction of gene
flow. (C) Maximum likelihood Y-chromosome phylogeny, calibrated using the rhesus
macaque Y-chromosome as outgroup (not shown). (D) Mitochondrial phylogeny
based on de-novo assembled and the previously published dryas monkey type-specimen mitochondrial genomes, rooted with the rhesus macaque (not shown).
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2.6| Genetic purging in mammalian
populations (Chapter 6)

Inbreeding depression, the reduction of fitness because of lower survival, mating, and/or reproduction in the offspring of related individuals compared to
unrelated individuals is widely observed among inbred populations (Hedrick
and Kalinowski, 2000). This decrease in fitness is caused by increased homozygosity at loci with deleterious recessive alleles (Charlesworth and
Charlesworth, 1999) and can have severe consequences for the long-term survival of populations (O’Grady et al., 2006). However, despite broad theoretical and empirical support for inbreeding depression (Keller and Waller, 2002;
Charlesworth and Willis, 2009), many animals have survived for thousands of
generations at small effective population sizes, without apparent strong fitness
consequences. A suggested explanation for this long-term persistence is genetic purging; the increased efficiency of purifying selection facilitated by inbreeding as a result of increased homozygosity of partially recessive deleterious variants (Hedrick, 1994). The interplay between demographic change, selection, drift and inbreeding might thus over time result in the removal of recessive deleterious alleles from small populations. Evidence for genetic
purging has been found in several species; the channel island foxes (Robinson
et al., 2018) , mountain gorillas (Xue et al., 2015), ibex (Grossen et al., 2019),
and Apennine brown bears (Cornetti et al., 2017), but it remains largely unknown to what extend purging is a dominant evolutionary force in wild populations. As animal populations throughout the planet are currently experiencing anthropogenically-induced declines at unprecedented speeds (Pimm et al.,
2014), inbreeding in wild populations is expected to rise. The resulting genetic
consequences might thus be an important contributor to the extinction of already struggling species (Frankham, 1995). Identifying under what circumstances genetic purging can act and how common it is among endangered populations could therefore aid in increased efficiency of animal conservation.
The aim of chapter 6 was thus to better understand to what extent genetic
purging is a common evolutionary force in small populations and under what
circumstances it can act by estimating the relative genetic load in a range of
mammalian species from genomic data.
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Results and discussion
Identifying deleterious alleles (and genetic load) from genomic data is challenging, however evolutionary constraints seem to be a remarkable accurate
predictors for the fitness consequences of mutations (Cooper and Shendure,
2011). In the first part of chapter 6 I used previously developed software,
together with a newly developed pipeline to calculate the number of rejected
substitutions (genomic evolutionary rate profiling; GERP-scores) along a genome alignment. Such “rejected” substitutions would have occurred if the element was selectively neutral, but are not observed because the genomic element has been under strong evolutionary constrains (Davydov et al., 2010).
High GERP-scores reflect sites in the genome that have largely remained identical between a set of genomes, in this chapter comprising all major mammalian clades.
The GERP-scores I calculated in this study showed a high correlation with
those previously published for the human genome (hg19). In addition, the
scores were 4-6 times higher within exonic regions, known to be highly conserved in vertebrates (Lindblad-Toh et al., 2011), than within intronic regions
and the vast majority of within-species genetic variation is found at low
GERP-scores (indicating that these regions are likely nearly-neutral). These
results suggest that the calculate GERP-scores indeed reflect to what extent
genomic regions have experienced strong purifying selection throughout their
evolutionary history. Using these GERP-scores, genetic load was then estimated for 670 individuals, comprising 42 mammalian species by identifying
the fraction of derived alleles found within highly conserved genomic regions
(Figure 10).
Pronounced differences in genetic load between mammalian species was
observed. Mammalian species with relatively few derived alleles at putatively
deleterious sites had the highest levels of genome-wide inbreeding, i.e. a high
proportion of their genome was in complete autozygosity (e.g. snow leopard,
tiger, island fox, wolves, cheetah). In contrast, species with large population
sizes and low rates of inbreeding had many putatively deleterious alleles (e.g.
house mouse, brown rat, Himalayan rat, European rabbit, vervet monkey, olive baboon, rhesus macaque). However, several species that experienced dramatic recent population declines (e.g. chimpanzee, orang-utan, lions and Iberian lynx) do not show the same strong signal of genetic purging, despite some
being highly inbred (e.g. lions and Iberian Lynx). This suggest that although
genetic purging can be a prominent evolutionary force in small populations,
the purging of deleterious alleles in wild populations mostly occurs over long
evolutionary time-frames, whereas changes in levels of inbreeding (and consequent increase of deleterious alleles) occur much faster.
Despite some of the genetically diverse populations (e.g house mouse,
brown rat, Himalayan rat, European rabbit, vervet monkey, olive baboon,
rhesus macaque) carrying a relatively high fraction of putatively deleterious
alleles, the majority of these are at such low frequency that they are rarely
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found in a homozygous state. In contrast, while purging can be imagined for
the majority of deleterious alleles in some of the highly inbred populations,
some deleterious alleles do reach fixation, which could subsequently lead to
strong inbreeding depression. This observation is especially worrying for genetically diverse populations facing dramatic population declines (e.g. orangutan, chimpanzee). As genetically diverse mammals generally seem to carry
relatively many deleterious alleles, a high proportion of these could reach fixation during rapid population declines before being removed by purging, resulting in high inbreeding depression in such populations. This also warns
against genetic rescue strategies, where a small number of genetically diverse
immigrants is introduced into a small population without reducing the overall
levels of inbreeding. In such cases, the introduction of new genetic variants
can result in short-term increased population fitness (Hedrick et al., 2014), but
subsequent inbreeding will likely result in the fixation of a higher number of
deleterious alleles than present in the population before the introduction of
novel genetic variation.
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Figure 10. Relative genetic load by species. We estimated genetic load as the average
GERP-score of the derived allele. A random scatter is added to the individuals within
a species for clarity. Several closely related species (Sumatran and Bornean
orangutans, gibbons, vervet monkeys, and eastern and western gorillas) are grouped
together for clarity (depicted by the asterisks).
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3| Conclusions

With human populations forecasted to continuously grow in the next decades,
reaching 10 billion by the year 2050 (United Nations, 2017), wildlife will face
ever increasing anthropogenic pressures. Tools that can improve our understanding of the genetic consequences of these population declines and aid in
increased conservation success are thus urgently needed. In chapter 1 I used
microsatellite genotypes obtained from Grauer’s gorilla faecal samples, to
show how such methods can provide new insights into the genetic diversity
and substructure of challenging to study species. This revealed lower genetic
diversity and high differentiation in the peripheral compared to the central
populations, indicating a strong effect of genetic drift and limited gene flow
among the small, isolated forest fragments. In agreement with previous findings, all eastern gorillas displayed significantly lower genetic diversity than
the western lowland gorillas. This low genetic diversity might negatively impact the fitness and future survival of the eastern gorillas, however genetic
diversity is strongly influenced by species’ life history and demography. Species with long-term low genetic diversity may have developed adaptations
to mitigate some of the negative effects and it is thus important to distinguish long-term from short-term genetic processes. Here museum collections can play an essential role, as they frequently span the critical period
of the last few hundred years during which human pressures on natural ecosystems increased. However, historical specimens are of low DNA quality
and obtaining genetic data from such samples is non-trivial. In chapter 2 I
therefore applied methods developed specifically for obtaining genetic data
from low quality samples to faecal and museum specimens to show that complete mitochondrial genomes can be obtained from these degraded samples,
as long as high-quality DNA is available for bait construction. In chapter 3,
using the obtained mitochondrial genomes, I found that Grauer’s gorillas lost
mitochondrial diversity within the last century, mainly driven by the extinction of peripheral populations. Mountain gorilla mitochondrial diversity was
historically already extremely low, resulting in limited statistical power to
quantify temporal changes. Although the Grauer’s gorilla peripheral populations generally showed lower genetic diversity (chapter 1), extinct populations from the edge of the former distribution range contained unique genetic
variants. This shows that peripheral populations can be important keepers
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of genetic diversity in species with fragmented habitats. In chapter 4, genome-wide sequence data from relatively well preserved 100-year old museum and high-quality modern samples made it possibly to quantify the functional consequences of the observed population declines. Modern Grauer’s
gorillas carry on average more genetic variants with putatively negative fitness
consequences than historical Grauer’s gorillas. In contrast, the mountain gorillas did not display the same magnitude of change, which might be a result
of their specific demographic history. In chapters 1 to 4 I aimed to show how
we can use minimal-invasive and museum samples to asses and quantify the
genetic structure and consequences of population declines for challenging to
study species, but high-quality samples remain necessary for extensive demographic inferences. In chapter 5, using a tissue sample of a male dryas monkey, a cryptic and little-known endangered primate, I showed that the dryas
monkey is a sister species to the vervets. In addition, I found indications for
ancient gene flow between the dryas monkey and vervets, long after their initial divergence. The genomic data also suggest that the current dryas monkey
population is genetically “healthy” and as such likely viable in the long-term,
if appropriate conservation measures are taken.
The loss of genetic diversity and increase of putatively deleterious alleles
in Grauer’s gorillas within the last decades can negatively impact their future
survival chances, however some species (including the mountain gorillas),
show signs of “adaptation” to small population size, resulting from the purging of deleterious genetic variants. The extent of genetic purging and the evolutionary time-scale at which it can take place in wild populations is not yet
well understood. In chapter 6 I aimed to improve upon our understanding of
genetic purging by estimating the genetic load across a range of mammals
with different population sizes and demographic histories. This suggested that
genetic purging might be relatively common among endangered species, however it mainly acts on long evolutionary time-scales with limited strength during the rapid population declines experienced by many species today. I also
find that, despite genetic purging, many putatively deleterious alleles still
reach fixation in small populations. Thus, although genetic purging might mitigate some negative fitness consequences of small population size, population
decline likely results in reduced fitness overall in most instances.
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4| Future perspectives

Ultimately, I hope this thesis (and future genomics studies) will allow us to
better preserve biodiversity in a time where wild populations are faced with
ever increasing anthropogenic pressures. However, to do so, major challenges
are still remaining. In chapters 1-4, minimal-invasive samples are used to estimate the geographic and temporal differences in genetic diversity of the eastern gorillas. However, with the exception of a few well-preserved historical
specimens, most of these results are based on a limited set of markers (microsatellites and mitochondrial genomes), as it remains extremely challenging
to obtain genome wide data from such samples. For the field of genomics to
significantly contribute to practical conservation programs, improvements in
data quality obtained from minimal-invasive samples and analytical methods
that can be applied to such datasets are needed. In recent years, promising
developments, especially in the field of targeted enrichment and capture methods, have been made. Using such methods, de Manuel et al. (2016) succeeded
in capturing genome-wide markers and the complete chromosome 21 from
chimpanzee faecal samples, allowing for the identification of population structure at fine-scale. Snyder-Mackler et al. (2016), succeeded in enriching baboon faecal samples for host-DNA by up to 40-fold, making some of these
samples accessible to low coverage (<1X) whole-genome shotgun sequencing. Another promising development is the use of fluorescence-activated cell
sorting technologies that can separate “host-like cells” from microbial and
plant cells before any DNA is extracted. The DNA can then be obtained from
the host-cell enriched fraction and subjected to shotgun sequencing, which has
already in a few cases resulted in such high endogenous DNA quantities
(>30%) that the samples become accessible for unbiased whole genome sequencing (Orkin et al., 2018).
The developments in genomics from minimal-invasive samples might
eventually also help us to better understand the evolutionary history of the
gorillas, which despite being studied for decades, remains mysterious. Estimates for the timing of divergence between the two gorilla species vary widely
based on the modelled extend and timing of gene-flow (e.g. Scally et al., 2012;
Xue et al., 2015). In addition, whole-genome data suggest that both eastern
gorilla species (Mountain and Grauer’s) have been at small population size
throughout most of their history (Figure 2 and Xue et al., 2015), however field
based studies show that whereas mountain gorillas have most likely been at a
population size of a few hundred individuals throughout their demographic
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history, Grauer’s gorillas numbered until recently in the tens of thousands
(Roy et al., 2014; Plumptre et al., 2016). In chapter 3 I found indications for
a marked population size increase in the Grauer’s gorilla ~2.5-10 kya (Figure
11A). Taken together, these observation fit a scenario suggested by (Tocheri
et al., 2016): Eastern gorillas were isolated on the Virunga-Bwindi mountain
ranges after the split from western lowland gorillas, but when the central African forest started expanding ~20.000 years ago, some gorillas came down
the mountains and expanded rapidly into the new available habitat, becoming
what is now known as the Grauer’s gorillas. Such a scenario could also explain
why Grauer’s gorillas show a larger fraction of their genome in runs of homozygosity between 50-500kb than mountain gorillas do (Figure 8A, chapter 4).
The additional bottleneck experienced during the (re)colonisation of the central African forest would have temporarily increased mating between related
individuals, and the impact of this is now visible as runs of homozygosity of
intermediate length in the modern Grauer’s gorilla genomes. In addition, the
currently available genomic data suggest substructure within the Grauer’s gorilla’s population (Figure 11B), possibly indicating two separate colonisation
events of the Central African forest. However, the current sample sizes are to
small to asses such structure in detail.
To resolve these outstanding questions, additional genomic data from unrelated wild-born individuals is needed to accurately estimate substructure and
allele frequencies of the different gorilla subspecies, which is essential for the
development of more accurate demographic models. Although historical samples can be extremely useful, only very few of such samples are available and
in most cases they yield too little sequencing data to provide the resolution
needed (Figure 11C). It is thus methodological developments of protocols for
obtaining genome-wide data from minimal-invasive faecal samples, together
with novel methods that can account for genetic lineages not present within
the dataset (e.g. Browning et al., 2018; Skov et al., 2018) and/or involve modelling rare alleles (which are often excluded from demographic analysis due
to their high error rates) that most likely will help solve some of the outstanding gorilla mysteries.
Finally, reference bias is known to have an impact on divergence and geneflow estimates as DNA fragments carrying the reference allele will be more
likely to map successfully, or receive higher quality scores. Currently, only a
high-quality de-novo assembly for a western gorilla female is available
(Gordon et al., 2016). Thus ultimately, fine-scale genomic analysis of the
gorillas might require de-novo assemblies for all gorilla subspecies.
In contrast to the gorillas, our understanding of the evolutionary history and
ecology of the dryas monkey, a guenon species, is in its infancy. Classified as
a Cercopithecus, genomic data shows that the dryas is a sister species to the
vervets (Chlorocebus) with strong indications of ancient gene flow between
dryas and some of the vervet species after their initial separation. However,
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the guenons are known for the high rate of hybridization, with hybrids reported between species that have diverged more than 5 million years ago
(Moulin et al., 2008; Jong and Butynski, 2011; Detwiler, 2019). It is thus possible that the dryas monkey carries significant genomic legacy from additional
hybridisation events with non-vervet guenons. Upon recently, the dryas monkey was classified as critically endangered, however the finding of a second
population has elevated its status to endangered. The genomic data indicates
that the population might be much larger than currently recognised, and recent
field observations suggest that the species indeed occupies a wider range. Future field studies and additional dryas monkey and guenon genomes (possibly
from minimal-invasive samples) are needed to improve our understanding of
the conservation status, demographic history, gene-flow, phylogenetic classification and population genetic structure of the dryas monkey.
Finally, recent genomic studies and chapter 6 suggest that genetic purging
might be more common among small populations than previously recognised
(e.g. Xue et al., 2015; Benazzo et al., 2017; Robinson et al., 2018). However,
the extend of genetic purging and the temporal scale at which such processes
take place remain poorly understood and will require many more dedicated
studies. Direct quantification of genetic purging is possible using historical
and ancient samples (e.g. Rogers and Slatkin, 2017), however for the vast majority of endangered species such samples are not available. A promising future route to circumvent this limitation and directly observe genetic purging
in wild populations on a fine-scale might be by focussing on species that have
been introduced onto small islands (and thus consequently stayed at small
population size due to the low carrying capacity) within the last centuries. For
many of such species, the approximate date of introduction, and thus divergence from the “mainland” population, is known. In addition, it is possible to
obtain high quality modern samples, minimising possible biases arising from
the use of low-quality samples. One example of such a study system are the
vervet monkeys, which occur throughout mainland Africa but have also been
introduced on the Caribbean island during the colonial times around 500 years
ago (Figure 12A) (Dore, 2017). The proportion of the genome in runs of homozygosity of the Caribbean vervets is almost double that of the mainland
population, suggesting strong inbreeding after their introduction (Figure 12B).
Interestingly, the number of putatively deleterious mutations in the Caribbean
populations seems to have decreased (Figure 12C). The purged deleterious
variants are enriched for functions related to chemical stimuli involved in sensory perceptions of smell (P < 0.001), possibly indicating rapid adaptations to
a new habitat and diet. These changes occurred relatively rapidly (e.g. ~50
generations) suggesting that genetic purging might play a prominent role at
even short evolutionary time scale in the vervets. Future studies using island
versus mainland comparisons might thus help us to better understand the
forces driving genetic purging and the time scales on which it occurs.
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To conclude, exciting new technologies, likely revolutionizing the field of
minimal-invasive conservation genomics, are currently in development. Applying these methods and convert outcomes into clear examples of genomicbased conservation success stories are needed to better protect the biodiversity
on our planet. Ultimately, efficient species conservation will rely on the integration of political, financial, social and scientific approaches, in which I foresee a prominent role for genomics.

Figure 11. (A) Extended Bayesian skyline plots for Grauer’s gorillas based on
complete mitochondrial genomes. Time is presented on the x-axis, the effective female population size, assuming a generation time of 19 years, is shown on the yaxis. Black line shows the estimate of the mean and the coloured area corresponds
to the 95% probability density interval. (B) Eastern gorilla whole genome autosomal principal component plot, using historical samples (4-8X coverage) and modern genomes (>20X coverage). Principal component analysis suggests substructure in the Grauer’s gorilla subspecies that is present in historical and modern
populations. (C) Projected PC analysis of high quality modern (>20X) and lowquality (<0.01X) historical samples. Pseudo-haploid sequences for each historical
individual were obtained by randomly selecting a single high-quality base call (BaseQuality ≥30, MapQuality ≥30) at each site covered by at least 1 read, excluding sites
within repetitive regions (as identified from the repeatmask tracts) to minimize false
bases from spurious mappings. Next, a reference set of high-quality polymorphisms
was made from all bi-allelic sites in the modern genomes. The low-coverage samples
were than projected onto the pre-calculated PC space using smartpca (Patterson et
al. 2006). Historical samples are coloured according to the geographic origin depicted on their associated museum label. For the majority of historical samples, the
species can be identified despite extremely low depth data (note also a museum mislabelling of one mountain gorilla, here identified as a western gorilla), however fine
scale substructure requires much higher coverage (see panel B), which is challenging
to obtain for most historical samples.
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Figure 12. Indications for genetic purging in vervets on the Caribbean islands. (A)
Distribution range of the vervets. Black dots represent the geographical origin of
whole-genome samples obtained from (Svardal et al., 2017). The insert shows genome-wide principal component analysis on all bi-allelic autosomal SNPs of 148 vervet genomes. The Caribbean vervets are most closely related to the populations from
Gambia and Ghana, known to be a former slave-trading hotspot. (B) Fraction of the
genome in ROH nearly doubled in the island populations compared to the GhanaGambia mainland population within ~50 generations. (D) Variant effect predictor
(McLaren et al., 2016) was used to classify genetic variants into Loss-of-Function,
missense and synonymous mutations. The frequency of all such types decreased in the
island populations, suggesting that on average the vervets on the Caribbean islands
carry fewer deleterious mutations than those on mainland Africa.
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5| Svensk sammanfattning

Då människans populationer förväntas att ständigt växa under de kommande
årtiondena och nå 10 miljarder år 2050 (Förenta staterna, 2017) så kommer
vilda djur att möta allt större antropogena påtryckningar. Det är därför brådskande med verktyg som kan förbättra vår förståelse vad dessa populationsminskningar har för genetisk påverkan samt ge stöd till ökad framgång i bevarandet av dessa djur. I kapitel 1 använde jag mikrosatellit-genotyper erhållna från avföringsprover från Grauers gorillor för att visa hur denna metod
kan ge nya insikter om genetisk diversitet samt populationsstrukturer av svårstuderade arter. Detta visade en lägre genetisk mångfald och en hög differentiering i periferin jämfört med de centrala populationerna. Detta indikerar en
stark effekt av genetisk drift och begränsat genflöde bland de små isolerade
skogsfragmenten. I överensstämmelse med tidigare fynd uppvisade alla östliga gorillor signifikant lägre genetisk mångfald än de västliga låglandsgorillorna. Denna låga genetiska mångfald kan negativt påverka östliga gorillans
livskraft och framtida överlevnad, dock kan den genetiska mångfalden vara
ett resultat av artens livshistoria och demografi. Arter med långvarig låg genetisk mångfald kan ha utvecklat anpassningar för att mildra några av de negativa effekterna och det är därför viktigt att skilja mellan långvariga och kortvariga genetiska processer. Här kan museisamlingar spela en avgörande roll,
eftersom de ofta sträcker sig över den kritiska perioden av de senaste hundra
åren då människans påtryckningar på naturens ekosystem ökat. Historiska exemplar har dock låg DNA-kvalitet och det är inte trivialt att erhålla genetiska
data från sådana prover. I kapitel 2 tillämpade jag därför metoder som specifikt utvecklats för att erhålla genetisk data från prover av låg kvalitet, så som
avförnings- och museiprover för att visa att fullständiga mitokondriegenom
kan erhållas från dessa nedbrutna prover, så länge som högkvalitativt DNA är
tillgängligt för beteskonstruktion. I kapitel 3 fann jag med hjälp av de erhållna
mitokondriegenomen att Grauers gorillor har förlorat mitokondriell mångfald
under det senaste århundradet, främst på grund av utrotning av perifera populationer. Bergsgorillans mitokondriella mångfald var historiskt redan extremt
låg, vilket resulterade i begränsad statistisk kraft för att kvantifiera förändringar över tid. Även om Grauers gorillans perifera populationer generellt visade lägre genetisk mångfald (kapitel 1) innehöll utdöda populationer från ut-
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kanten av det tidigare utbredningsområdet unika genetiska varianter. Detta visar att perifera populationer kan vara viktiga hållare av genetisk mångfald för
arter med fragmenterade habitat. I kapitel 4 gjorde genomomfattande sekvensdata från relativt välbevarade 100-åriga museiprover och moderna högkvalitetsprover det möjligt att kvantifiera de funktionella konsekvenserna av de observerade populationsminskningarna. Moderna Grauers gorillor har i genomsnitt mer genetiska varianter med antaget negativa effekter på deras hälsa än
historiska Grauers gorillor. Däremot visade bergsgorillorna inte samma förändringsform, vilket kan vara ett resultat av deras specifika demografiska
historia. I kapitel 1 till 4 försökte jag visa hur vi kan använda minimalt invasiva prover och museiprover för att fastställa och kvantifiera den genetiska
strukturen och följderna av populationsminskningarna för svårstuderade arter,
men högkvalitativa prover är fortfarande nödvändiga för att kunna dra omfattande demografiska slutsatser. I kapitel 5 visade jag att dryasmarkattan, en
skygg och relativt okänd hotad primat, är en systerart till gröna markattan
Chlorocebus pygerythrus, med hjälp av ett vävnadsprov av en dryasmarkattehane. Dessutom fann jag indikationer på ett historiskt genflöde mellan dryasmarkattan och Chlorocebus pygerythrus, långt efter deras initiala separation.
Genomiska data tyder också på att den nuvarande dryasmarkattepopulationen
är genetiskt "hälsosam" och därav sannolikt livskraftig på lång sikt, om lämpliga bevarandeåtgärder vidtas. Förlusten av genetisk mångfald och ökning av
troligen skadliga alleler hos Grauers gorillor under de senaste decennierna kan
negativt påverka deras framtida överlevnadschanser, men vissa arter (inklusive bergsgorillorna) visar tecken på "anpassning" till liten populationsstorlek
som resultat från utrensning av skadliga genetiska varianter. Graden av genetisk utrensning och den evolutionära tidsskala där den kan ske i vilda populationer är ännu inte väl förstådd. I kapitel 6 syftade jag till att förbättra vår förståelse av genetisk utrensning genom att uppskatta den genetiska belastningen
över ett antal olika däggdjur med olika populationsstorlekar och demografiska
historier. Detta föreslog att genetisk utrensning kan vara relativt vanligt bland
hotade arter, dock sker det främst över långa evolutionära tidsskalor och har
begränsad kapacitet under den snabba populationsminskningen som många
arter utsätts för idag. Jag finner också att många antaget skadliga alleler fortfarande når fixering i små populationer trots genetisk utrensning. Således,
även om genetisk utrensning kan mildra några av små populationsstorlekars
negativa hälsoeffekter så leder populationsminskning sannolikt till en generellt minskad livskraft i de flesta fall.
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