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Abstract

Natural selection acting on the available range of phenotypes in a population will favour
alleles beneficial to an organism’s fitness, resulting in adaptation. Characterizing patterns of
adaptive genetic variation in wild populations is a fundamental first step toward
understanding the potential for adaptation in response to selection. With recent advances in
sequencing technology, the increased availability of high-quality genomic resources has made
efforts to identify loci under selection across the genome more tractable. As a result, there is
a growing body of research challenging the notion that adaption takes place over deep
evolutionary timescales, with evidence of rapid adaptation occurring in a range of taxa.
Examples of rapid adaptation are rife within reptiles, particularly in response to
contemporary environmental changes such as urbanization. Despite this, insights into the
genetic architecture of adaptation in reptiles remain limited as appropriate genomic resources

are currently lacking.

The southern African dwarf chameleons, Bradypodion, are the most recently diverged
lineage in Chamaeleonidae. These arboreal lizards are well known for their high capacity for
adaptation, especially in response to environmental change. Bradypodion are known to have
undergone rapid diversification linked to habitat specialization resulting in the emergence of
few convergent phenotypes, or ecomorphs, across the genus. These lizards occupy a variety of
habitat types, from closed-canopy forests to open-canopy habitats such as grasslands, but are
also known to occur within urban environments. As ecomorphs of various Bradypodion species
display phenotypic convergence in similar habitat types, populations may also converge
phenotypically in urban habitats. However, the underlying genetic architecture of these
phenotypes remains unknown for Bradypodion, further constrained given the absence of

appropriate genomic resources for these lizards.

To facilitate insights into the genetic architecture underlying adaptation in Bradypodion,
two de mowvo assembled whole genomes were produced using Pacific Biosciences long-read
sequencing data. These assemblies are among the highest-quality squamate genomes
published to date. In addition, coalescent analyses of these assemblies indicated that
historical changes in effective population size correspond to notable shifts in the southern
African environment. Furthermore, the high-quality annotations of both Bradypodion genome
assemblies were generated and used to describe the genetic feature landscapes and evaluate

the gene family evolution of Bradypodion. Findings indicated that expanded gene families
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within this genus are likely the result of responses to changing environmental conditions,
facilitating the diversification of Bradypodion. In addition, differences in gene family
composition at the species level provide insights into underlying genetic pathways resulting in
adaptive traits possibly promoting ecomorph divergence across the genus. Lastly, to detect
loci under selection, population structure and genetic diversity were assessed in five species of
Bradypodion known to have populations in natural and urban habitats using a pairwise
comparative approach. While there is evidence of allele frequency differentiation between
urban and natural populations, it is uncertain that this is due to selection pressures
experienced by the urban population. While links between genes containing outlier loci and
the phenotypic traits known to be associated with adaptation in urban habitats are made, it
is recommended that these genes be used as candidates for targeted gene modification to
evaluate the phenotypes generated by those modifications and contrasted with phenotypes

present in urban populations.

This thesis provides insights into the mechanistic genomic basis of adaption in
Bradypodion. The high-quality genomes and annotations produced here will hopefully serve as
a resource for further assessments of genetic adaptation in chameleons and reptiles more
broadly. Furthermore, these findings present a framework from which to formulate robust
hypotheses to assess candidate genes presented here as likely underlying adaptive phenotypes

in urban populations.
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Thesis structure

This thesis is comprised of five chapters; a general introduction, three data chapters, and a
concluding chapter. The three data chapters have been written as stand-alone manuscripts
to facilitate the publication process. Consequently, this has resulted in some repetition in
certain sections of the data chapters. Also, reference lists were provided at the end of each
chapter because each chapter is treated as separate sections in this thesis. All in-text citations
(including figure and table references) are clickable for easier navigation through the thesis.

Below are the details of each chapter:

Chapter 1: General Introduction

This chapter serves as an introduction to the themes explored in this thesis. I detail mechanisms
of divergence, outlining adaptive responses to contemporary habitat transformation. I present
evidence for adaptive responses to transformed habitats examined in reptiles and explore genetic
approaches to quantifying adaptive evolution. I also introduce my study group, Bradypodion,

and provide the aims and objectives of this thesis.

Chapter 2: De Novo Whole Genome Assemblies for Two Southern African Dwarf

Chameleons (Bradypodion, Chamaeleonidae)

In this chapter, I present two de novo assembled whole-genomes for Bradypodion. 1 also assess
the quality of these assemblies relative to available vertebrate genomes, quantify the
structural elements of the assemblies, compare synteny within Bradypodion and between
Anolis sagrei, and estimate population size history using both Bradypodion assemblies. This
chapter has subsequently been submitted to, and published in Genomes, Biology and
Fvolution. The formatting for this chapter follows the guidelines stipulated for Genomes,
Biology and Evolution, therefore additional sections were included as per the requirements of

the journal.

Taft JM, Tolley KA, Alexander GJ, Geneva AJ. 2023. De Novo Whole Genome Assemblies
for Two Southern African Dwarf Chameleons ( Bradypodion, Chamaeleonidae). Genome Biology

and Evolution. 15(10):evad182.
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Chapter 3: Exploring Gene Family Evolutionary Dynamics in Bradypodion

In this chapter, I generate the annotations for both Bradypodion genome assemblies. I report
quality assessments of the annotations and estimate orthologous gene families across
representative species in Iguania. I then evaluate changes in gene family composition for
Bradypodion and explore the likelihood of gene family expansions promoting the

diversification of Bradypodion.

Chapter 4: Detecting Signals of Selection within Bradypodion

In this chapter, I assess the population structure and genetic diversity of urban and natural
populations of Bradypodion. In addition to traditional methods used to assess genetic structure
and diversity, I use a pairwise comparison approach to evaluate allele frequency differences
between populations. I also detect outlier loci at high frequencies and proceed to evaluate the

traits underlain by genes containing outlier loci.

Chapter 5: Synthesis

Finally, I provide a thesis summary and contextualise the outcomes presented in each chapter.
I give a broad context to the general findings, detail the limitations in my approaches used, and

provide recommendations for using these results as a framework to develop testable hypotheses.
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Chapter 1

(zeneral Introduction



1.1 Introduction

Uncovering the mechanisms facilitating divergence within lineages has, for the most part, been
addressed along geological timescales (Gillespie, 1991; Messer et al., 2016). In recent years,
more attention has been paid to assessing lineage responses to environmental change during
the contemporary period (Johnson and Munshi-South, 2017). Human-facilitated habitat change
is recognised as a major threat to natural systems on a global scale. Growing evidence has also
highlighted that habitat transformation has a direct negative effect on several species’ survival
(Templeton et al., 1990; McKinney, 2008; Jeltsch et al., 2011; Aronson et al., 2014; Akerman
and Biirger, 2014). Human populations have also moved toward urban settlements rather than
rural living, with an estimated 65% of the population projected to live in urban settings by
2050 (Kundu and Pandey, 2020). Further predictions indicate that urban expansion is expected
to increase more rapidly in the coming years (Makido et al., 2020). To accommodate urban
expansion, natural systems are unfortunately experiencing increased rates of transformation
(Seto et al., 2010). As a result, transformed systems might result in strong and often novel

selection pressures on native fauna and flora.

Selection pressures within transformed habitats have led to changes in animals’ behavioural,
physiological, and morphological responses (Johnson and Munshi-South, 2017; Szulkin et al.,
2020). Urban dwelling fauna tends to be bolder in response to reduced natural predatory
pressure and strong habituation to human presence (Ducatez et al., 2017; Lapiedra et al., 2017;
Baxter-Gilbert et al., 2019; Huang et al., 2020). On the contrary, changes in behaviour can often
involve shifts to reduce exposure to humans. Diurnal mammals have altered their activity times,
becoming more nocturnal (Gaynor et al., 2018, but see Frey et al., 2020). In groups reliant
on calls for communication, as in birds and frogs, urban populations have altered their sound
frequencies to limit overlap with anthropogenic sounds (Halfwerk et al., 2019). Additionally,
the thermal environment within transformed systems is also considerably different from natural
areas (Forman, 2014; Winchell et al., 2016). Urban areas typically produce higher absolute
temperatures relative to adjacent natural environments (coined as 'urban heat islands’) and,
as a result, there is evidence for several species developing physiological tolerances to higher
temperatures in urban populations relative to their natural counterparts (Sears et al., 2007;

Angilletta Jr et al., 2007; Campbell-Staton et al., 2020). Shifts in morphological traits are

LCurrent literature is predominantly saturated with works focused on adaptation in ‘typical’ urban systems
(Szulkin et al., 2020). When referring to transformed habitats/environments, this will include all forms
of human-facilitated habitat transformation (namely urbanisation, peri-urban habitats, transformation for
agriculture and resource removal)



also commonly reported; with urban insects being smaller in body size (Merckx et al., 2018;
Eggenberger et al., 2019), birds showing changes in beak depth and length relative to non-urban
populations (Giraudeau et al., 2014; Miller et al., 2018), and the development of domesticated
features in urban foxes (shorter snout, broader head: Parsons et al., 2020). Although numerous
examples of urban adaptation do exist, many lineages are not able to adapt and are ultimately
excluded (either by extinction or dispersal to remaining fragmented natural habitats: (Miles
et al., 2021). In addition, rapid adaptation to urban systems has been demonstrated within
several species, and it should be mentioned that phenotypic shifts are more likely a result of
plasticity or phenotypic sorting across urban-rural-natural or urban-natural gradients (Brans

et al., 2017; Evans et al., 2018; Caspi et al., 2022).

1.2 Facilitating Adaptation in Human-transformed
Environments

Urbanisation is currently recognised as the most drastic form of habitat change resulting from
human disturbance (McKinney, 2008; Luck and Smallbone, 2010; Seress and Liker, 2015). In
these novel environments, organisms experience unnatural media that impose novel pressures
that act as a filter on diversity capable of persisting within transformed habitats. Species that
occur within transformed habitats often represent relic populations that predate the
transformation, although now restricted to certain spaces, or have populations that have been
established after habitat transformation (Miles et al., 2021). Within transformed systems,
species distributions are often highly fragmented because of novel barriers to dispersal. As a
result, these species experience reduced gene flow between populations, which further
contributes to genetic differentiation (Jha, 2015; Johnson et al., 2015; Wilson et al., 2016).
These differences have provided an opportunity to detect the effects of transformation on

evolution by natural selection.

Since attention to evolution in response to urbanization is fairly novel (Johnson and
Munshi-South, 2017, but see Cook and Saccheri, 2013), disentangling the factors driving
adaptation in these environments is essential to clarifying adaptive and non-adaptive
evolution in these contemporary environments. In urban environments that are considerably
labile, consistent changes to biotic and abiotic environmental factors are more likely to
promote adaptive responses given the shifting pressures on the fitness of urban-dwelling

species (Miles et al., 2021). Where changes in urban environments alter physical landscapes,



non-adaptive responses are more likely since the strength of genetic drift and restricted gene
flow reduces the evolutionary potential of persisting isolated populations (Beninde et al.,
2016). At present, the most well-documented driving forces behind evolutionary responses to
urbanization are urban heat islands (Diamond and Martin, 2020), pollution (Whitehead
et al., 2017), and habitat fragmentation (Miles et al., 2019), with each underlying force having
documented cases of parallel evolution in multiple cities (Reid et al., 2016; Johnson and
Munshi-South, 2017; Diamond et al., 2018; Santangelo et al., 2020). However, these cases are
mostly explored in species with short generation times and high reproductive capacity, ideal

candidates to experience rapid evolution (Whitehead et al., 2017; Diamond et al., 2022).

1.3 Reptiles in Transformed Environments

In many fields of study, reptiles are often not considered candidate taxa in many systems and
often take a backseat when larger paradigms are established (Card et al., 2023; but see Booth
and Schuett, 2011; Booth et al., 2014; Booth and Schuett, 2016; Card et al., 2021). However,
in the field of urban evolutionary ecology, reptiles are fast becoming model groups to study as
populations are more resilient, particularly when they are able to use man-made structures
effectively (Winchell et al., 2016, 2018; Campbell-Staton et al., 2020). In urban populations of
the Puerto Rican crested anole, Anolis cristatellus, there is evidence of distinct morphological
characteristics due to urban living relative to their natural counterparts. Populations of urban
anoles have repeatedly evolved longer limbs and toe pads with more lamellae in cities of
Puerto Rico (Winchell et al., 2018, 2023). Experiments show that these evolved traits increase
the locomotor performance of urban lizards on flat, smooth, artificial surfaces commonly
found in cities (Winchell et al., 2018). Together, these examples of adaptation to urban living
demonstrate how traits may diverge in response to specific urban pressures. Such clear
examples of reptiles responding to urban environments exist in very few urban areas (Beninde
et al., 2016; Winchell et al., 2016; Littleford-Colquhoun et al., 2017; Winchell et al., 2023),
and thus, this represents an important aspect missing from our understanding of evolution in

urban environments (Rivkin et al., 2019).

While certain species are able to utilise man-made structures, those species unable to do
so are mostly restricted to green spaces. Green spaces in cities are known to be heterogeneous
in terms of habitat structure (Lepczyk et al., 2017; Callaghan et al., 2019). This is largely

due to these spaces being dominated by non-native vegetation. However, this provides an



opportunity to host a greater diversity of species relative to spaces with impervious surfaces
(Vergnes et al., 2013; Munshi-South and Richardson, 2020). While green spaces are known to
facilitate movement, aiding in maintaining gene flow (Munshi-South, 2012), these spaces may
also act as urban archipelagos as well (Faeth and Kane, 1978), facilitating genetic differentiation
and diversification. In the case of the eastern water dragon, Intellagama lesuerii, a semi-aquatic
arboreal lizard, there is evidence for both genetic and morphological differentiation between
populations occurring in nearby isolated urban green spaces (Littleford-Colquhoun et al., 2017).
Further investigation also revealed that selection likely led to phenotypic differences among
populations in various city parks, with population divergence exceeding that of drift alone
(Jackson et al., 2022). These differences between populations were estimated to occur within 175
years (roughly 35 water dragon generations), suggesting that species unable to use man-made
structures effectively also undergo rapid adaptation while persisting in isolated urban green

spaces.

1.4 Quantifying the extent of adaptive evolution using
genetics

Comparing and contrasting populations within transformed and natural habitats enables the
opportunity to test for adaptive responses in these environments, especially when adaptive
solutions are repeated across taxa or geographic localities (Rivkin et al., 2019; Santangelo
et al., 2020). Repeated occurrences of the same phenotypes or genotypes in response to similar
selection pressures across populations highlights the importance of natural selection in adaptive
evolution (Arendt and Reznick, 2008; Conte et al., 2012; Stuart et al., 2017; Langerhans, 2018).
Being able to quantify the extent of these evolutionary responses provides insights into the
mechanics of adaptation, with high levels of parallelism suggesting that successful adaptive
outcomes can only come about through a select number of pathways (Gould et al., 2006; Losos,
2011). However, these adaptive parallels can occur at multiple levels, from phenotypes to
amino acids and individual nucleotides (Reid et al., 2016; Campbell-Staton et al., 2020), and
discovering the factors that facilitate or limit parallel responses at all levels is important for

understanding how adaptation occurs in nature.

In recent years, breakthroughs in high-throughput, low-cost sequencing together with
long-distance scaffolding libraries have brought about a wave in the number of high-quality

genome assemblies (Geneva et al., 2022).  These genomic resources have become a



fundamental tool used to study functional, comparative, and evolutionary genomics (Genome
10K Community of Scientists, 2009; Koepfli et al., 2015; Lewin et al., 2018; Blaxter et al.,
2022; Ebenezer et al., 2022). A major advantage of these high-quality genomic resources is
the ability to detect the effects of selection using genetic rather than phenotypic data
(Allendorf et al., 2022). Furthermore, by taking a genome-wide approach, detecting signatures
of selection and recent demographic events has become more accurate, especially when
highlighting loci underlying adaptive traits (Winchell et al., 2023). For example, recent
selective sweeps leave patterns of reduced genetic diversity in the genomic regions surrounding
the selected loci. Methods to detect recent selection relying on these patterns ultimately
depend on the quality and contiguity of the reference assembly as these signals are better
detected in the context of completely assembled genomes (Hahn et al., 2007; Hahn, 2019;
Gable et al., 2023). As more genomic assemblies become available the ability to detect the
underpinnings of selection become ever more attainable, especially for non-model organisms,
given the scope and motivation to generate these genomic resources (Card et al., 2023; Gable

et al., 2023).

1.5 Study species: Bradypodion

Different lineages within the family Chameleonidae occurring in Africa are known to have
responded differently to the reduction of forested habitats during the Quaternary period
(Tolley et al., 2013). Since most chameleon species are typically associated with
forested /woodland habitats, the reduction of forested habitats would have promoted vicariant
events driving speciation. While certain groups do exhibit strong niche conservatism (Tolley
et al., 2013), persisting in fragmented forest patches (e.g., Kinyongia), other groups have
diversified through niche divergence (e.g., Bradypodion; Tolley et al., 2008; da Silva and
Tolley, 2013; Tolley et al., 2013, 2022), and are able to colonise newly available habitats (i.e.,

grasslands) adjacent to remaining forest patches.

In Bradypodion, an African genus of dwarf chameleons, several lineages within the group
are shown to have diversified in response to habitat shifts driven by global climate change
(Tolley et al., 2008, 2022). Multiple convergence events have resulted in the emergence of a few
morphological phenotypes, or ecomorphs, within the genus. These arboreal lizards typically
inhabit trees, bushes, shrubs or grasses, depending on the species, however, they are also

capable of traversing bare ground between vegetation. Bradypodion are also known to occur



within urban transformed habitats, usually inhabiting green spaces such as parks, gardens and
roadside vegetation. Of the 20 described species of Bradypodion, roughly a third occur in both
urban and natural habitats, five of which were considered in this thesis: B. damaranum, B.

melanocephalum, B. setaroi, B. thamnobates, and B. ventrale.

Bradypodion damaranum

The Knysna Dwarf Chameleon, Bradypodion damaranum (Boulenger 1887), is one of the larger
dwarf chameleons, brightly coloured (Fig. 1.1 A), and typically occurs in Afrotemperate forests
(Fig. 1.1 C). In forests, B. damaranum is found using vegetation ranging from low understory
to high canopy (Tolley and Burger, 2007) but is also fairly common in urban spaces (Fig. 1.1

D), especially gardens with dense, leafy cover.

S

Figure 1.1: A) An adult Bradypodion damaranum from George, Western Cape. B) A map depicting
the natural range (purple) of B. damaranum in South Africa, inset: Africa, with South Africa in grey.
Images for C) natural and D) urban habitat, credit: M Petford.

Bradypodion melanocephalum

The KwaZulu Dwarf Chameleon, Bradypodion melanocephalum (Gray 1865), is a smaller,

dull-coloured and inornate species (Fig. 1.2 A), with a total length of no more than 11 cm



(Tolley and Burger, 2007).  Bradypodion melanocephalum is typically associated with
open-canopy habitats (Fig. 1.2 C; Tolley and Burger, 2007), known to occupy a range of
vegetation types, including high grasses, bushes, riparian thicket as well as urban habitats

(Fig. 1.2 D).

Figure 1.2: A) An adult Bradypodion melanocephalum from Durban, KwaZulu-Natal. credit: T Ping.
B) A map depicting the natural range (blue) of B. melanocephalum in South Africa, inset: Africa, with
South Africa in grey. Images for C) natural and D) urban habitat, credit: M Petford.

Bradypodion setarot

The Setaro’s Dwarf Chameleon, Bradypodion setaroi (Raw 1976), is a smaller species of
Bradypodion not easily confused with others due to the distinct shape of the casque, pointed
snout and lack of dorsal spines (Fig. 1.3 A; Tolley and Burger, 2007). Bradypodion setaroi
naturally occurs in coastal dune forests (Fig. 1.3 C; Tolley and Burger, 2007), but are also

regularly sighted in urban environments(Fig. 1.3 D, Tolley pers. comm.).



Figure 1.3: A) An adult Bradypodion setaroi from St. Lucia, KwaZulu-Natal. B) A map depicting the
natural range (red) of B. setaroi in South Africa, inset: Africa, with South Africa in grey. Images for
C) natural and D) urban habitat, credit: M Petford.



Bradypodion thamnobates

The Natal Midlands Dwarf Chameleon, Bradypodion thamnobates (Raw 1976), is the sister
species to B. melanocephalum but is a considerably larger, more ornate and brightly coloured
species (Fig. 1.4 A). Bradypodion thamnobates is typically associated with closed-canopy
indigenous forests but also occupy urban gardens (Figs. 1.4 C-D, da Silva and Tolley, 2013).

Figure 1.4: A) An adult Bradypodion thamnobates from the Natal Midlands, KwaZulu-Natal. B) A
map depicting the natural range (green) of B. thamnobates in South Africa, inset: Africa, with South
Africa in grey. Images for C) natural and D) transformed habitat, credit: M Petford.

Bradypodion ventrale

The Southern Dwarf Chameleon, Bradypodion ventrale (Gray 1845), are relatively dull in
colouration, with shades of grey with olive mottling, and are one of the larger species (Tolley
and Burger, 2007). Bradypodion ventrale has the largest distribution of any Bradypodion (Fig.
1.5 B). These lizards typically occur in more open canopy shrubby habitats (Fig. 1.5 C), but
are also known to occur in urban environments (Fig. 1.5 D, Tolley and Burger, 2007; Herrel

et al., 2024).
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Figure 1.5: A) An adult Bradypodion ventrale from Jeffrey’s Bay, Eastern Cape. B) A map depicting
the natural range (gold) of B. ventrale in South Africa, inset: Africa, with South Africa in grey. Images
for C) natural and D) urban habitat, credit: JM da Silva.
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1.6 Problem statement

In order to reveal the genetic architecture underlying adaptive traits, particularly for complex,
polygenic traits, integrating genomic and phenotypic data are essential (Gable et al., 2023).
This approach demands significant resources, and as a result has been limited to reduced
representation genomic data (Margres et al., 2017; Card et al., 2019; Winchell et al., 2023),
or feasible in species with available genome and transcriptome data (Ollonen et al., 2018).
Only with access to whole genome assemblies is identifying specific genes underlying traits
of interest possible (Gable et al., 2023). However, due to finite resources, limited access to
appropriate sequencing technologies, and lack of bioinformatic expertise, efforts to produce
high-quality genome assemblies for African taxa are falling behind (Helmy et al., 2016; Ebenezer
et al., 2022). In addition, available whole-genome assemblies for vertebrates are biased toward
more charismatic groups. Even though reptiles are arguably one of the most evolutionary
diverse taxonomic groups, reptile genomes are particularly underrepresented (Card et al., 2023),

especially for acrodont lizards which include the chameleons (Gable et al., 2023).

Urbanisation and habitat transformation are the leading causes of the reduction and
destruction of natural environments (United Nations, 2018). A consequence of this rapid
change is the reduction of species diversity as novel pressures remove certain species from
inhabiting modified environments (Johnson and Munshi-South, 2017; Winchell et al., 2018).
Species that can persist in human-altered habitats tend to exhibit several common
characteristics: habitat generalists and broad diet breadth, high vagility, high reproductive
output and small body size (Hufbauer et al., 2012; Winchell et al., 2018; but see Croci et al.,
2008). As Bradypodion ecomorphs display phenotypic convergence in similar natural habitat
types, chameleon populations may also converge morphologically in urban habitats mirroring
the patterns seen in other species (Littleford-Colquhoun et al., 2017; Winchell et al., 2018,
2023).

1.7 Aims and Objectives

The southern African dwarf chameleons (Bradypodion) are a highly adaptive group of lizards,
known to have undergone rapid diversification linked to habitat specialization (Hopkins and
Tolley, 2011; Herrel et al., 2013). As a result, there was an emergence of convergent
phenotypes evident throughout the phylogeny. However, the underlying genetic architecture

of these phenotypes remains unknown for Bradypodion. Since the appropriate genomic
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resources are not currently available for these lizards, many evolutionary questions cannot be
answered. The primary aim of this thesis was to uncover the genetic architecture underlying
adaptation in Bradypodion. First, two genome assemblies for Bradypodion were assembled de
novo using PacBio long-read sequence data. Second, both genomes were annotated to identify
functional elements along the sequence of each genome. These annotations were then used to
detect orthologous sequences needed to evaluate the changes in gene family composition
within Bradypodion. Next, population structure and allele frequency differences were assessed
for five species of Bradypodion with urban and natural populations. Genome scans were
carried out to identify outlier loci along candidate genes, likely under selection. Overall, this
thesis provides insights into how, with the appropriate genomic resources, the architecture
and evolutionary underpinnings of adaptive traits are able to be assessed at two different
evolutionary timescales—along longer evolutionary time (gene family evolution) and rapid
adaptive responses to contemporary habitat change (urban environments). Specific aims,

summarised hypotheses, and objectives are detailed below:

Produce de novo assembled genomes for Bradypodion (Chapter 2)

1. Assemble genomes de novo for Bradypodion, B. pumilum and B. ventrale, using long-read

sequencing.

2. Evaluate the quality of the Bradypodion genome assemblies relative to other publicly

available vertebrate genomes.

3. Compare and contrast the genomic structural elements between both Bradypodion

assemblies.

Assess the gene family evolutionary dynamics in Bradypodion (Chapter 3)

Hypothesis: I tested the hypothesis that if there are major differences in the gene family
composition within Bradypodion, it is likely associated with changes in environmental conditions

experienced by this group.
1. Provide annotations for both de novo assembled genomes of Bradypodion.

2. Evaluate gene family expansion and contractions in Bradypodion relative to other

members of the superfamily of Iguania (Chamaeleonidae, Agamidae, Iguanidae).
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Detect sites of selection facilitating contemporary adaptation in Bradypodion

(Chapter 4)

Hypothesis: T test the hypothesis that differences in allele frequencies between urban and
natural populations of Bradypodion are recovered in genes underlying traits better suited to

urban environments.

1. T compared and contrasted the genetic variation and diversity of urban and natural

Bradypodion populations.
2. Conducted selection scans to identify outlier loci.

3. Evaluated gene function for genes containing outlier loci.
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Chapter 2
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Two Southern African Dwarf Chameleons

(Bradypodion, Chamaeleonidae)
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Abstract

A complete and high-quality reference genome has become a fundamental tool for the study
of functional, comparative, and evolutionary genomics.  However, efforts to produce
high-quality genomes for African taxa are lagging given the limited access to sufficient
resources and technologies. The southern African dwarf chameleons (Bradypodion) are a
relatively young lineage, with a large body of evidence demonstrating the highly adaptive
capacity of these lizards. Bradypodion are known for their habitat specialization, with
evidence of convergent phenotypes across the phylogeny. However, the underlying genetic
architecture of these phenotypes remains unknown for Bradypodion and without adequate
genomic resources, many evolutionary questions cannot be answered. We present de novo
assembled whole-genomes for B. pumilum and B. ventrale, using Pacific Biosciences long-read
sequencing data. BUSCO analysis revealed that 96.36 % of single copy orthologs were present
in the B. pumilum genome and 94 % in B. ventrale. Moreover, these genomes boast scaffold
N50 of 389.6 Mb and 374.9 Mb, respectively. Based on a whole genome alignment of both
Bradypodion genomes, B. pumilum is highly syntenic with B. wventrale.  Furthermore,
Bradypodion is also syntenic with Anolis lizards, despite the divergence between these
lineages estimated to be nearly 170 Mya. Coalescent analysis of the genomic data also
suggests that historical changes in effective population size for these species corresponds to
notable shifts in the southern African environment. These high-quality Bradypodion genome
assemblies will support future research on the evolutionary history, diversification, and genetic

underpinnings of adaptation in Bradypodion.

Significance We generated high-quality reference genome assemblies for two southern
African dwarf chameleons, Bradypodion pumilum and B. wventrale. These genomes are
currently among the most complete and contiguous reptile assemblies and are the second and
third on record for Chamaeleonidae. Chameleons show unique adaptive traits and ecology,
and these assemblies presented here provide a novel resource for evolutionary research into

this group.

Keywords: Africa, chameleon genomics, HiFi data, Hi-C, reference genome, reptiles



2.1 Introduction

There has been a recent concerted effort to produce fully sequenced genomes for a range of
vertebrate species. Initially centered around model organisms and charismatic groups,
attention has now turned to include less studied groups (Genome 10K Community of
Scientists, 2009; Koepfli et al., 2015; Lewin et al., 2018; Blaxter et al., 2022; Ebenezer et al.,
2022). Reptiles are one of the most diverse clades of extant tetrapods, boasting nearly 12000
species. However, the number of reptile genome assemblies are few relative to other tetrapod
taxonomic groups. Furthermore, over 2200 reptile species (18% of the total) occur in
mainland Africa and associated landmasses (Uetz et al., 2023), yet only two full genome
assemblies have yet been published (Paroedura picta, Hara et al., 2018; Hemicordylus capensis,
Leitao et al., 2023). With finite resources, minimal access to sequencing technologies, and
limited bioinformatic expertise, efforts to produce high-quality genome assemblies for African
taxa are lagging (Ebenezer et al., 2022). However, given the efforts of genomic initiatives
(Ebenezer et al., 2022; Lewin et al., 2018), the production of high-quality genomic resources
for African taxa is gaining momentum (Ebenezer et al., 2022; Gupta, 2022; Lewin et al., 2022;
Ishengoma, 2023).

An iconic group of African reptiles are the Chamaeleonidae - arguably one of the most
specialized groups of reptiles (Bickel and Losos, 2002; Tolley and Herrel, 2013; Diaz et al.,
2015). Chameleons have undergone evolutionary shifts from a terrestrial to an arboreal
lifestyle (Tolley et al., 2013), exhibiting an array of adaptive functional traits presumably
linked to habitat specialization (Hopkins and Tolley, 2011; Herrel et al., 2013). The southern
African Dwarf Chameleons, Bradypodion, are the youngest chameleon lineage, with multiple
instances of adaptive responses to habitat shifts since the Miocene. Some clades have
undergone rapid diversification, largely associated with changes in natural environments
through ecological speciation (Tolley et al., 2008, 2022). Multiple convergence events have
resulted in a few phenotypic morphs, or ecomorphs, in the genus. However, it is unclear
whether the convergence of ecomorphs is due to standing genetic variation, or if ecomorphs
arise because of convergent novel mutations regardless of their phylogenetic history. Similarly,
Anolis, a large clade of new world lizards occupying arboreal habitats broadly comparable to
Bradypodion, display convergent ecomorphs across distantly related lineages. Given these
parallels, anole and dwarf chameleon ecomorphs might employ similar genetic pathways to
give rise to shared elements of their ecomorphological phenotypes. High-quality reference

genomes from these clades are necessary to investigate this hypothesis.
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Using long-read sequencing, we generated genome assemblies of high quality and
completeness de novo for two Bradypodion species, the Cape Dwarf Chameleon (B. pumilum)
and the Eastern Dwarf Chameleon (B. ventrale). We place these assemblies within a
phylogenetic framework, identify syntenic relationships within Bradypodion and between
Anolis sagrei, and explore the demographic history of B. pumilum and B. ventrale. These
genomes provide an exciting opportunity to explore the genetic architecture that underlies the
genotype-phenotype and genotype-environment associations in Bradypodion, which could

extend to other chameleon genera.

2.2 Results and Discussion

2.2.1 Assembly contiguity and chromosome size

The assemblies for both dwarf chameleon species are the most contiguous reptile genomes
produced to date, with a scaffold N50 of 389.6 Mb (Bradypodion pumilum, genome size: 2.43
Gb) and 374.9 Mb (B. ventrale, genome size: 2.40 Gb, fig. 2.1 A). The next most contiguous
published assembly is Hemicordylus capensis (359.65 Mb, genome size: 2.29 Gb,Leitao et al.,
2023), followed by Shinisaurus crocodilurus (296.95 Mb, genome size: 2.19 Gb, Xie et al., 2022).
For each Bradypodion assembly, the three largest scaffolds together cover more than 50% of
the genome. Bradypodion pumilum (BraPuml.0) compromises 90% of the genome within the
seven largest scaffolds, while B. ventrale (BraVenl.1) holds 90% of the genome within the nine
largest scaffolds similar to the contiguity of Sceloporus undulatus and Phrynosoma platyrhinos
(table S1). Both Bradypodion assemblies are highly correlated (fig. S1; BraPum1.0: r? = 0.991,
p < 2.2 x 10719 BraVenl.1: r? = 0.982, p < 9.7 x 1071%) with chromosome sizes estimated

based on the published karyotype for Bradypodion (Rovatsos et al., 2017).

2.2.2 Assembly completeness and Phylogenetics

To estimate assembly completeness, Bradypodion assemblies were tested for the occurrence of
a curated set of 3354 protein-coding genes present in single-copy across vertebrate genomes
(vertebrata odb10; Manni et al., 2021). BraPum1.0 contains 3232 single-copy genes with 39
duplicated genes and BraVenl.1 has 3230 genes in single-copy and 49 duplicated (fig. 2.1B).
BraVenl.1 has a total of 3279 genes present, behind Hemicordylus capensis with 3287 genes and
Furcifer pardalis with 3282 of the possible 3354 coding genes that are assumed to be present
in all vertebrates. Both BraPum1.0 and BraVenl.1 retain approximately 97% of the possible
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Figure 2.1: A. Scatterplot of recent high-quality vertebrate genomes comparing assembly completeness
scores against scaffold N50. Study species are highlighted in bold. BUSCO scores presented
only contain assemblies with scores above 0.9. B. BUSCO assessment of assembly completeness
for Bradypodion and closest nine available reptile assemblies based on BUSCO scores. Colours
indicate single-copy (light blue), duplicated (dark blue), fragmented (yellow), and missing (red)
genes. C. Maximum-likelihood phylogenetic tree based on single-copy proteins from BUSCO analysis.
Bradypodion assemblies are placed within the context of representative vertebrate taxa in all major
groups. The assemblies presented here are indicated with *. Supported nodes (> 70% bootstrap)
are indicated with a black dot. D. Link density histograms depict associations between parts of the
Bradypodion assemblies, B. pumilum and B. ventrale, depicting the mapping location of HiC read pairs.
Increasing intensity of red indicated more read pairs map to a particular coordinate of the histogram.
White shaded areas indicate no reads mapping to that coordinate in the histogram. Black bars on
each axis indicate every other chromosome in the assembly.
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coding genes present in all vertebrates.

Using 3354 single-copy orthologs from the vertebrata odbl0 BUSCO dataset, we
generated a phylogenetic tree to incorporate the placement of Bradypodion relative to other
vertebrates with available assemblies (fig. 2.1C'). Tree estimates using the concatenated
sequence alignment produced a topology that mirrors the most complete squamate phylogeny
(Burbrink et al., 2020). We also included the transcriptome of Chamaeleo calyptratus and
recovered the placement of Chamaeleonidae as sister to the family Agamidae, supporting the
hypothesis that acrodonts are a monophyletic group. The phylogeny generated using
representative genomes from a few groups contains a fraction of the power that could be
harnessed using genomic data to address hypotheses relating to evolutionary histories. While
the implementation of whole genomic data within the field of phylogenetics is still in its
infancy (Simoées and Pyron, 2021; Card et al., 2023), the addition of these Bradypodion
assemblies will be valuable in resolving relationships between lineages while uncovering the

origins of traits within squamates (Card et al., 2023).

2.2.3 Hi-C and Inversion

Each link density histogram for the Bradypodion assemblies indicated the presence of six
larger chromosomes, consistent with the six macrochromosomes observed in a karyotype of
Bradypodion thamnobates (fig. 2.1D, Rovatsos et al., 2017). For B. ventrale, scaffolds seven
and eight were not colinear; however, these scaffolds are homologous to each other with large
inversion along scaffold eight (fig. S2). Upon further investigation of the reduced coverage
regions in both scaffolds, we detected breakpoints for an inversion on scaffold eight (position
Sc8: 11460 kbp-11465 kbp; position Se8: 56620 kbp-56630 kbp; fig. S3). Furthermore, along
the inversion breakpoints, we found that PacBio long reads span these sections of the
assembly indicating the inversion is not an assembly artefact (fig. S3). Subsequently, we
retained scaffold seven while removing scaffold eight from the initial B. ventrale assembly.
After removing this scaffold, HiC reads appropriately mapped along scaffold seven in the
updated assembly (BraVenl.l; fig. 1D), with minor contacts corresponding to scaffold two

indicative of homology in this region.
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Figure 2.2: Synteny Circos plots for whole genome alignment between A. B. pumilum (black) and B.
ventrale (gray), B. B. pumilum and A. sagrei (brown), and C. B. ventrale and A. sagrei. Each segment
of the outer circle represents a unique scaffold in the genome alignment, with the largest scaffolds at
the top of each plot. Links are drawn between scaffolds with similarity, where scaffolds with links of at
least 1 kb in length were retained for each plot. D. Changes in effective population size for B. pumilum
(green) and B. ventrale (gold) over longer time periods inferred using the PSMC method. Solid lines
indicate the model results using the average mutation rate (7.17 x 107). Clouded lines indicate unique
bootstrapping results. The dotted lines indicate Holocene, the Last Glacial Maximum, and the Last
Interglacial periods.
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2.2.4 Repetitive element content

The total repetitive element content for Bradypodion pumilum was estimated to be 61% of the
genome, with 52% comprised of known interspersed repeats, and 5.62% unclassified repeats
(table S2). Comparatively, the B. ventrale assembly was shown to have a slightly lower repeat
content estimated to be 59.54%, 50% of which were found to be interspersed repeats, and
6.65% unclassified repeats. Both assemblies held a similar diversity in the type of repeat
classes, including short, interspersed elements (SINEs), long interspersed nuclear elements
(LINEs), long terminal repeat retrotransposons (LTRs), and DNA transposons. However, B.
pumilum contained a higher proportion of LTRs, whereas B. ventrale retained a higher
proportion of LINEs. Overall, the repetitive element content appears to be relatively
conserved within Bradypodion (fig. S4), given that these two species are roughly 7 Mya
divergent (Tolley et al. 2008).

2.2.5 Synteny analysis

A synteny analysis of the two Bradypodion assemblies shows a conserved genome structure
when comparing the 18 largest chromosomes (links > 1kbp), with synteny conserved primarily
between the five largest chromosomes (fig. 2.2A). Similarly, this pattern is repeated between
the two Bradypodion assemblies with Anolis sagrei, with rearrangements only on a few smaller
chromosomes. Within B. pumilum, chromosomes six and eight both align with chromosome
six of B. wventrale and A. sagrei. This may be due to a chromosomal fission in the
Bradypodion pumilum lineage after the divergence of B. pumilum and B. wventrale. However,
this pattern might instead suggest a failure to fully assemble chromosome six in B. pumilum,
and this alternative explanation is supported by the substantial number of HiC links between
these scaffolds, more than either scaffolds 6 or 8 share with any other scaffold in the assembly
(fig. 1D). Similarly, both chromosomes two and seven of B. wventrale are homologous to
chromosome two in B. pumilum and A. sagrei. Chromosome seven in B. pumilum is syntenic
with chromosome eight in B. wventrale, with both these chromosomes aligning partly to
chromosome seven in A. sagrei (fig. 2B). We were unable to conclusively distinguish between
the alternatives - either a lineage-specific fission of chromosomes 2 and 7 in B. ventrale or a
failure to assemble these scaffolds into a single chromosome in B. pumilum. The latter,
however, is more likely given the increased number of links between chromosomes 2 and 7 in

B. ventrale but additional data are required to confidently resolve between the alternatives.
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Anolis sagrei has an XY sex-determination system, and recently chromosome seven in
A. sagrei was identified as the X chromosome (Geneva et al., 2022). Despite these highly
complete Bradypodion assemblies, it remains unclear which sex-determination system is present
in Bradypodion. Within the chameleon genus Furcifer, the sex determination system was found
to be a highly differentiated ZW system; however, similar patterns were inconclusive when
tested across the Chamaeleonidae family (Rovatsos et al., 2017). The discovery of XX /XY sex
chromosomes in Chamaeleo calyptratus suggests that at least one transition between ZZ/ZW
and XX /XY systems has occurred within the Chamaeleonidae (Nielsen et al., 2018). When
comparing the synteny between Bradypodion and A. sagrei, chromosome seven in A. sagrei
is related to chromosomes seven, 13 and 14 in B. pumilum, and chromosomes eight, 14, and
15 in B. ventrale (fig. 2C'). Given that there is no distinct pattern between Bradypodion and
known X chromosome in A. sagrei, it is likely that the sex chromosomes for Bradypodion reside

elsewhere.

2.2.6 Estimation of population size history

The trajectory of changes in the effective population size (N) of Bradypodion pumilum and B.
ventrale were estimated using a pairwise sequentially Markovian coalescent (PSMC) approach
(Li and Durbin, 2011). We found the greatest change in predicted population size using the
maximum mutation rate of 3.76 x 107 per bp per year relative to the minimum and average
in our models (fig. S5). When using the minimum and average rates, there were similar
trends between both predicted models, resulting in a conservative estimate for changes in
the population size of these species. An increase in N, for both species of Bradypodion was
estimated for the early Pleistocene (1 - 2 mya: fig. 2D), followed by a sharp decline in N,
of B. pumilum from 1 mya - 100 kya. In contrast, there was a gradual reduction in N, of
B. wventrale between 1 mya - 500 kya, after which a sharp increase led to a peak in N, at
~200 kya. Furthermore, the results suggest that both species of Bradypodion experienced
a decrease in N, along similar trajectories over the last ~70 kya; however, PSMC estimates
of N, near present should be interpreted with caution as these estimates can be unreliable
(i.e., <10 kya BP; (Dussex et al., 2021). While the low estimates of N, for the currently
range-restricted B. pumilum are plausible, the predicted N, over the last 70 kyr for B. ventrale
may be underestimated given its widespread distribution at present (Tolley and Burger, 2007),
and N, is unlikely to be extremely low. Nevertheless, some initial inferences can be made

regarding the estimated trends in N, in the Pleistocene. Over the last 120 kya, the biomes
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of South Africa underwent shifts in distribution before reaching their current extent roughly
10 kya (Verboom et al., 2009; Tolley et al., 2014). Similar to other species occurring in this
region (Barlow et al., 2013; Péron and Altwegg, 2015; Taft et al., 2022), favourable habitats
for Bradypodion likely contracted as other biomes expanded. These range contractions could
have resulting in a decline in N,. Given that Bradypodion is largely affected by drastic changes
in habitat type over longer time periods (Tolley et al., 2008; da Silva and Tolley, 2013; Tolley
et al., 2022), it is possible that the decline in population size of these two species is related to
recent contractions in their natural available habitats and is not due to recent anthropogenic

habitat transformation.

2.3 Methods

2.3.1 Sampling and sequencing

For long-read sequencing, a male Bradypodion pumilum from Cape Town (-34.03, 18.73) and a
male B. wventrale from an introduced population in Johannesburg (-26.15, 28.07) were
collected. High-molecular-weight DNA was extracted from muscle and liver tissues using the
Qiagen Genomic-tip kit and sequenced on PacBio Sequel II 8M SMRT cells. Additional
details regarding sampling, Omni-C library preparation and sequencing are in the

supplementary methods.

2.3.2 Assembly contiguity and chromosome size analysis

Basic assembly statistics were generated using the stats tool in BBTools v38.9 to calculate
contiguity statistics (Bushnell, 2021). To compare contiguity between representative
assemblies across all vertebrate groups, we downloaded 38 additional assemblies from the
NCBI database (https://www.ncbi.nlm.nih.gov/genome/) to compare contiguity between

representative assemblies across all vertebrate groups, with 70% being reptiles (table S1).

We estimated whether chromosome sizes in Bradypodion correlate with the length of
scaffolds in our assemblies (Geneva et al., 2022) by estimating the size of each chromosome in
the published Bradypodion karyotype (fig. 1A in Rovatsos et al., 2017) by measuring the
chromosomes sizes using ImageJ (Schneider et al., 2012). The fraction of the total karyotype
occupied by each chromosome was calculated and multiplied by the total size of each

Bradypodion assembly to generate an estimate of nucleotide content. We then calculated the
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correlation between scaffold size and estimated chromosome size via linear regression using

the Im function in R v4.2.2 (R Core Team, 2022).

2.3.3 Assembly completeness and Phylogenetics

A Benchmarking Universal Single-Copy Orthologs (BUSCO v5.4.4; Simao et al., 2015)
analysis was used to evaluate the completeness of the assemblies using the vertebrata odb10
dataset. Subsequently, we constructed a phylogenetic tree using the single-copy BUSCOs for
all assemblies downloaded from NCBI. Implementing the BUSCO phylogenomic pipeline
(McGowan 2019), we generated multiple sequence alignments using MUSCLE for all protein
sequences present in all assemblies.  Alignments were trimmed with trimal v1.2rev59
(Capella-Gutiérrez et al., 2009). A maximum likelihood phylogenetic tree was generated using

FastTree v2.1.11 (Price et al., 2010).

2.3.4 HiC chromatin conformation mapping

Link density histograms of paired reads were generated from the Omni-C Libraries using Juicer
v1.6 ad visualized in Juicebox v2.16.00. This revealed reduced read mapping on scaffolds seven
and eight in the Bradypodion ventrale initial assembly (fig. S6). With MUMmer v4.0.0 (Margais
et al., 2018), the initial assembly as aligned as a query and reference using nucmer to inspect
whether scaffolds seven and eight are colinear duplicates of the same chromosome. Coverage
across the genome assembly was estimated using SAMtools v1.7 (Li et al., 2009) to examine

the points in the assembly with reduced mapping.

2.3.5 Repetitive element content

Estimating the repetitive landscape of the Bradypodion assemblies was performed by
modelling repeats de novo on each assembly using RepeatModeler v v2.0.2a (Flynn et al.,
2020) and annotated the repeat consensus sequences using RepeatMasker v4.1.2
(http://www.repeatmasker.org/). To maximize element identification, a custom bash script to
specify the order of the four libraries was used as references for the masking process: (i)
simple repeats, (ii) Tetrapoda DFam library v3.7, (iii) classified elements from the
species-specific library, and (iv) unknown elements from the species-specific library. For the
age distribution of transposable elements in each genome, the divergence of an insert from its

family consensus was used as a proxy for its age. Alignments for each repeat family were
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generated and the Kimura-2 parameter divergence from consensus (correcting for CpG sites)

was calculated using the calcDivergenceFromAlign.pl RepeatMasker tool.

2.3.6 Synteny analysis

A whole genome alignment using SatsumaSynteny v3.1 was used to investigate synteny
between the Bradypodion assemblies. The alignment was visualized in the R package circlize
v0.4.15 to implement Circos. Both Bradypodion assemblies were aligned to Anolis sagrei v2.1
to investigate synteny between these 160-170 mya divergent taxa (Zheng and Wiens, 2016;
Burbrink et al., 2020).

2.3.7 Estimation of population size history

We applied PSMC analysis to infer changes in effective population size history from the assembly
sequence of Bradypodion pumilum and B. ventrale (Li and Durbin, 2011). For each genome, the
associated PacBio long-read data were mapped using Minimap2 (Li, 2018). PSMC parameters
were used as described in Bergeron et al. (2023), including -d 13 and -D 100. Next, we generated
PSMC curves with 100 bootstraps using the parameters linked above. For the mutation rate,
we used the minimum (9.45 x 107%), average (7.17 x 107?), and maximum (3.76 x 107Y) per
bp per year, estimated from the closest relative Pogona wvitticeps (Bergeron et al., 2023) and a

generation time of 1 year (Tolley and Burger, 2007).
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Supplementary Methods

Sample collection and DINA isolation

For long-read sequencing, a male Bradypodion pumilum from Cape Town, Western Cape
Province (-34.03, 18.73) and a male B. ventrale were collected from an introduced population
in Johannesburg, Gauteng Province (-26.15, 28.07). Ethics clearances for the collection of
these specimens were granted by a nationally accredited animal research ethics committee at
the University of Johannesburg (Ref. 2019-10-10). The ethical guidelines used are in
accordance with regulations set out in the South African National Standards (SANS 10386:
2008) and also follow the ARRIVE guidelines (https://arriveguidelines.org). After humane
euthanasia using an oral application of 20% benzocaine gel, each animal was flash-frozen with
liquid nitrogen and subsequently stored at -80 °C. High-molecular-weight DNA was extracted
from muscle and liver tissues using the Qiagen Genomic-tip kit for isolation of high
molecular-weight DNA and extracts were quantified using Qubit 2.0 Fluorometer (Life

Technologies, Carlsbad, CA, USA).

PacBio Library, Sequencing, and Assembly

For each sample, a PacBio SMRTbell library (20kb) for PacBio Sequel was constructed using
SMRTbell Express Template Prep Kit 2.0 (PacBio, Menlo Park, CA, USA) using the
manufacturer-recommended protocol. The library was bound to polymerase using the Sequel
IT Binding Kit 2.0 (PacBio) and loaded onto PacBio Sequel II. Sequencing was run on PacBio
Sequel II 8M SMRT cells. PacBio CCS reads were then used as input to Hifiasm v0.15.4-r347
with default parameters. BLAST (Basic Local Alignment Search Tool) results of the initial
Hifiasm output assembly against the NCBI nucleotide database
(https://www.ncbi.nlm.nih.gov/) were used as input for blobtools2 v1.1.1 and scaffolds
identified as possible contamination were removed from the assembly. Finally, purge dups3

v1.2.5 was used to remove haplotigs and contig overlaps.

Dovetail Omni-C Library Preparation and Sequencing

To scaffold initial Hifiasm assemblies additional Dovetail Omni-C libraries were prepared. For
each Dovetail Omni-C library, chromatin was fixed in place with formaldehyde in the nucleus
and then extracted. Fixed chromatin was digested with DNAse I, and chromatin ends were

repaired and ligated to a biotinylated bridge adapter followed by proximity ligation of the
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adapter-containing ends. After proximity ligation, the cross-links were reversed, and the DNA
was purified. Purified DNA was treated to remove biotin that was not internal to the ligated
fragments. Sequencing libraries were generated using NEBNext Ultra enzymes and
[llumina-compatible adapters. Biotin-containing fragments were isolated using streptavidin
beads prior to PCR enrichment of each library. The library was sequenced on an Illumina

HiSegX platform to produce a sequence coverage of approximately 30x.

Scaffolding assemblies with HiRise

The input de novo assembly and Dovetail OmniC library reads were used as input data for
HiRise, a software pipeline explicitly designed for the use of proximity ligation data for scaffold
genome assemblies (Putnam et al., 2016). Dovetail OmniC library sequences were aligned
to the draft input assembly using bwa (Li, 2013). The separations of Dovetail OmniC read
pairs mapped within draft scaffolds were analysed by HiRise to produce a likelihood model for
genomic distance between read pairs, and the model was used to identify and break putative

misjoins, to score prospective joins, and make joins above a threshold.
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Figure S6: Link density histograms depict associations between parts of the Bradypodion ventrale 1.0
assembly. Increasing intensity of red indicated more read pairs map to a particular coordinate of the
histogram. White shaded areas indicate no reads mapping to that coordinate in the histogram. All
white areas indicate no reads mapping to scaffolds seven and eight.
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Table S1: Assembly statistics for vertebrate assemblies assessed for contiguity used in this study.

Group Species Accession Sequence total (Mb) Scaffold L50 Scaffold N50 (Mb) Max scaffold length (Mb) Genes Present
Reptile Anolis carolinensis GCF_000090745.1 1799.144 5 150.642 236.920 2971
Reptile Anolis sagrei GCA 025583915.1 1926.425 4 253.587 335.360 3252
Reptile Bradypodion pumilum JAWDJDO000000000 2486.275 3 389.613 535.128 3271
Reptile Bradypodion ventrale JAWDJE000000000 2373.374 3 374.919 506.857 3279
Mammal Canis familiaris GCF _000002285.5 2312.802 14 63.739 122.014 3254
Fish Carcharodon carcharias GCF_017639515.1 3915.281 330 2.992 23.593 3087
Reptile Chamaceleo calyptratus PRJINA429753 - - - - 3197
Reptile Chelonia mydas GCF _015237465.2 2208.394 158 3.864 22.971 3174
Reptile Crocodylus porosus GCA_ 001723895.1 2125.620 87 7.557 33.354 3182
Reptile Crotalus adamanteus GCA _018446365.1 1597.648 1275 0.338 3.371 3103
Reptile Elgaria multicarinata GCA 023053635.1 1790.509 7 107.859 174.634 3278
Mammal Felis catus GCF_018350175.1 2521.711 7 149.752 242.101 3264
Reptile Furcifer pardarlis - 1609.777 4.000 184.669 317.478 3282
Bird Haliaeetus leucocephalus GCF_000737465.1 1178.409 40 9.145 30.461 3173
Reptile Hemicordylus capensis GCA_027244095.1 2294.751 3 359.650 459.129 3287
Mammal Homo sapiens GCF_000001405.40 3298.431 9 145.139 248.956 3256
Reptile Lacerta agilis GCA _009819535.1 1391.404 7 86.566 133.751 3273
Reptile Lacerta bilineata GCA 900245895.1 1418.149 1150 0.368 2.880 3169
Reptile Lacerta viridis GCA _900245905.1 1439.843 661 0.663 3.630 3224
Reptile Laticauda colubrina GCA _004320045.1 2038.820 16 39.960 114.693 3163
Fish Latimeria chalumnae GCF_000225785.1 2860.575 830 0.925 10.737 3001
- Reptile Naja naja GCA_009733165.1 1768.535 3 224.089 375.027 3148
S Reptile Ophiophagus hannah GCA_ 000516915.1 1594.075 1750 0.242 2.845 2861
Reptile Pantherophis obsoletus GCA_012654085.1 1692.462 29 14.520 59.843 3083
Reptile Paroedura pictus GCA 003118565.2 1562.176 6 109.005 184.259 2943
Reptile Phrynosoma platyrhinoss ~ GCA _020142125.1 1901.840 3 273.213 396.191 3051
Reptile Plestiodon gilbertis GCA_026170595.1 1447.230 4 184.425 267.325 3029
Reptile Podarcis muraliss GCA_004329235.1 1511.020 7 92.398 140.210 3239
Reptile Pogona vitticepss GCA_900067755.1 1716.675 199 2.478 14.681 3213
Reptile Python bivittatuss GCA _000186305.2 1435.035 1939 0.214 1.453 3005
Amphibian Pyzxicephalus adspersuss GCA_004786255.1 1563.368 5 157.522 194.783 3049
Mammal Rattus rattuss GCF_011064425.1 2250.262 6 145.848 260.810 3229
Reptile Salvator merianaes GCA _003586115.2 2068.170 12 55.382 154.337 3277
Reptile Sceloporus undulatuss GCA_019175285.1 1905.484 3 275.632 382.616 3190
Reptile Shinisaurus crocodilurus GCA _021292165.1 2189.995 4 296.945 321.224 3117
Reptile Sphenodon punctatus GCA_ 003113815.1 4272.215 370 3.053 29.980 3192
Bird Struthio camelus GCA _000698965.1 1225.025 101 3.593 19.376 2955
Bird Taentopygia guttata GCA_000151805.2 1232.119 7 62.375 156.413 2953
Reptile Thamnophis elegens GCA_009769535.1 1672.190 6 100.852 186.725 3153
Reptile Varanus komodoensis GCA _004798865.1 1507.946 17 23.832 138.280 3224
Reptile Varanus salvator GCA_023646645.1 1702.542 9 71.462 121.089 3213
Reptile Vipera berus GCA _000800605.1 1532.391 3408 0.126 2.584 2781
Amphibian Xenopus laevis GCA_017654675.1 2742.469 8 155.251 233.740 3296
Reptile Zootoca vivipara GCA 011800845.1 1464.301 7 92.810 131.769 3275




Table S2: Comparison of the interspersed repeat contents of Bradypodion pumilum and Bradypodion ventrale.

Repeat Class Bradypodion pumilum Bradypodion ventrale

Length occupied (bp) Percent of Genome Length occupied (bp) Percent of Genome

16

SINEs 100 066 638 4.02 61 988 050 2.61
LINEs 487 041 094 19.59 513 854 029 21.65
LTR Elements 541 014 879 21.76 443 823 189 18.7
DNA transposons 164 429 416 6.61 158 813 066 6.69
Unclassified 139 767 023 5.62 157 935 903 6.65
Total Interspersed Repeats 1 432 319 050 57.61 1 336 414 237 56.31

Total Repeats 1 518 034 260 61.06 1413 185 695 59.54
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Exploring Gene Family Evolutionary

Dynamics in Bradypodion
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Abstract

Adaptation via natural selection underpins the phenotypic diversity seen throughout the tree
of life, yet our understanding of the genomic mechanisms behind adaptation remains limited.
Recent advancements in technology have enabled the exploration of alternative, emerging
genomic characteristics such as gene family expansion, which could potentially drive adaptive
evolution. The southern African dwarf chameleons, Bradypodion, are known for their highly
adaptive capacity in response to habitat change. However, the underlying genetic architecture
of adaptive traits remains unknown. With the recently assembled genomes for Bradypodion, 1
assess the gene family dynamics of these lizards in order to uncover whether changes in gene
family composition drive adaptive diversification in Bradypodion. First, I provide annotations
for both Bradypodion assemblies, where gene model predictions yielded 36 266 protein-coding
sequences in the B. pumilum annotation, with 37 828 sequences in B. ventrale. Comparisons
of gene models to the BUSCO vertebrate dataset suggested that genome annotation
completeness was 73.49% and 75.58% for B. pumilum and B. ventrale assemblies respectively.
These annotations were utilized to assess gene family evolution within Bradypodion and
among Iguania representative species. Notable gene family expansions detected at the
Bradypodion ancestral node were associated with ontology terms relating to responses to light
and ultra-violet radiation stimuli and developmental processes. In addition, gene family
expansions were notably different between B. pumilum and B. wventrale. While Bradypodion
pumilum contained similar expansions to the Bradypodion ancestral node, gene family
expansions in B. ventrale were associated with visual perception of light stimuli and tissue
development, particularly skin and bone development. Given the contrasts in gene family
composition between B. pumilum and B. wventrale, diversification in Bradypodion in response
to environmental change was likely facilitated by the adaptive traits associated with the gene

family dynamics detected here.

Keywords: dwarf chameleons, genome annotation, CAFE, comparative genomics



3.1 Introduction

The diversity of forms present across the tree of life is underpinned by genetic changes inherited
from ancestor to descendant. The process of natural selection favours those phenotypic changes
that increase an individual’s fitness. Mutations are at the core of phenotypic changes and
these genetic changes come in many forms ranging from modifications of single nucleotides
to the wholesale duplication of entire genomes (Kaessmann, 2010). With numerous genome
projects contributing tens of thousands of nucleotide sequences to public databases (Genome
10K Community of Scientists, 2009; Ebenezer et al., 2022), uncovering genomic evolutionary
histories of non-model organisms is more accessible than ever (Ellegren, 2014). This is due
to the increasing accuracy and affordability of whole genome assembly and the development
of high-throughput sequencing technology (Ellegren, 2014). Although, even with these recent
innovations, identifying the underlying genes and mutations of putative adaptive phenotypes
still requires considerable investigation (Benfey and Mitchell-Olds, 2008; Henry et al., 2011).
Especially when candidate variants might be in genes that have not yet been characterized

(Shefchek et al., 2020; Bomblies and Peichel, 2022).

While the number of available sequenced genomes continues to increase, there is still a need
to fully assess the complex organization of genetic material (Jauhal and Newcomb, 2021; Rhie
et al., 2021). The natural complexity of the genome structure makes it challenging to associate
DNA sequences with particular phenotypes (Bradnam et al., 2013; Chaisson et al., 2015; Jauhal
and Newcomb, 2021). The variation in the genomic landscape further contributes to this
challenge, i.e., changes in the types and abundance of transposable elements or composition of
repetitive elements (Ayarpadikannan and Kim, 2014; Bourque et al., 2018; Shao et al., 2019;
Whibley et al., 2021). Additionally, complex phenotypes may often result from the combined
interactions of multiple genes (Glazier et al., 2002; Cooper et al., 2005; Werth, 2021), as well
as the impact of environmental factors (Yan et al., 2022), and the differential expression of
genes (Shyamli et al., 2021; Valenza-Troubat et al., 2022). While exploring genes related to
environmental factors might require an integrated experimental approach (Kawecki and Ebert,
2004; Hargreaves et al., 2020), having access to whole genome sequences allows for inference
on the evolutionary processes affecting gene evolution. Given the rapid increase in sequenced
genomes, efforts towards providing accurate annotations of genomic features facilitate steps
toward uncovering the genetic architecture of lineage-specific traits and adaptations (Primmer

et al., 2013; Ekblom and Wolf, 2014).
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Many genome-sequencing initiatives involving non-model organisms have revealed
lineage-specific genes likely underlying the evolutionary adaptations of phenotypic traits (Qiu
et al., 2012; Perry et al., 2018; Lind et al., 2019; Gemmell et al., 2020). A common feature in
discovering lineage-specific genes has been the observations of expanded gene families (Das
et al., 2020; Ferrari et al., 2023). Gene families are those sets of genes that share a common
evolutionary origin (Guo, 2013), the size and composition of which vary due to multiple
factors (Hahn et al., 2007; Freeling, 2009; De Smet and Van de Peer, 2012; Ellegren, 2014).
To begin with, gene duplication or whole-genome duplication augments gene family size, and
contributes to genome evolution at a similar scale as the mutation rate per nucleotide site
(Lynch and Conery, 2003; Flagel and Wendel, 2009; Van de Peer, 2011). Moreover, gene
family size can be reduced either by the deletion of a single gene or several genes within a
segmental fragment. Finally, the de novo formation of genes may create new gene families
(McLysaght and Hurst, 2016). Given the continued growth in the number of genomes for
non-model organisms, the power of estimating changes in gene family evolution between
closely related species has increased substantially Trouern-Trend et al. (2020); Lin et al.

(2021); Sumner et al. (2023).

A significant concern when investigating changes in gene family size is the quality of the
underlying genome assembly and the accompanying annotation (Card et al., 2023; Demuth and
Hahn, 2009). While long-read sequencing technologies have greatly exceeded the limitations
of short-read sequencing approaches (formerly at 0.1% error rate and only 500bp amplicon
length; Weirather et al., 2017; Hu et al., 2021; Karst et al., 2021), there still exists concerns in
terms of sequencing coverage, inaccurate assembly approaches, or sequencing platform related
errors (Hahn et al., 2007; Han et al., 2013). These issues can lead to both the erroneous
addition and subtraction of genes in datasets generated by this technology (e.g., Hubisz et al.,
2011). A direct consequence of these types of errors occurs when trying to annotate genome
assemblies (Ejigu and Jung, 2020). Generating a successful annotation is highly dependent
on the quality of the underlying genome assembly (Denton et al., 2014; Stuart et al., 2022).
Unfortunately, generating annotations has not kept pace with sequencing and assembly of new

genome assemblies (Shumate and Salzberg, 2021).

There has been considerable effort put into producing whole genome sequences for a wide
variety of vertebrate species (Genome 10K Community of Scientists, 2009; Koepfli et al., 2015;
Lewin et al., 2018; Blaxter et al., 2022; Ebenezer et al., 2022). However, there is still a

substantial scarcity of genome assemblies for reptiles (Card et al., 2023), even though this
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diverse clade of extant tetrapods has over 12,000 recognized species (Uetz et al., 2023). Given
the overall lack of genome annotations relative to all sequenced assemblies, it is no surprise
that accurate annotations for reptile assemblies are also needed (Gable et al., 2023). The
value of genome assemblies is greatly increased with access to highly accurate annotations,
identifying biologically relevant information such as gene models and functionally relevant
elements (Yandell and Ence, 2012; Ekblom and Wolf, 2014). This is especially true in
non-model organisms, as annotations are typically restricted to protein-coding sequences or

transcripts more generally (Ekblom and Wolf, 2014).

Chameleons are one of the least represented groups among reptiles with a publicly
available genome assembly (Xie et al., 2022; Taft et al., 2023). Of the 220 species in the
family, there are only three assemblies to date, none of which are annotated. Thus, the
genetic basis of their unique physiological and morphological characteristics remains
unexplored. Members of Chamaeleonidae are a phenotypically distinct family of lizards with
specialized traits rarely seen in other reptiles, such as fused, opposable digits on their
hands/feet for grasping, projectile tongue, independently moving eyes, and a prehensile tail
(Boistel et al., 2010; Higham and Anderson, 2013; Diaz et al., 2015; Pinto et al., 2019).
Ecologically, chameleons have undergone evolutionary shifts from inhabiting the forest floor to
becoming highly adapted for an arboreal lifestyle (Bickel and Losos, 2002; Tolley et al., 2013),
which has entailed several major adaptations in morphology and ecophysiology (Tolley and
Herrel, 2013; Giles and Arbuckle, 2022), e.g., a range in body sizes (Diaz and Trainor, 2015)
and diverse reproductive life histories (Measey et al., 2013). The southern African dwarf
chameleons (Bradypodion) are the most recently diverged chameleon lineage known to have
undergone rapid diversification linked to changes in natural environments through ecological
speciation (Tolley et al., 2008; Hopkins and Tolley, 2011; da Silva and Tolley, 2013; Tolley
et al., 2022). Additionally, phenotypic ecomorphs exist within Bradypodion, presumably the
result of multiple convergence events. However, it remains unclear whether convergence for
particular phenotypes is a result of standing genetic variation (i.e., plasticity - but see Miller
and Alexander, 2009), or due to convergent novel mutations independent of their phylogenetic

history.

Given that two of the three existing Chamaeleonidae genome assemblies are of Bradypodion,
the opportunity to explore gene family dynamics may shed light on the evolutionary history
underlying the diversification of this group. Here, I provide high-quality annotations of two

Bradypodion genome assemblies, describe gene landscapes in both assemblies, and use these
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annotations to evaluate the gene family evolution of Bradypodion relative to other members
of the superfamily Iguania (Chamaeleonidae, Agamidae, Iguanidae). Should this comparative
approach reveal significant changes in gene family evolution in Bradypodion, it would suggest
unique genomic adaptations exist within dwarf chameleons, potentially linked to adaptations in
response to changing environmental factors and ecological niches. Conversely, if no significant
differences in gene families are found, it is likely that diversification within Iguania is driven by

genomic features unique to each family.

3.2 Methods

3.2.1 Genome Annotation

The genome assemblies of Bradypodion pumilum and B. ventrale were annotated following the
Dovetail Genomics annotation pipeline (Jarvis et al., 2017; Taft et al., 2023). Species-specific
repeat models were first identified de novo and classified using RepeatModeler v2.0.3 (Flynn
et al., 2020), RECON v1.08 (Bao and Eddy, 2002), and RepeatScout v1.0.6 (Price et al.,
2005). Once the custom repeat library for each assembly was generated, these were used as
input to identify and mask repeats in the original assembly using RepeatMasker v4.1.0. Coding
sequences from publicly available squamate assemblies were used as input (Anolis sagrei, Pogona
vitticeps, Chamaeleo calyptratus, Salvator merianae) to train the initial ab initio model for
each Bradypodion annotation using AUGUSTUS v2.5.5, followed by six rounds of prediction
optimization. The same additional coding sequences were used to train separate ab initio models
for each Bradypodion assembly using SNAP v.2006-07-28. RNAseq reads were generated with
tissue sampled from the eye, muscle, skin (flank, gular, and ventral), and testes of each genome
animal were mapped onto the respective genome assembly using the STAR aligner v2.7 (Dobin
et al., 2013), and intron hints were generated using the AUGUSTUS bam2hints tools. Gene
models for each Bradypodion assembly were then estimated using MAKER v3.01.03, SNAP and
AUGUSTUS (with intron-exon boundary hints provided from RNA-Seq) to predict genes in the
repeat-masked reference assembly. The Swiss-Prot peptide sequences from the UniProt data
were used in conjunction with the protein sequences of (list additional assemblies) to provide
peptide evidence which assisted the prediction process in MAKER. Gene models predicted by
both SNAP and AUGUSTUS were retained in the final gene sets. The quality of gene prediction
was assessed by generating AED scores for each gene model in MAKER. Genome annotation

summary statistics were generated using Genome Annotation Generator (GAG; Geib et al.,
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2018). Gene annotations were evaluated for gene completeness with BUSCO (Benchmarking

Universal Single-Copy Orthologs) v5.4.4 (Simao et al., 2015) using the vertebrata odb10 dataset.

3.2.2 Genomic feature landscape

Patterns in the predicted annotations for both Bradypodion pumilum and B. ventrale assemblies
were assessed by sliding windows. Sliding windows were calculated using BEDTools v2.26.0 with
1 Mb window sizes to estimate gene density. The repetitive element annotations generated in
Taft et al., (2023) (Chapter 2) were used as input to summarise the density of repetitive elements

for both Bradypodion assemblies, with window sizes set at 10 Kb.

3.2.3 Orthologous gene families

Four additional genome assemblies and accompanying annotations were downloaded from the
NCBI genome database (https://www.ncbi.nlm.nih.gov/genome/), namely Furcifer pardalis
(Chamaeleonidae), Pogona vitticeps (Agamidae), Laudakia sacra (Agamidae), and Anolis
sagrei (Dactyloidae), to estimate orthologous gene families. Amino acid sequences for all
protein-coding genes for each assembly were extracted using GFFRead v0.12.8 and then
filtered for the longest transcript variant per gene. Filtered sequences were used as input to
phylogenetically predict orthologous proteins (orthogroups) with Orthofinder v2.5.4.
Orthofinder categorizes gene families as sets of homologous genes that stem from a single gene
in the last common ancestor of the input species and remain reliable even with varying gene
lengths or larger phylogenetic distances (Emms and Kelly, 2015).  Multiple sequence
alignment was done using the -M msa’ function within Orthofinder aligning sequences using
MAFFT (Katoh and Standley, 2013), before inferring both species and gene trees using
[QTree v2.1.4-beta.

3.2.4 Likelihood analysis of gene family gain and loss

Gene family gain and loss were estimated using CAFE v 5.0 (Mendes et al., 2020), a tool
to statistically analyse the evolution of the gene family size under a phylogenetic framework
(De Bie et al., 2006). The species tree generated in the Orthofinder analysis was used as
input after confirming the tree is rooted and ultrametric with the R package ’ape’ (Paradis
et al., 2004). The phylogenetic hierarchical orthogroups (gene families) from the Orthofinder
analysis were used to retrieve gene counts per gene family per taxon as input for CAFE.

These gene families were first filtered by removing gene families with gene counts exceeding
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100 in any single taxon to prevent biases in gene family evolution estimation (Emms and Kelly,
2019). The lambda parameter was calculated uniformly across the phylogeny and gene families
with a large size variance among taxa were selected using a significance threshold of P <
0.01. Estimated changes in gene families were subsequently plotted with CafePlotter v0.1.1
(https:/ /github.com/moshi4 /CafePlotter).

3.2.5 Functional enrichment analysis

To ascertain the functions associated with Bradypodion gene families, the underlying genes
within each gene family were tested for functional Gene Ontology (GO) terms. Functional
classes were estimated using g:GOSt in g:Profiler to perform the functional enrichment test
for the gene list derived from significant gene families in the CAFE analysis. Significant gene
families were included for further analysis where the estimated gene family change resulted in >
80% increase in family size. The tools available within g:Profiler are frequently used in standard
pipelines of biological entity (gene/protein) centered computational analysis (Raudvere et al.,
2019; Kolberg et al., 2023), with g:GOSt able to conduct the functional enrichment analysis
of individual or multiple gene lists. GO terms were assigned to the list of genes based on
the Ensembl GO predictions for Anolis carolinensis used as the reference organism. P-values
were adjusted using Benjamini and Hochberg’s approach for controlling the false discovery
rate (FDR) for a significance threshold of P < 0.05. Significantly enriched GO terms were
returned unordered. Further filtering of significant terms within g:GOSt was done to ensure
unique leading terms in each GO component (molecular function, biological process, cellular

component) by removing bias for terms with the highest significant levels (Kolberg et al., 2023).

3.3 Results

3.3.1 Genome annotation summary statistics

Protein-coding sequences in the Bradypodion pumilum annotation predicted 36,266 sequences,
for which 16,917 showed homology with genes from other species (Table 3.1). Comparatively,
predictions for the B. ventrale yielded a greater number of protein-coding sequences (37,828)
with 17,712 being homologous to previously annotated genes. Genes for B. pumilum were
estimated at an average length of 12.22 Kb, with a mean of five exons and four introns per
gene. Average gene length estimations for B. ventrale were 12.58 Kb, with the same mean

number of exons and introns per gene at five and four respectively. Of the 3354 total
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Table 3.1: Summary of the annotation features and BUSCO assessment statistics for each Bradypodion
genome assembly.

Bradypodion pumilum  Bradypodion ventrale

Number of genes 36528 37828
Number of annotated genes 16917 17712
Number of mRNAs 36528 37828
Number of exons 183198 193906
Number of introns 146671 156079
Number of CDS 36266 37447
mean gene length (bp) 12229 12588
mean mRNA length (bp) 12229 12588
mean exon length (bp) 219 218
mean intron length (bp) 2774 2782
mean CDS length (bp) 1103 1126
% of genome covered by genes 18 20
Complete BUSCOs 2465 2535
Single copy BUSCOs 2452 2512
Duplicated BUSCOs 13 23
Fragmented BUSCOs 288 275
Missing BUSCOs 601 544
Total BUSCOs searched 3354 3354

BUSCOs available in the vertebrate odbl0 database, assessment of gene completeness
recovered 2465 (73.49%) complete BUSCOs in the B. pumilum annotation of which 2452 are
single-copy with 13 duplicates. Gene completeness was marginally greater in B. ventrale, with
2535 complete BUSCOs recovered (75.58%) with 2512 in single-copy and 23 duplicates (Table
3.1). Visual inspection of the gene density along chromosomes revealed similar distributions
for the 6 largest chromosomes in both Bradypodion annotations (Figure S1-S2). However,
inspection of the smaller chromosomes revealed an inverse distribution of genes on
chromosome 9 as peak gene densities in B. pumilum occur toward the telomeres, but peak
toward the centromere in B. wventrale. Repeat densities are similarly distributed along
chromosomes in both Bradypodion (Figures S3-S4), however, excess repeats are more evident

in B. ventrale, particularly on chromosomes two, three, eight - ten and 17.
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Figure 3.1: Percentage of protein-coding genes assigned to orthogroups in candidate species. The
phylogenetic species tree is based on reconciled gene trees generated by Orthofinder. All organism
silhouettes are from PhyloPic (www.phylopic.org)

3.3.2 Orthologous gene families

Designation of gene families based on the six input species resulted in 134,083 of 154,669 total
genes (86.7%) being assigned to 22,445 orthogroups. A total of 14,469 genes (9.4%) are in 3765
species-specific orthogroups. Only 5731 orthogroups contain genes from all species included
in the analysis. Orthogroups range from 2 - 486 genes per group, with 97.9% of orthogroups
containing < 20 genes from at least two species. While Bradypodion pumilum and B. ventrale
had the greatest number of genes present, 36,266 and 37,447 genes respectively, roughly 80%
of genes were assigned to orthogroups—the lowest gene assignment rate relative to other species
(Figure 3.1). Both Laudakia sacra (96.4%) and Pogona vitticeps (96.3%) have the highest gene
assignment to orthogroups, followed by Furcifer pardalis (94.4%).

3.3.3 Likelihood analysis of gene family gain and loss

The evaluation of gene family change among the representative species successfully detected
significant changes between taxa (Figure 3.2). At the Acrodont ancestral node (Figure 3.2B),
107 gene families showed significant changes (19 families expanded, 88 families contracted).
The comparison between Agamidae and Chamaeleonidae ancestral nodes revealed a greater
number of significant gene family changes in Agamidae, with 71 expansions and 346
contractions, relative to Chameleonidae (38 expansions and 52 contractions). Furcifer pardalis

had the greatest number of total gene family changes for chameleons relative to Bradypodion,
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with 150 expansions and 516 contractions across 666 gene families. At the Bradypodion
ancestral node, 233 gene families experienced significant changes. Both species of Bradypodion
were estimated to have roughly double the number of significant changes, with B. pumilum
exhibiting 452 significant changes (142 expansions and 310 contractions) relative to B.

ventrale with 416 total changes (131 expansions and 285 contractions).
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Figure 3.2: The number of significant gene family changes across the phylogenetic species constructed
with Orthofinder, p-value < 0.01. Significant gene expansion (blue) and contractions (red) are
presented at each node and leaf. Coloured bars indicate branches belonging to A) Chamaeleonidae
(green) and Agamidae (light blue), B) Acrodonta, and C) Iguania (orange). All species silhouettes are
from PhyloPic (www.phylopic.org)

3.3.4 Functional enrichment analysis

Within significantly expanding gene families of Bradypodion, more than half of the annotated
genes were functionally ambiguous with no identified function (Bradypodion ancestral node,
63 %; B. pumilum, 55 %; B. ventrale, 60 %). For functionally annotated genes, gene families
at the Bradypodion ancestral node yielded 51 unique genes, with B. pumilum families holding
34 genes, and 30 genes across B. ventrale gene families. When assessing gene ontology terms,
both molecular function (MF) and cellular component (CC) GO terms are largely conserved
across Bradypodion, with MF terms involving molecular binding processes (GO:0005488) and
CC terms relating to cellular anatomical features (G0:0110165) (Figure S5, S6, S7). In
contrast, ontology terms linked to the biological process (BP) are the most dynamic within
Bradypodion (Figure 3.3). Expanded gene families within Bradypodion contribute toward
three broad BP ontology terms: response to stimulus (GO:0050896), cell signalling
(GO:0023052), and the development process (GO:0032502)-specifically anatomical structure
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(GO:0048856), system development (GO:0048731), and organ development (GO:0048513)
(Figure 3.3 A). Specific pathways underlying response to stimuli are primarily involved with
responses to light (GO:0009416) and radiation (GO:0009314), specifically UV-B
(GO:0010224), but also responses to temperature stimuli by thermotaxis (G0:0043052).
Expansion in gene families relating to anatomical structure development is the only broad BP
term retained in B. pumilum similar to the ancestral node. Unique terms within B. pumilum
are linked to cellular component organization (GO:0071840) and cell localization
(GO:0051179) but also maintain pathways involving positive regulation of the target of
rapamycin (TOR) signalling, specifically TORC1 (GO:1904263) which promotes nutrient and
hormonal sensing. Bradypodion ventrale was shown to maintain the pathways relating to
responses to light stimuli, but directly involve visual (GO:0007601) and sensory perception
(GO:0050953) terms. Developmental processes are also defined by unique terms in B.
ventrale, particularly tissue (GO:0009888) and organ development (GO:0048513), which
includes muscle (GO:0061061), skin (GO:0043588), kidney (GO:0001822) and gonad
(GO:0008406), as well as terms relating to blood vessels (GO:0001570, GO:0002040,
GO:0001525).  Anatomical structure development largely includes terms involving bone

development such as osteoblast differentiation (GO:0001649) and ossification (GO:0001503).
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Figure 3.3: Functional gene ontology (GO) terms for biological processes in Bradypodion. GO terms are provided for A. Bradypodion ancestral node, B.
B. pumilum, and C. B. ventrale



3.4 Discussion

Gene family expansions in Bradypodion appear to be associated with adaptations unique to
the Chamaeleonidae relative to other members of Iguania. Expanded gene families within this
genus are likely to have resulted from changing environmental conditions, facilitating the
diversification of Bradypodion. In addition, changes in gene family composition indicate
differences at the species level, as B. pumilum and B. ventrale exhibited expansions in gene
families with distinct genetic pathways. The underlying genome annotation generated for
each assembly yielded a similar structural composition, number of identified protein-coding
genes, and gene and repetitive elements distribution. The overall completeness of these
annotations was also comparable, considering the number of genes able to be identified by the
annotation algorithms used. These quality annotations enabled the appropriate identification
of orthologous groups as well as notable differences in species-specific orthogroups, the
greatest of which were present in these dwarf chameleons. Therefore, these results set the
stage for novel insights to be made into the genetic underpinnings of Bradypodion

diversification and adaptive solutions unique to dwarf chameleons.

The expansion of gene families in Bradypodion underlying responses to light, radiation and
thermotaxis could be an adaptive response driven by the different exposures of abiotic factors
related to the differing structures of the habitats that they occupy. It is well documented that
the diversification of Bradypodion correlates to adaptive responses to changes in the natural
environment since the Miocene (Tolley et al., 2008). As a result, convergent phenotypic morphs
are associated with at least two broad habitat types: closed-canopy forests and open-canopy
grassy or fynbos habitats. While the adaptive traits unique to each morph are correlated
to the challenges encountered within each habitat type (Measey et al., 2009; da Silva and
Tolley, 2013), it should be noted that ancestral habitat reconstruction indicated that these
dwarf chameleons originated within closed-canopy forests (Tolley et al., 2008). During the Late
Miocene-Pliocene, southern Africa experienced dramatic shifts in climate which promoted the
expansion of more open-canopy habitats (Chase and Meadows, 2007; Lee-Thorp et al., 2007).
Consequently, closed-canopy forests contracted and became highly fragmented (Tolley et al.,
2013). It is, therefore, possible that exposure to light and radiation differ between habitat types,
with radiation near the forest floor generally lower compared to the outer canopy (Brown et al.,
1994), and overall exposure is greater in open-canopy habitats relative to closed-canopy forest

(Gao et al., 2002).
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The gene family expansion in Bradypodion underlying response to radiation is specifically
linked to ultraviolet-B (UV-B) radiation. In reptiles, exposure to ultraviolet light has both
physiological benefits and costs (Watson and Mitchell, 2014). UV light is known to catalyse a
reaction in the skin of reptiles allowing for the availability of active vitamin Ds which
promotes the uptake of calcium (Holick et al., 1995; Klaphake, 2010). However, of the two
wavelengths of UV light, UV-A and UV-B, overexposure to UV-B is known to result in skin
damage and skin-related diseases (Gardiner et al., 2009; Watson and Mitchell, 2014; Hedley
et al., 2018). While reptiles are known to behaviourally self-regulate exposure to UV light to
take advantage of the benefits of UV while minimizing the costs (Ferguson et al., 2010, 2013),
regulating exposure is also achieved through morphological adaptations in the skin as well as
temperature regulation (Chang et al., 2009; Gholamifard et al., 2015; Sakich and Tattersall,
2022). In Chamaeleo calyptratus, the Veiled Chameleon, the endogenous synthesis of vitamin
D proved more efficient over dietary ingestion (Hoby et al., 2010). While the Panther
Chameleon, Furcifer pardalis, was shown to behaviourally adjust UV-B exposure depending
on the availability of dietary vitamin Dj (Ferguson et al., 2003). In Bradypodion, the
UV-related genetic pathways involved in the gene family expansions highlighted in this study
suggest that these dwarf chameleons are more likely adept in efficiently regulating exposure
imbalances depending on the habitat type, potentially leading to adaptive traits evolving in

ecomorphs associated with UV radiation and temperature-related behaviour.

The dense forest canopy largely filters light and radiation penetration into the forest
understory (Brown et al., 1994). Overexposure to UV radiation is therefore unlikely to be
experienced by closed-canopy ecomorphs such as Bradypodion pumilum. There are still
preventative measures available to mitigate potential UV radiation damage, even though it is
not the primary concern when inhabiting closed-canopy habitats. Expanded gene families in
B. pumilum are related to the serine/threonine protein kinase (TOR) signalling pathway
which regulates cellular responses to stresses such as DNA damage in tissues (Wullschleger
et al., 2006). Within structurally dense forests, these chameleons would naturally move along
temperature gradients to regulate body temperatures and likely select exposed patches of
direct sunlight to do so. In contrast, open-canopy ecomorphs such as B. wventrale, are
doubtless exposed to higher UV irradiance across their open-canopy habitats and likely

possess adaptive strategies to mitigate the increased radiation stress.

Protection measures against UV exposure are seemingly more available in Bradypodion

ventrale based on gene family expansions, particularly underlying skin development. The
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ability to rapidly alter colour in chameleons is driven by actively reorganizing nanocrystals in
iridophores present in the skin to structurally adjust the colour (Teyssier et al., 2015), with
colour change being essential for intra-specific communication and thermoregulation.
Modulating skin brightness is also achieved by the dispersal/aggregation of dark
chromatophores containing melanin, with darker skin tones typically indicative of stress.
Melanin (a pigment within iridophores) can absorb UV radiation and thus prevents damage
to more sensitive structures underneath the epidermis and dermis (Rouzaud et al., 2006).
Given the exposed nature of open-canopy habitats (Gao et al., 2002), it is plausible that a
higher density of melanin pigment in chromatophores is present in open-canopy species of
Bradypodion. This likely presents as a trade-off in the distribution of pigments, favouring
melanin over colour-mediating structures, resulting in the dull colouration typically associated
with open-canopy ecomorphs (Stuart-Fox et al., 2008; da Silva and Tolley, 2013). However,

differences in melanin concentration between Bradypodion ecomorphs remain to be tested.

Gene family expansions underlying the perception of light stimuli and bone development are
also present in Bradypodion ventrale and not in B. pumilum. Most tetrapods can see in the UV
light spectrum, particularly UV-A given the sensitivity of ocular photoreceptors (Cronin and
Bok, 2016). This is particularly relevant in chameleons as many species are known to possess
fluorescent tubercles, cranial bone protrusions through the skin, which optimally reflect within
the UV-A wavelengths (Protzel et al., 2018). However, using UV reflectance for communication
in Bradypodion is more common in closed habitats than in open habitats (Stuart-Fox et al.,
2007). Given this, expanded gene families underlying bone development in B. ventrale might
not be specifically related to UV reflectance. Instead, these expansions might be associated with
mediating appropriate amounts of calcium uptake driven by endogenous synthesis of vitamin
D in the skin as a response to increased radiation in open-canopy habitats. It is also unclear
to what degree various species are able to distinguish between UV-A, UV-B and visible light
(Ferguson et al., 2003, 2013). A number of lizards in the sister family, Agamidae, have visual
sensitivity to UV light through the pineal-gland-associated eye-like structure known as the
‘parietal eye’ (Barbour et al., 2002; Yewers et al., 2015). These structures are rudimentary
in chameleons (Gundy and Wurst, 1976). Therefore, the expanded gene families underlying
visual perception of light stimuli in B. ventrale are associated with the intensity of visible light
in open-canopy habitats and may have similarly developed in other open-canopy species of

Bradypodion.

Given the contrast in gene family expansion between Bradypodion pumilum and B. ventrale,
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these results have provided insight into the genomic basis underlying adaptive solutions in
response to challenges by the respective habitats. By extension, these findings contribute to the
current understanding of ecomorph evolution in Bradypodion but were only possible through
the generation of high-quality genomic resources (i.e., genome assembly and accompanying
annotations). In recent years, assessments of gene family evolution in a number of species
have revealed the genetic architecture underlying adaptive responses, particularly within harsh
environments (Wang et al., 2019; Peng et al., 2021; Kim et al., 2022). With the rise in de
novo genome assemblies and annotations of non-model organisms (Genome 10K Community
of Scientists, 2009; Koepfli et al., 2015; Lewin et al., 2018; Blaxter et al., 2022; Ebenezer et al.,
2022), evaluating the changes in gene family composition will likely provide a new lens from

which to routinely assess genetic underpinnings of adaptive evolution.

3.5 Future directions

Bradypodion are the most recently diverged chameleon lineage, characterised by ecologically
driven phenotypic specialisation resulting in ecomorphs associated with either closed-canopy
forests or open-canopy grass and fynbos (Tolley et al., 2008, 2013; da Silva et al., 2014;
da Silva and Tolley, 2017). These ecomorphs are often, but not always, phylogenetically
paired and suggest that morphological similarities have arisen independently in response to
similar ecological pressures. This presents a unique opportunity to assess the genetic basis
underlying adaptation in these chameleons, by leveraging the replicated diversification of
Bradypodion to investigate the role of gene family evolution in driving the adaptive convergent
phenotypes. To truly take advantage of detecting changes in gene family evolution, de novo
assemblies are required for the taxa in question (Han et al., 2013; Ellis et al., 2021; Yan et al.,
2022). Given that whole genome sequencing has become more feasible in recent years (Rice
and Green, 2019), targeting closely related ecomorph pairs within Bradypodion will be most
appropriate, as well as contrasting ecomorphs that occur as different populations within a
single species (Herrel et al., 2011; Hopkins and Tolley, 2011). This approach will then allow
for detecting convergent gene family changes in a comparative framework. In addition, testing
whether the underlying genes within expanded gene families are under positive selection
within each ecomorph will provide additional evidence in uncovering the genetic architecture
underlying convergent phenotypes in these dwarf chameleons. In conclusion, by investigating
convergent gene family changes and assessing positive selection within ecomorphs, the genetic

basis of adaptation in the evolutionary history of Bradypodion can be revealed.
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Abstract

In response to anthropogenic-driven environmental change, there is increasing evidence for
rapid contemporary adaptation in several taxa which has garnered considerable interest in
evolutionary biology and urban ecology. However, these remarkable examples of adaptation
are largely explored in taxa that are able to utilize man-made substrates effectively. For those
species inhabiting urban areas but are restricted to fragmented green spaces, the effects of
urbanization remain relatively unknown. The southern African dwarf chameleons,
Bradypodion, are one such group, where several species are known to occupy arboreal niches
in urbanized areas. Here I assess population structure and the genetic variation within five
species of Bradypodion with urban and natural populations. I took a population genomic
approach and implement a pairwise comparison to evaluate allele frequency differences
between these populations. After accounting for population differentiation, I was able to
identify outlier loci exhibiting significantly divergent allele frequencies between urban and
natural populations. Through linking genes containing outlier loci and the associated gene
function, phenotypic traits were identified that are known to be associated with adaptation in
urban habitats. Even though I was unable to identify which population experienced
divergence, strong arguments are made in favour of urban populations possessing the genes

containing outlier loci.



4.1 Introduction

The rapid transformation of the natural environment into human-dominated landscapes is a
key feature of the Anthropocene (Halfwerk et al., 2019a). The transformation of habitat is
especially evident in urbanised areas. As more people move to urban areas, the expansion of
cities has become one of the biggest impacts on natural systems today. While urbanised areas
around the world share overlapping characteristics in terms of infrastructure, they differ in
other aspects such as the age since establishment, the historical context, urban planning, and
local government policies. However, the commonalities between urban areas represent an
unintended but highly replicated system for studying adaptive evolution. As more evidence
highlights patterns of evolution within urban systems, we can now seek to understand both
the repeatability and the pace of evolution in response to human activities (Johnson and

Munshi-South, 2017).

Urban systems undergo habitat transformation in extreme ways and are likely to affect
populations at the microevolutionary level if they are able to persist in these systems.
Microevolution is the change in allele frequencies in a population from one generation to the
next, with four main mechanisms likely to influence this change: mutation, genetic drift, gene
flow, and selection. Evolution resulting from new mutations typically occurs over longer
timescales than the habitat transformation process in urban areas. It is therefore unlikely
that evolutionary change in these novel environments would be primarily due to new
mutations (Barrett and Schluter, 2008; Johnson and Munshi-South, 2017, but see Yauk et al.,
2000; Somers et al., 2004; Mousseau and Mpgller, 2014). Rather, selective pressures on
standing genetic variation (including pre-existing mutations) within populations are more
likely to result in evolutionary responses to transformed habitats and could be more drastic in
urban systems which experience particularly rapid and large habitat shifts (Reid et al., 2016;
Diamond and Martin, 2021; McCulloch and Waters, 2023).

Urbanisation is predicted to strongly influence genetic drift, which produces stochastic
changes in allele frequencies between generations (Miles et al., 2019; Fusco et al., 2021).
Genetic drift is most prominent in small, isolated populations, and the influence of drift
within urban areas is expected to increase whenever population sizes are reduced due to
urbanisation. Reduction in population sizes can be the result of 1) the loss of natural habitat
by fragmentation, 2) the founder effects associated with newly established populations, and 3)

severe bottlenecks due to population declines as a result of direct selection pressures from

91



humans. These scenarios will likely result in reduced genetic diversity within populations and

increased differentiation between urban & natural populations.

As populations occupying different habitats become more divergent, natural selection can
drive local adaption in response to selective pressures within each habitat (Schluter and Conte,
2009; Schluter et al., 2010; Nosil, 2012). However, gene flow, if strong between populations
may inhibit local adaptation (Lenormand, 2002; Akerman and Biirger, 2014). The impact of
gene flow on adaptation is well documented when uncovering drivers of speciation (Smadja
and Butlin, 2011), as the spatial context of population divergence and the extent of gene
flow can restrict the pace of speciation (Carvalho et al., 2023). This principle is also evident
when detecting local adaptation of intraspecific populations while in the presence of gene flow
(Butlin et al., 2014; Tigano and Friesen, 2016). Even with restricted gene flow in urbanized
habitats (Yang et al., 2020), urban-associated phenotypic and genomic changes are evident
within persisting populations (Johnson and Munshi-South, 2017). However, given that changes
are only evident in a limited number of taxa, the underlying genetic elements subject to selection
in urban environments remain largely unidentified (Perrier et al., 2020, but see Winchell et al.,
2023), especially since the appropriate resources with which to identify genetic elements are
lacking (e.g., high-quality genome assemblies and annotations; Card et al., 2023; Gable et al.,
2023).

It has been demonstrated that taxa capable of using man-made structures (e.g. walls
of buildings and fences) display strongly divergent traits to their natural counterparts (e.g.,
longer limb lengths and increased lamellae in anoles, Winchell et al., 2016; shorter limb lengths
and digits in fence lizards, Putman et al., 2019). While these effects are mostly seen and
tested within typical urban systems, evidence suggests that similar adaptation patterns may
occur across urban-rural-natural gradients (Garcia et al., 2017; Samia et al., 2017; DeCandia
et al., 2019; Parsons et al., 2020). Therefore, a response to increased habitat transformation
likely results in rapid adaptation; however, evidence to support this is best contrasted at the
urban-natural level. Moreover, taxa restricted to arboreal habitats are expected to display
similar trends of rapid adaptation (Winchell et al., 2018, 2023), but the extent of population
genetic and morphological divergence is largely untested for many arboreal groups (Winchell

et al., 2020).

Bradypodion is a genus of endemic dwarf chameleons in southern Africa. These arboreal

lizards occupy an array of habitats and have been shown to have undergone rapid diversification
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driven by changes in habitat (reduction of forests and expansion of fynbos, grasslands, etc.,
Tolley et al., 2008). Bradypodion are also known to persist within several urban areas, occupying
arboreal habitats within parks, gardens and roadside vegetation (Tolley and Burger, 2007;
Petford et al., 2023). The available vegetation within urban habitats is less dense, and/or
structurally different to vegetation in natural areas (e.g., Palamuleni et al., 2015; Stickler and
Shackleton, 2015; Magidi and Ahmed, 2022), likely resulting in unique challenges and differences
in selection pressures (Hendry et al., 2008; Winchell et al., 2018). In urban populations of
the Knysna Dwarf Chameleon, B. damaranum, individuals exhibit different head morphology
and higher bite forces than their natural counterparts (Petford et al., 2023). Given that the
vegetation density in urban areas provides less cover than in natural habitats, urban populations
of Bradypodion are likely more exposed and are at higher risk of predation(Petford et al., 2023).
To remain less conspicuous in exposed urban habitats, urban populations of B. damaranum
exhibit reduced ornamentation relative to their natural counterparts, but this comes at a cost of
effective signalling leading to a breakdown in intraspecific communication (Petford et al., 2023).
Whether the presence of these urban-associated traits exists in other species of Bradypodion
occupying similar habitats remains untested. However, these chameleons provide a model for

testing the effects of urban habitats on a predominantly arboreal group.

Here, 1 assess the population structure and genetic diversity of five species of Bradypodion
known to have populations in natural and urban habitats and report genes that contain loci
that may be under selection. I predicted that the greatest level of genetic divergence would be
observed between different species, reflecting the broader evolutionary divergence. Furthermore,
I anticipated that urban and natural populations of the same species would exhibit evidence
of allele frequency differences between populations. I anticipated that these allele frequency
differences will involve loci that occur along genes associated with traits likely under selection.
If so, genes with known functions may underlie traits that are suited to urban environments,
suggesting that the allele frequency differences are driven by unique loci at higher frequencies

in urban populations.

4.2 Methods and materials

4.2.1 Sampling and tissue collection

Adult Bradypodion from five species that occur within both urban and natural habitats were

collected across South Africa. Using a paired sampling approach, sites were selected based on
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the proximity (e.g. within 15 km) of natural to urban habitats: B. damaranum from George,
Western Cape; B. melanocephalum from Durban, KwaZulu-Natal; B. setaroi from St. Lucia,
KwaZulu-Natal; B. thamnobates from Midlands, KwaZulu-Natal; B. ventrale from Jeffreys Bay,
Eastern Cape (Fig. 4.1). The collection of lizards took place in a single habitat patch to ensure
the comparison of distinct populations. Lizards were caught by hand as encountered or by
encouraging them to climb onto a 7-meter long telescopic pole when lizards were out of reach.
Tissue samples were then collected by clipping from the distal tail (< 3 mm) of each lizard and

then preserved in nucleic acid preservation buffer and stored at —40 °C.

— Bradypodion
setaroi

& "W, Bradypodion
damaranum

Figure 4.1: Sampling localities for each study species in South Africa. Bradypodion damaranum from
George, Western Cape (purple); B. melanocephalum from Durban, KwaZulu-Natal (blue); B. setaroi
from St. Lucia, KwaZulu-Natal (red); B. thamnobates from Midlands, KwaZulu-Natal (green); B.
ventrale from Jeffreys Bay, Eastern Cape (yellow). Inset: Map of Africa, with South Africa in grey.

4.2.2 Sequencing

Total genomic DNA was extracted from a total of 88 samples (n = 17, B. damaranum; 19, B.
melanocephalum; 15, B. setaroi; 17, B. thamnobates; 20, B. ventrale) using the OMEGA
E.ZN.A®Tissue Kit. The extraction protocol was followed as per the manufacturer’s
instructions, however, each sample was eluted twice at a volume of 100 pL to recover as much
genetic material as possible. DNA concentrations were estimated fluorometrically with a

Qubit 3 Fluorometer (Life Technologies) using the Qubit dsDNA BR Assay Kit, as well as
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confirming the presence of genomic DNA with minimal degradation by gel electrophoresis.
Total DNA concentrations were also screened using the Genomic DNA ScreenTape Analysis
from Agilent Technologies Inc. prior to library preparation. Sequencing libraries were
prepared using 10 ng of DNA per sample using the [llumina DNA Library Prep Kit which
made use of Transposase-mediated Tagmentation. Each sample was then assigned a barcode
using IDT Nextera for Illumina DNA Unique Dual 10 bp Indexes adaptors. After library

preparation, re-sequencing was carried out on an Illumina NovaSeq 6000 S4 sequencer.

4.2.3 Sequence-read processing

The read quality of the initial sequence was assessed using FastQC v0.11.8 (Andrews, 2010)
on each sample. Sequence adapters were removed, and reads were trimmed and filtered based
on quality scores using Trimmomatic v0.32 (Bolger et al., 2014) with the following syntax:
LEADING:20 TRAILING:20 MINLEN:23 SLIDINGWINDOW:13:20. All sequence reads were
quality assessed in FastQC once again to ensure that filtering produced the highest-quality
reads. Before quality-filtered reads were aligned with the Bradypodion ventrale v1.1 assembly
(Taft et al., 2023), the genome was first assessed to be sorted and renamed by size using the
BBMap short read toolkit (Bushnell, 2021). The quality reads were then aligned with the
Bradypodion ventrale v1.1 assembly and sorted by scaffold size using the Burrows-Wheeler
Aligner (BWA) v0.7.17-r1188 (Li, 2013). To retain as much sequence data as possible,
paired-end and single-end reads were merged and then assessed using SAMtools (Li et al.,
2009). The merged reads were evaluated based on mapping statistics and the reads were
retained if the following criteria were met; the proportion of reads mapped to reference > 95;

mean read depth > 3; breadth of coverage > 50.

4.2.4 Variant calling and filtering

Variants (single nucleotide polymorphisms, SNPs) were called and filtered using the Genome
Analysis Toolkit (GATK; McKenna et al., 2010) following the GATK best practices (DePristo
et al., 2011; Van der Auwera and O’Connor, 2020). All best-practice steps were followed apart
from Base Quality Score Recalibration, which was not possible as a reference variant set for any
Bradypodion species does not exist. ReadGroup information was manually added, followed by
marking duplicate reads in each bam file and then merging files generated from unique lanes to
call haplotypes (which included syntax —ERC GVCF) for each sample individually. gVCFs were

combined for each population (urban and natural individuals) and jointly called genotypes for
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each species separately. All sites were retained with a standard minimum confidence threshold of
20 for calling used. Both variant and invariant files were isolated using GATK SelectVariants
and pushed through GATK VariantsToTable to appropriately estimate filtering parameters.
Filtered SNPs using GATK VariantFiltration were done using the following filtering expression
“QUAL < 0.00 || MQ < 40.00 || SOR > 10.00 || QD < 2.000 || F'S > 60.000 || MQRankSum
< —12.50 || ReadPosRankSum < —8.00 || ReadPosRankSum > 8.00” and then jointly filtered
both variant and invariant sites to remove sites with read depths less than 3 and greater than
70. Further filtering on SNPs was done using VCFtools v0.1.15 for a minimum quality of 25

and a maximum of 25% missing samples per site.

4.2.5 Species-level structure analysis

SNPs datasets were filtered using bcftools v1.15.1 to contain no missing sites, a minimum
minor allele frequency of 0.01, and to remove sites with linkage greater than r> = 0.2 within
10-kb windows (retaining the site in an LD pair with the greater allele frequency). Species
SNP datasets were then converted from vef to bed using Plink v1.9 (Purcell et al., 2007).
Population structure was analysed using fastSTRUCTURE v1.0 (Raj et al., 2014) using the
combined SNP dataset in bed format. To estimate the appropriate number of model
components that explain structure in the combined dataset, fastSTRUCTURE was run with
multiple choices of K (number of ancestral populations), from 2 to 10 with fivefold
cross-validation.  Stucture threader, a wrapper tool for structure analyses (Pina-Martins
et al., 2017), was used to automate and parallelize the running of fastSTRUCTURE. The
fastSTRUCTURE utility tool was used to parse through all outputs of these runs to estimate
the model complexity appropriate for the best K value. To visualize admixture proportions,
the structure result was plotted using the R package, Pophelper v2.3.0 (Francis, 2017). An
exploratory principal components analysis (PCA) was also implemented to distil the genetic
variation in the dataset into two component axes to assess population structure in a
model-free approach. The PCA was conducted using the pcadapt package conducted in R
(Luu et al., 2017), with varying estimates of K (2-10) to enable estimating structure underlain

by the greatest amount of genetic variation in the dataset.
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4.2.6 Within-species population differentiation, divergence, and

diversity

To compare urban and natural populations for each species, two metrics were estimated: Fgr
(the proportion of genetic variance contained in each population) and Dxy (sequence
divergence between populations) using the Python scripts parseVCF.py and
popgenWindows.py (https://github.com/ simonhmartin/genomics general). Nucleotide
diversity (m) was estimated separately for each population (i.e., urban and natural). For this
analysis, variant and invariant sites were used while indels were excluded. Summary statistics
were calculated across 10kb windows, and all windows retaining fewer than 100 called sites
weren’t considered. Additionally, heterozygosity was estimated for each population using
VCFtools v0.1.15 (~het and —relatedness). To assess whether each population is at neutrality
(mutations are random) or instead showing signs of selection (non-random patterns of

mutation), Tajima’s D (-TajimaD 100000) was estimated.

4.2.7 Selection scan and functional term estimation analyses

Selection scan analyses were conducted using the dataset of genomic SNPs for each species after
being filtered to remove SNPs with more than 0.25 missing sites and a minor allele frequency
threshold of 0.06. Following the approach outlined in Winchell et al. (2023), two complementary
methods were used to identify outlier loci: a differentiation outlier method (a modified principle
component analysis: pcadapt) and a genetic—environment association method (GEA). First, the
peadapt method is implemented in R carries out a principal component analysis and computes
p-values to test for outliers (Duforet-Frebourg et al., 2016; Martins et al., 2016; Luu et al.,
2017). The test for outliers is based on the correlations between genetic variation and the
principal components retained (Luu et al., 2017). For this analysis, principal components
were retained that accounted for variation that distinguished urban and natural populations.
The Mahalanobis distance was then calculated as the test statistic for detecting outlier SNPs,
which is a multi-dimensional approach that measures how distant a point is from the mean
(McLachlan, 1999; Ghorbani, 2019). P-values were then transformed into g-values with the
‘qvalue’ function in R (Dabney and Storey, 2011), with the g-values used to estimate outliers
based on a threshold < 0.001 while accounting for a false-discovery rate of 1% (Luu et al.,
2017). Second, a genotype association test was done using a logistic linear mixed effects model
(binomial family) applied with the GENESIS (Gogarten et al., 2019) functions fitNullModel
and assocTestSingle. The model was built using a 50-kb sliding window size with a 10-kb step.
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A genetic relatedness matrix was incorporated to account for population structure which was
estimated with functions pcair and pcrelate in GENESIS. Outlier SNPs from the GEA were
identified as the smallest 1% of the distribution of P-values for the association test. Outlier genes
were identified with at least one outlier SNP present when mapped against the Bradypodion
ventrale genome annotation. Using the intersection of outlier SNPs in the PCA analysis and

the GEA analysis, a core set of genes was identified that are associated with urbanisation.

To ascertain the biological functions linked with the identified outlier genes, genes were
tested for associated functional Gene Ontology (GO) terms. Functional classes were estimated
using g:GOSt in g:Profiler (Raudvere et al., 2019), following the approach outlined in Chapter
3, with Anolis carolinensis set as the reference organism and P-values to be adjusted using
Benjamini and Hochberg’s approach, controlling the false discovery rate for a significance
threshold of P < 0.05. Significantly enriched GO terms were returned unordered. Further
filtering of significant terms within g:GOSt was done to ensure unique leading terms in each
GO component (molecular function, biological process, cellular component) by removing bias

for terms with the highest significant levels (Kolberg et al., 2023).

4.2.8 Isolation by Distance

Isolation by distance as a factor in explaining the differences between the urban and natural
populations was assessed by examining the relationship if there was spatial autocorrelation
between the genetic and geographic distance of all sampled individuals, separately for each
species sampling sites and the genetic distances of samples per species. The latitude and
longitude were logged for each sample using a GarminMAP 64s or GarminMAP 65 (Garmin
International Incorporated, Olathe, Kansas, USA) handheld GPS (4 3 m precision; projection:
WGS84). Geographic distances were then computed as the shortest distance between samples
using the disHaversine function from the R package geosphere (Hijmans et al., 2017). Using the
PC scores generated in the PCA from signatures of selection, the genetic distance matrix was
estimated using the Euclidean distances generated from the mean of PC1 to PC3 per sample,
accounting for the majority of the variation in the PCA analysis. Finally, Isolation by distance
was assessed using a Mantel’s test (Legendre et al., 2015, R package vegan; Oksanen et al.,
2019) was run using the pairwise geographic distances and genetic distance matrix as input,

using running the analysis for 9999 permutations.
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4.3 Results

4.3.1 Species-level structure

When assessing population structure, the fastSTRUCTURE analysis produced the greatest
support for K = 5 genetic clusters which best described the data (Fig. 4.2). Model
complexity that maximized marginal likelihood reported the same number of clusters (K =
5). These genetic clusters grouped samples by species, with both urban and natural
populations clustering within their respective species. Notably, however, a single Bradypodion
melanocephalum (sampled from the urban population within that species range) was 40%
admixed with B. setaroi and is therefore assumed to be a hybrid and was removed from
downstream analyses. Bradypodion melanocephalum and B. setaroi do not naturally occur in
sympathy (Tolley and Burger, 2007). This particular sample was collected well within the
natural range of B. melanocephalum and was likely the result of a translocation given the

number of observations of B. setaroi in Durban, KwaZulu-Natal (Tolley, pers. comm.).

Bradypodion damaranum Bradypodion melanocephalum Bradypodion setaroi Bradypodion thamnobates Bradypodion ventrale

Figure 4.2: fastSTRUCTURE plot showing admixture proportions for five species of Bradypodion (n
= 88 samples). Estimates of K are shown for values of 2 - 10. K = 5 best explains the data with
species groups delineated by the vertical dotted line in white.

£=M



Bradypodion urban natural
02- .\ B. damaranum - -
8. metanocephalum —@—
B. damaranum 8. setaroi -
B. thamnobates -
B ventrale -8
0.1-
o
(@]
o
B. setaroi
>
o B. ventrale
o S
E. melanocephalum
0.1-
]
B. thamnobates

01 00 01 02
PCA1

Figure 4.3: Scatterplot of principal components (PC1l and PC2) for five species of Bradypodion,
colour-coded by species and urban and natural populations within each species with 95% confidence
ellipses.

The principal components analysis for all five species showed that principal
components 1 - 3 contained 63% of the variation (Supplemental Fig. S1 A). Each species
occupies unique areas of multivariate space (Fig. 4.3). Additionally, while urban and natural
populations share genetic diversity, differentiation between populations was detected, for B.
damaranum, B. melanocephalum, and B. wventrale, each population occupying fairly distinct

multivariate space (Fig. 4.3, Supplemental Fig. S1 B).

4.3.2 Within-species population differentiation, divergence, and

diversity

The assessment of average pairwise Fgr indicated little differentiation between
urban-non-urban populations. These average pairwise Fsr (and standard deviation) for each
species population pairs are as follows: B. damaranum, 0.049 £ 0.042; B. melanocephalum,
0.035 £ 0.053; B. setaroi, 0.007 + 0.034; B. thamnobates, 0.006 + 0.027; B. ventrale, 0.042 +
0.04. When assessing patterns of Fgr and Dxy across the genome, in regions with elevated

Fsr there is often a reduction in Dxy, particularly evident in B. damaranum (Supplementary
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Fig. S2), B. melanocephalum (Supplementary Fig. S3), and B. ventrale (Supplementary Fig.
S4). This contrast of Fgr and Dyy indicates that the genetic differences between urban and
natural populations in these species are not due to the accumulation of new mutations in the
underlying regions, but a result of differences in allele frequencies (Cruickshank and Hahn,
2014). While this pattern between Fg¢r and Dyxy is not as clear in B. setaroi and B.
thamnobates, regions of population differentiation are still evident in these species with no

correlation in Dxy (Supplementary Figs S5 and S6).

L]
—

0.251

Legend
% ‘ B vrban
| [ natural
) ‘
0.204 ‘
-
, -
ﬁ .
0.154
Bradypoémn Bradybod.'on Brady;}od.fm Braojli)od.'on Brady;:lodaor?
damaranum melanocephalum setaro/* thamnobates ventrale®

Figure 4.4: Genome-wide heterozygosity for each urban and natural population pair for five species of
Bradypodion. Significant differences in heterozygosity between populations denoted by * (p < 0.05)

When assessing within-population nucleotide diversity (7), there are no clear
differences between urban and natural populations of Bradypodion (Supplementary Figs
S2-S6). Only two species had populations with significant differences in observed
heterozygosity between populations (Fig. 4.4), B. setaroi and B. ventrale. While the urban
population of B. setaroi had lower levels of heterozygosity than its natural counterpart,

higher levels of heterozygosity were present in the urban population of B. ventrale.

Typically, Tajima’s D is used to assess whether a segment of DNA sequence is evolving
randomly or evolving under a non-random process, such as directional or balancing selection,

demographic processes, hitchhiking, or introgression (Tajima 1989). In general, the

101



Table 4.1: Genome-wide genetic diversity for Bradypodion from urban and natural habitats. Given are
the allele diversity (7), observed heterozygosity (H,), and Tajima’s D.

Species Habitat s H, Tajima’s D
Bradypodion damaranum urban 0.0071 0.211 0.049
natural ~ 0.0072 0.215 -0.143
Bradypodion melanocephalum urban 0.0116 0.173 -0.510
natural ~ 0.0099 0.172 -0.087
Bradypodion setaroi urban 0.0043 0.277 0.216
natural  0.0046 0.301 0.368
Bradypodion thamnobates urban 0.0067 0.214 -0.141
natural ~ 0.0070 0.221 -0.232
Bradypodion ventrale urban 0.0068 0.229 -0.074

natural 0.0062 0.213 0.249

expectation is that true signals for departures from neutrality yield Tajima’s D > |2| (Tajima,
1989; Hahn, 2019), with no expectation to recover signals genome-wide. Even so, urban and
natural populations had different departure trajectories of Tajima’s D when assessed
genome-wide (Table 4.1).  Specifically, both B. melanocephalum and B. thamnobates
populations have negative Tajima’s D statistics (Table 4.1). Negative values can result from
different demographic processes including a recent selective sweep or population expansion
after a recent bottleneck (Table 4.1). In contrast, the urban and natural populations of B.
setaroi both exhibit positive Tajima’s D indicating that both populations are likely
experiencing balancing selection and maintaining genetic diversity.  Populations in B.
damaranum and B. wventrale display alternate patterns of Tajima’s D, with the natural
population of B. damaranum shown as negative and the urban population being positive,
while the opposite is shown for populations of B. ventrale (Table 4.1). Fine-scale evaluation of
Tajima’s D across 100 Kb windows indicates similar distributions of Tajima’s D between both
urban and natural populations in all species. However, it is noted that a greater number of
windows in urban populations tend toward negative Tajima’s D < -2 indicative of selective
sweeps or expansion after a recent bottleneck, particularly in B. damaranum (Supplementary
Fig. S7), B. setaroi (Supplementary Fig. S8), and B. ventrale (Supplementary Fig. S9).
Although this pattern is not as clear in B. melanocephalum (Supplementary Fig. S10) or B.
thamnobates (Supplementary Fig. S11), there is still an overall negative trend of Tajima’s D

in urban populations.
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Table 4.2: Summary of SNPs and genes detected in outlier analyses for Bradypodion. These include
the species sample sizes (n), total filtered SNPs, number of outlier SNPs detected in the principal
components analysis (PCA), and genotype-environment association test (GEA). Outlier genes are
summarised by the number of genes identified and total genes with known symbols

Outlier SNPs Outlier genes
Species n Filtered SNPs PCA GEA Overlap Identified genes Gene symbols
B. damaranum 17 1 556 562 553 15 775 487 430 48
B. melanocephalum 18 1519 773 211 15399 170 157 18
B. setaroi 15 1 194 306 128 12 052 49 41 5
B. thamnobates 17 1227 109 622 12 450 15 15 2
B. ventrale 20 1 304 659 277 13 242 441 207 21

4.3.3 Selection scan and functional term estimation analyses

After filtering, the number of total SNPs retained for outlier analyses ranged between 1 194
306 - 1 556 562 sites per species (Table 4.2). For the PCA conducted on each species, at
least one principal component accounted for the variation that distinguished urban and natural
populations (Supplementary Figs. S12-S15), with the exception of Bradypodion thamnobates
(Supplementary Fig. S16).

When assessing outliers, the greatest number of outlier SNPs, across both the PCA and
GEA analyses, were identified in B. damaranum with 487 SNPs resulting in 430 unique genes,
48 of which have known gene symbols with associated functional information. Following in the
number of outliers identified, 441 outlier SNPs were detected in B. ventrale with 207 associated
genes, 21 of which have known gene symbols. From the 170 outlier SNPs highlighted in B.
setaroi, only 18 outlier genes had known symbols. The lowest number of outlier SNPs were
recovered in B. melanocephalum and B. thammnobates which resulted in only five and two genes

with known symbols, respectively (Table 4.2).

When assessing biologically relevant Gene Ontology (GO) terms, functional terms were
broadly assigned across three pathways, namely immune system function, organism
development, and responses to environmental stimuli.  Outlier genes detected in B.
damaranum had functional associations in all three described pathways (Table S1). Pathways
associated with the immune system directly involved responses to chemokine (GO:1990869)

and cytokine stimuli (GO:0071345). Chemokine proteins facilitate the migration of white
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blood cells within tissues as part of an immune response and cytokines are involved in
mediating the inflammatory response within the organism. Additional GO terms for B.
damaranum outliers were also associated with antiviral defence (GO:0051607) and
endogenous growth factor stimulus linked to healing (GO:0071363). Outlier genes underlying
organism development encompassed both ectoderm development (GO:0007398), responsible
for the formation of the epidermis and the nervous system, and osteoblast differentiation
(G0O:0001649), whereby unspecialized cells gain the specialized features of an osteoblast, a
mesodermal or neural crest cell that gives rise to bone. Functional GO terms linked to stress
response (GO:0080134) were also detected in genes underlying the population differences of B.
damaranum. In particular, CTNNB1 was shown to downregulate the programmed cell death

of neurons in response to oxidative stress (GO:1903377).

In the sister species B. melanocephalum and B. thamnobates, outlier genes were similarly
associated with underlying genetic pathways which directly influenced brain development
(Table S2-S3). 1In B. melanocephalum, outlier genes were shown to be involved in the
development of the thalamus (GO:0021794), responsible for all incoming motor and sensory
signals. Whereas in B. thamnobates, genetic pathways were associated with the development
of the pallium (GO:0021543) and cerebral cortex (GO:0021987), responsible for higher-level
processing, reasoning, learning and decision-making. Genes underlying sensory perception in
response to environmental stimuli appeared to have genetic pathway differences in urban and
natural populations of Bradypodion. In B. setaroi, Cfap69 contained allele differences between
these populations and was mainly associated with chemosensory behaviour (GO:0007635),
particularly in the olfactory system (GO:0042048) and in response to odorants (GO:1990834,
Table S4). In B. ventrale, population differences in genes associated with the sensory
perception of sound were detected (GO:0007605, Table S5). The biological process involves
the detection of mechanical stimulus relating to sound (GO:0050910), with the underlying
pathway involved during the reception of auditory stimuli and converting this to a molecular
signal for recognition and characterization of the signal. These genes are also associated with
phenotypes in humans linked to sensory hypersensitivity (HP:5200058). Additional genes
underlying population differences in B. wventrale are also underlying processes linked to the

immune system, particularly mast cell activation (GO:0002279).
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4.3.4 Isolation by Distance

There was no significant signal of isolation by distance (IBD) for any of the species (Table
4.3). This suggests that the population structure observed between the urban and natural
populations for each species is the result of reduced gene flow between these habitats, or of
local adaptation. Significant IBD would have suggested that the genetic differences observed
are the result of a proportional reduction in relatedness as geographic distance increases due

to the natural resistance over the landscape that restricts gene flow.

Table 4.3: Results of the Mantel test for the relationship between genetic and geographic distance
between urban and natural population sample sites of Bradypodion. Pearson’s correlation coefficient
(p) and significance value (P) are given. ns - not significant

Species p P

Bradypodion damaranum -0.016 0.464 ns
Bradypodion melanocephalum  0.044  0.367 ns
Bradypodion setaroi -0.191 0.955 ns
Bradypodion thamnobates 0.122 0.119 ns
Bradypodion ventrale 0.074  0.108 ns

4.4 Discussion

The findings presented here provide compelling support for urban and natural populations
exhibiting distinct patterns of genetic variation. After accounting for population differentiation
through the assessment of traditional metrics, contrasting population-level differences led to the
identification of genomic outlier loci exhibiting significantly divergent allele frequencies between
urban and natural populations. I next identified genes containing those outlier loci and used
public gene ontology databases to connect outlier genes with their organismal functions and
detect categories of gene function that were over-represented among our outlier genes. This then
allowed me to identify connections between outlier genomic loci I detected, and the phenotypic

traits known to be associated with adaptation in urban habitats.

While clear evidence of allele frequency differentiation between urban and natural
populations was found, it cannot be said for certain that this is due to directional or

disruptive selection experienced by these populations. These analyses are unable to indicate
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which of the two tested populations experienced divergence, but rather point out those loci
for which substantial divergence has occurred in one population. However, there are several
reasons to suspect the bulk of outlier loci are the result of adaptive evolution operating in
urban populations. First, the outlier loci appear to be driven by natural selection rather than
simple population divergence. If there was evidence of reduced gene flow between urban and
natural populations we would expect these populations to exhibit divergence genome-wide
due to founder effects or genetic drift. However, given that Fgr is relatively low across the
genome, the outlier peaks in Fgr observed between urban and natural populations suggest
these regions of the genome are more likely impacted by recent selection. Second, since these
lizards have only occupied urban habitats fairly recently in terms of evolutionary time, with
the modern establishment of these urban settlements beginning roughly 200 years ago
(Western Cape Government, 2021), urban populations more likely experienced novel selection
pressures relative to their natural counterparts. Finally, the gene functions over-represented
among outlier loci are tied to phenotypic traits that appear to be associated with urban
evolution in Bradypodion chameleons. This presents the opportunity to generate new
hypotheses about the genomic basis of phenotypic traits shown to be associated with urban
adaptation. Subsequent functional genomic work could be performed to test the hypotheses
generated here via targeted gene modification techniques such as CRISPR-Cas9-mediated
gene editing and assessment of the phenotypes generated by those modifications (Rasys et al.,

2019).

In urban environments, species able to persist within these habitats overcome urban
pressures through behavioural, physiological, and morphological responses (Johnson and
Munshi-South, 2017). In birds, biological predictors of successful urban living include lack of
plumage dichromatism (Iglesias-Carrasco et al., 2019), higher body mass (Croci et al., 2008),
large brain size (Maklakov et al., 2011), and broad environmental tolerance (Bonier et al.,
2007; Lowry et al., 2013). In reptiles, adaptive phenotypes associated with urban living are
mostly identified as morphological solutions, especially evident in taxa able to effectively use
man-made substrates with traits including differing limb lengths and body sizes
(Littleford-Colquhoun et al., 2017; Winchell et al., 2018, but see Batabyal and Thaker, 2019).
In Bradypodion, urban populations were shown to have head dimension and ornamentation
differences relative to their natural counterparts (Petford et al., 2023). The findings presented
in this chapter provide evidence that there may be an optimal urban phenotype for

Bradypodion, and that through the functional term analysis of outlier loci, it appears that
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traits linked to three broad categories might differ between populations, organism

development, immune system function, and responses to external stimuli.

Disentangling how certain species can adapt to urban environments while others decline
and become locally extinct remains a complex issue (Sih et al., 2011; Sol et al., 2013; Lee and
Thornton, 2021). In addition to ecological and life history factors, behavioural regulation has
been shown to be a crucial factor in facilitating the exploitation of urban habitats, enabling
species to capitalize on new opportunities and effectively respond to novel threats (Wright
et al., 2010; Sol et al., 2013, 2020; Ducatez et al., 2020). Cognitive abilities that determine
animals’ ability to process information from the urban environment are likely to influence
the potential for behavioural adjustments. A growing number of studies compare urban-rural
differences in cognitive performance (Sol et al., 2013; Griffin et al., 2017), with many cases of
greater cognitive performance shown in urban populations over rural counterparts (Federspiel
et al., 2017; Kozlovsky et al., 2017; Preiszner et al., 2017; Batabyal and Thaker, 2019, but see
Papp et al., 2015; Kang et al., 2018). Outlier genes detected in this study highlighted two
pathways involved with brain development in Bradypodion, particularly the development of the
thalamus in B. melanocephalum, and the pallium and cerebral cortex in B. thamnobates. These
structures of the brain are directly responsible for interpreting motor and sensory signals as well
as higher-level processing, reasoning, and decision-making (Javed et al., 2019). Given the scale
and intensity of environmental stimuli in urban systems (Johnson and Munshi-South, 2017),
having the cognitive capacity to deal with intense stimuli is likely an adaptive trait in these
dwarf chameleons. This aligns with the expectation that species possessing cognitive abilities
that allow them to track and respond flexibly to new information may be more successful in

novel environments (Dridi and Lehmann, 2016; Lee and Thornton, 2021).

In natural environments, habitat quality is related to habitat complexity i.e., the
structural complexity of vegetation (Tews et al., 2004; McElhinny et al., 2005). In contrast,
urban environments are structurally homogeneous (paved surfaces such as roads and
buildings, Groffman et al., 2014), with green spaces, such as parks or gardens, often being the
most structurally complex (Haddad et al., 2015; Dubois and Cheptou, 2017). Green spaces
are often highly fragmented in urban spaces, which poses numerous challenges encountered by
species restricted to these habitats (Sandstrom et al., 2006; Vergnes et al., 2013;
Munshi-South and Richardson, 2020). The Knysna Dwarf Chameleon, Bradypodion
damaranum, occurs naturally in Afrotemperate forests (Tolley and Burger, 2007), but recent

evidence has shown differences for some traits in populations occurring in urban habitats
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(Petford et al., 2023). These include a reduction in ornamentation, a distinguishing feature of
closed-canopy forest chameleons (Tolley and Burger, 2007; Tolley et al., 2008; Measey et al.,
2009; da Silva and Tolley, 2013), as well as higher and wider heads (Petford et al., 2023).
Outlier genes involved with the development of skin and bone detected in this chapter could
relate to the development for these traits in urban populations, but this requires further
assessment. It was also shown that urban populations of B. damaranum had significantly
more injuries than their natural counterparts (Petford et al., 2023), potentially promoting
selection for appropriate healing strategies in urban populations. While an over-representation
of genes associated with immune and inflammatory responses (e.g., facilitated by chemokine
and cytokine proteins; Abdulkhaleq et al., 2018; Harvanova et al., 2023), it is unclear if this
was driven by directional selection in urban populations. Additional outlier genes were also
associated with antiviral defence and endogenous growth factor stimulus linked to healing as
well as responses to oxidative stress. However, this may suggest healing strategies may not
exclusively be related to combat-related injuries, but also be a response to novel predators or

pathogens in urban environments (Poljsak, 2011; Giraudeau et al., 2014; Isaksson, 2015).

Urban environments are contaminated with different forms of pollution, including air and
soil pollution, as well as light and noise pollution. Recently, increasing efforts have been devoted
to understanding the impact of toxicity of inhalable particulate matter on immune function
in wild living animals (Li et al., 2021). In addition, there is evidence to suggest that air
pollution not only inhibits airway immunity and induces inflammation, but also generates
oxidative stress (Ling and van Eeden, 2009; Arias-Pérez et al., 2020; Minias, 2023). While
over-represented genes relating to inflammation and oxidative stress inhibition were found in
Bradypodion damaranum, responses to olfactory stimuli were found in B. setaroi, likely in
response to air pollution. A recent study has shown that, in mammals, olfactory dysfunctions
related to air pollution drove over-representation in similar genes to those detected in this study
(Kim et al., 2020). Bradypodion setaroi inhabits the coastal forests of St. Lucia, Kwa-Zulu
Natal(Tolley and Burger, 2007) , which is characterised by its estuarine system (Perissinotto
et al., 2013). A recent study found that, while South African estuaries face a growing threat of
pollution, pollution in these environments has mostly been associated with pollutants within
the water systems (Govender et al., 2020; Rajkaran, 2022). Given this, it is unlikely that the
over-representation of genes associated with olfactory stimuli in B. setaroi is in response to air
pollutants, especially since pollution from residential, tourism and industrial activities in St

Lucia are relatively minimal (Rajkaran, 2022). It should be mentioned that, while no direct

108



links between olfactory function and air pollution were found in Bradypodion, assessments of
the impacts affecting reptiles from such pollutants are lacking considering the known effects
identified in other groups (Llacuna et al., 1993; Lovett et al., 2009; Sanderfoot and Holloway,
2017, but see Read, 1998).

Noise pollution has been recognized as an additional major pollutant in urban
environments and a potential evolutionary force (Swaddle et al., 2015). Assessing the impact
of noise disturbance on urban wildlife has largely been the focus of sensory disturbance
research efforts, with findings routinely reporting negative effects on species diversity and
richness (Stone, 2000; Rheindt, 2003; Francis et al., 2011). In urban populations of many
acoustically communicating species, a prominent response to noise pollution has been to avoid
any acoustic masking of their signals. This is achieved by altering or adjusting their acoustic
frequency of signals, often to a higher frequency than the background noise (Slabbekoorn and
den Boer-Visser, 2006; Nemeth and Brumm, 2009), or behaviourally shifting activity times
when calling (Halfwerk et al., 2019b; Lukanov and Naumov, 2019, but see Mitchell et al.,
2020). When the effect of anthropogenic noise at different decibels and frequencies on
behaviour was assessed in blue-tongued skinks, Tiliqgua scincoides, findings indicated that
loud and high-frequency noises resulted in these lizards spending more time stuck in position,
indicative of a typical stress response in reptiles (Alarcon and Fabiola, 2016). While the ears
in chameleons are greatly reduced (Anderson and Higham, 2013), they are still able to detect
airborne sound at lower frequencies, roughly 200-600 Hz (Wever, 1968, 1978; Olroyd, 2022).
In Bradypodion ventrale, over-represented genes were associated with the sensory perception
of sound were detected, particularly regarding the mechanical recognition of sound
frequencies. Low-frequency noises generated by industry and transport are ubiquitous in
urban environments (Ravinder et al., 2014; Okokon et al., 2017; Bakowski et al., 2019; Soni
et al., 2022), and likely mask the lower frequency sounds detectable by these chameleons. It
should be noted that the same genes identified in B. ventrale are also associated with sensory
hypersensitivity in mammals (Ruan et al., 2005; Driessen et al., 2017). While the association
may not be the same in these chameleons, there is likely still an adaptive response to excessive

noise stimuli, however, uncovering the sources of these stimuli warrants further investigation.

The findings presented in this chapter provide further evidence that alleles underlying
adaptation can rapidly emerge in response to selection, contrary to prior belief (Gillespie, 1991;
Messer et al., 2016). In addition, the diversity in traits detected by outlier genes would suggest

that there may not be a universal solution to urbanisation in these chameleons. Given that
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these species differ in life history strategies, it may be that the differences in standing variation
result in different solutions to similar selection pressures. However, whether these loci under
selection are a result of pressures in urban environments remains to be tested. Therefore,
assessing whether these over-represented genes are present to the same degree in additional
urban populations, using a replicated approach, would further indicate if these responses are

due to urban pressures.

4.5 Future Directions

Being able to detect signatures of natural selection is crucial to understanding local adaption in
any environment (Kawecki and Ebert, 2004). In a genetic context, uncovering the architecture
underlying adaptive traits is inherently difficult given the complex structural nature of the
genome (Rhie et al., 2021). In addition, disentangling selection acting on single versus multiple
correlated traits can be particularly difficult (Winchell et al., 2022). Identifying genes associated
with many complex traits can be challenging due to polygenic adaptation’s suspected prevalence
and significance (Rockman, 2012). Moreover, rapid adaptation may involve soft rather than
hard selective sweeps, further complicating the process (Messer and Petrov, 2013). The findings
in this chapter are likely a result of hard selective sweeps given the genetic variation unique to
urban populations. However, if this is the case, assessment of soft selective sweeps may uncover
additional sites of selection undetected by the approach used here. With the recent success
and surge of machine learning and deep learning-based methods (Zhang et al., 2020; Xue et al.,
2021; Kumar et al., 2022), leveraging these tool’s sensitivity to detect selective sweeps may be
most appropriate in uncovering signals of soft sweeps. Many of the genes and associated traits
highlighted in this chapter remain unverified in reptiles, with links to appropriate phenotypes
based on the known phenotypes in other taxa. Given the successes in gene editing techniques
applicable to reptiles (CRISPR-based gene editing, Rasys et al., 2019), functionally validating

candidate genes targeted by selection is now an approach worth consideration.
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Figure S13:

A. Scree plot indicating the proportion of estimated variance.

Scatterplots of

principal components B) PC1 and PC2, C) PC3 and PC4, and D) PC5 and PC6 for Bradypodion
melanocephalum. Samples are coloured based on habitat type, urban (blue) and natural (teal).
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Proportion of explained variance

Figure S14: A. Scree plot indicating the proportion of estimated variance. Scatterplots of principal
components B) PC1 and PC2, C) PC3 and PC4, and D) PC5 and PC6 for Bradypodion setaroi.
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Figure S15: A. Scree plot indicating the proportion of estimated variance. Scatterplots of principal
components B) PC1 and PC2, C) PC3 and PC4, and D) PC5 and PC6 for Bradypodion ventrale.
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Figure S16: A. Scree plot indicating the proportion of estimated variance. Scatterplots of principal
components B) PC1 and PC2, C) PC3 and PC4, and D) PC5 and PC6 for Bradypodion thamnobates.
Samples are coloured based on habitat type, urban (lime) and natural (green).
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Supplementary Tables

Table S1:

Full list of Gene Ontology (GO) terms for genes containing outlier loci detected in

Bradypodion damaranum populations. Provided are the GO Source, GO term name and ID, Adjusted
p-value, Term size (total genes associated with the GO term), and Intersection size (number of genes
from this study matching genes in the term).

Source Gene Ontology (GO) term name Term ID  Adjusted p-value Term size Intersection size
GO:BP  nervous system development GO:0007399 0.005 1250 9
GO:BP  positive regulation of immune system GO:0002684 0.005 450 6
process
GO:BP regulation of immune system process GO:0002682 0.005 675 7
GO:BP  biological regulation GO:0065007 0.005 7729 23
GO:BP  multicellular organism development GO:0007275 0.005 2307 12
GO:BP  microtubule polymerization GO:0046785 0.005 45 3
GO:BP  regulation of protein modification GO0:0031399 0.005 430 6
process
GO:BP  positive regulation of leukocyte GO:0002687 0.006 54 3
migration
GO:BP  protein modification process GO0:0036211 0.006 1705 10
GO:BP  regulation of cellular process GO:0050794 0.006 7075 21
GO:BP  protein metabolic process G0O:0019538 0.006 3272 14
GO:BP  mitotic cell cycle GO0:0000278 0.006 520 6
GO:BP  embryonic morphogenesis GO:0048598 0.007 330 )
GO:BP  tube development GO:0035295 0.007 539 6
GO:BP anatomical structure development G0O:0048856 0.007 2974 13
GO:BP  synaptic vesicle clustering G0O:0097091 0.007 11 2
GO:BP  regulation of RIG-I signaling pathway  G0:0039535 0.007 11 2
GO:BP  regulation of protein metabolic process G0:0051246 0.008 861 7
GO:BP  developmental process GO:0032502 0.008 3196 13
GO:BP  regulation of protein deacetylation GO:0090311 0.008 16 2
GO:BP  protein deacetylation G0O:0006476 0.008 16 2
GO:BP  cellular component organization G0:0016043 0.008 4146 15
GO:BP  ensheathment of neurons GO:0007272 0.008 78 3
GO:BP  macromolecule modification GO:0043412 0.008 1882 10
GO:BP  protein deacylation GO:0035601 0.008 16 2
GO:BP  microtubule polymerization or G0:0031109 0.008 74 3
depolymerization
GO:BP  morphogenesis of embryonic GO:0016331 0.008 83 3
epithelium
GO:BP  axon ensheathment GO:0008366 0.008 78 3
GO:BP  myelination GO:0042552 0.008 76 3
GO:BP  multicellular organismal process GO0:0032501 0.008 3623 14
GO:BP  RIG-I signaling pathway G0:0039529 0.008 14 2
GO:BP  negative regulation of signal GO:1901797 0.008 13 2
transduction by p53 class mediator
GO:BP  regulation of myelination GO0:0031641 0.008 16 2
GO:BP  positive regulation of T cell migration  GO:2000406 0.008 14 2
GO:BP  regulation of leukocyte migration GO:0002685 0.008 85 3
GO:BP  regulation of T cell migration G0O:2000404 0.008 16 2
GO:BP  organonitrogen compound metabolic GO:1901564 0.008 4018 15
process
GO:BP  positive regulation of lymphocyte G0O:2000403 0.008 16 2
migration
GO:BP  cell cycle GO:0007049 0.008 931 7
GO:BP  cellular component organization or GO:0071840 0.009 4295 15
biogenesis
GO:BP  tube morphogenesis G0O:0035239 0.010 432 5
GO:BP T cell migration GO:0072678 0.011 20 2

Continued on next page
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Table S1 — continued from previous page

Source Gene Ontology (GO) term name Term ID  Adjusted p-value Term size Intersection size

GO:BP  microtubule nucleation G0O:0007020 0.011 20 2

GO:BP  positive regulation of cytokinesis GO:0032467 0.011 20 2

GO:BP  positive regulation of biological process GO:0048518 0.011 3406 13

GO:BP  positive regulation of multicellular GO:0051240 0.011 707 6
organismal process

GO:BP  angiogenesis GO:0001525 0.011 249 4

GO:BP  cell cycle process GO:0022402 0.011 719 6

GO:BP  non-membrane-bounded organelle GO0:0140694 0.011 255 4
assembly

GO:BP  regulation of lymphocyte migration GO:2000401 0.013 23 2

GO:BP  positive regulation of response to G0:0032103 0.013 270 4
external stimulus

GO:BP  anatomical structure morphogenesis GO:0009653 0.013 1407 8

GO:BP  vesicle localization GO:0051648 0.013 114 3

GO:BP  macromolecule deacylation GO:0098732 0.014 25 2

GO:BP  embryo development G0O:0009790 0.014 499 5

GO:BP lymphocyte proliferation GO:0046651 0.014 118 3

GO:BP  regulation of macromolecule metabolic ~ GO:0060255 0.014 3592 13
process

GO:BP  mononuclear cell proliferation G0O:0032943 0.015 121 3

GO:BP  positive regulation of macromolecule GO:0010604 0.015 1826 9
metabolic process

GO:BP  positive regulation of cell division GO:0051781 0.015 27 2

GO:BP  positive regulation of mononuclear cell ~ GO:0071677 0.015 27 2
migration

GO:BP  regulation of angiogenesis GO:0045765 0.015 125 3

GO:BP  synaptic vesicle localization GO:0097479 0.015 28 2

GO:BP  regulation of vasculature development  G0O:1901342 0.015 127 3

GO:BP  metabolic process GO:0008152 0.016 9632 23

GO:BP  immune system process GO:0002376 0.016 1130 7

GO:BP  negative regulation of protein G0O:0031400 0.016 130 3
modification process

GO:BP  blood vessel morphogenesis GO:0048514 0.016 306 4

GO:BP  leukocyte proliferation GO:0070661 0.017 134 3

GO:BP  positive regulation of stem cell GO:2000648 0.017 31 2
proliferation

GO:BP  regulation of cell cycle GO:0051726 0.017 551 5

GO:BP  regulation of signal transduction by GO:1901796 0.018 32 2
p53 class mediator

GO:BP  positive regulation of immune response  GO:0050778 0.018 322 4

GO:BP  positive regulation of metabolic G0O:0009893 0.018 1978 9
process

GO:BP  leukocyte migration G0O:0050900 0.018 146 3

GO:BP  regulation of metabolic process G0O:0019222 0.018 3877 13

GO:BP  positive regulation of nitrogen GO:0051173 0.018 1635 8
compound metabolic process

GO:BP  response to chemokine G0O:1990868 0.018 39 2

GO:BP cranial skeletal system development GO:1904888 0.018 39 2

GO:BP  organelle assembly GO:0070925 0.018 586 5

GO:BP  anatomical structure formation GO:0048646 0.018 564 5
involved in morphogenesis

GO:BP  positive regulation of protein G0O:0090312 0.018 1 1
deacetylation

GO:BP  central nervous system vasculogenesis G0O:0022009 0.018 1 1

GO:BP  bone remodeling GO0:0046849 0.018 39 2

GO:BP  negative regulation of mitotic cell GO:0045976 0.018 1 1
cycle, embryonic

GO:BP  blood vessel development G0:0001568 0.018 351 4
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GO:BP  cellular component assembly GO:0022607 0.018 1982 9

GO:BP  gliogenesis G0O:0042063 0.018 151 3

GO:BP  cellular response to chemokine G0:1990869 0.018 39 2

GO:BP  positive regulation of leukocyte G0O:0002690 0.018 40 2
chemotaxis

GO:BP  centrosome-templated microtubule G0:0090222 0.018 1 1
nucleation

GO:BP  glial cell fate determination GO:0007403 0.018 1 1

GO:BP  positive regulation of branching G0O:0061047 0.018 1 1
involved in lung morphogenesis

GO:BP  endomitotic cell cycle GO:0007113 0.018 1 1

GO:BP  positive regulation of termination of GO:0060566 0.018 1 1
DNA-templated transcription

GO:BP  renal inner medulla development GO:0072053 0.018 1 1

GO:BP  renal outer medulla development G0O:0072054 0.018 1 1

GO:BP  memory T cell proliferation G0O:0061485 0.018 1 1

GO:BP  organic substance metabolic process GO:0071704 0.018 9245 22

GO:BP  regulation of gliogenesis GO0:0014013 0.018 34 2

GO:BP  regulation of establishment of T cell G0:1903903 0.018 1 1
polarity

GO:BP  positive regulation of establishment of  G0:1903905 0.018 1 1
T cell polarity

GO:BP  lymphocyte migration GO:0072676 0.018 34 2

GO:BP  positive regulation of termination of G0O:1904595 0.018 1 1
RNA polymerase II transcription

GO:BP lipoate metabolic process G0:0009106 0.018 1 1

GO:BP lipoate biosynthetic process G0:0009107 0.018 1 1

GO:BP  positive regulation of MDA-5 signaling  G0:1900245 0.018 1 1
pathway

GO:BP  negative regulation of G0:1901874 0.020 42 2
post-translational protein modification

GO:BP  regulation of mononuclear cell GO:0071675 0.020 42 2
migration

GO:BP  protein polymerization GO:0051258 0.021 169 3

GO:BP  microtubule-based process GO:0007017 0.021 635 5)

GO:BP  vasculature development G0O:0001944 0.021 372 4

GO:BP  cell junction organization G0O:0034330 0.021 374 4

GO:BP  regulation of cell cycle process GO:0010564 0.021 376 4

GO:BP  signal transduction GO:0007165 0.021 3511 12

GO:BP  regulation of immune response GO:0050776 0.023 387 4

GO:BP  oligodendrocyte differentiation GO:0048709 0.023 47 2

GO:BP  cellular component biogenesis G0:0044085 0.024 2158 9

GO:BP  positive regulation of cellular process G0O:0048522 0.024 3088 11

GO:BP  astrocyte-dopaminergic neuron G0O:0036520 0.025 2 1
signaling

GO:BP  negative regulation of cell-cell adhesion GO:0033633 0.025 2 1
mediated by integrin

GO:BP  positive regulation of cellular GO0:0031325 0.025 1800 8
metabolic process

GO:BP  central nervous system myelin GO:0032286 0.025 2 1
maintenance

GO:BP  regulation of cytokinesis GO:0032465 0.025 54 2

GO:BP  microtubule cytoskeleton organization  GO:0000226 0.025 431 4

GO:BP  regulation of cytoplasmic pattern G0:0039531 0.025 50 2
recognition receptor signaling pathway

GO:BP  positive regulation of determination of  G0O:2000017 0.025 2 1
dorsal identity

GO:BP  establishment of blood-retinal barrier GO:1990963 0.025 2 1
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GO:BP  positive regulation of mitotic G0:1903490 0.025 2 1
cytokinesis

GO:BP  dense core granule transport G0:1901950 0.025 2 1

GO:BP  positive regulation of GO:1901492 0.025 2 1
lymphangiogenesis

GO:BP  glial cell-neuron signaling GO:0150098 0.025 2 1

GO:BP  presynapse to nucleus signaling G0O:0099526 0.025 2 1
pathway

GO:BP  dense core granule cytoskeletal GO:0099519 0.025 2 1
transport

GO:BP  presynaptic signal transduction G0O:0098928 0.025 2 1

GO:BP  lymphocyte migration into lymph node GO:0097022 0.025 2 1

GO:BP  chemokine (C-C motif) ligand 21 GO0:0038116 0.025 2 1
signaling pathway

GO:BP DNA clamp unloading GO:0090618 0.025 2 1

GO:BP  regulation of primary metabolic GO:0080090 0.025 3192 11
process

GO:BP  regulation of stem cell proliferation GO:0072091 0.025 51 2

GO:BP  fungiform papilla formation GO:0061198 0.025 2 1

GO:BP  epithelial cell differentiation involved GO:0060742 0.025 2 1
in prostate gland development

GO:BP  lung induction GO:0060492 0.025 2 1

GO:BP  lung field specification G0O:0060424 0.025 2 1

GO:BP  foregut regionalization GO0:0060423 0.025 2 1

GO:BP  regulation of lymphocyte activation GO0:0051249 0.025 190 3

GO:BP  regulation of nitrogen compound GO:0051171 0.025 3116 11
metabolic process

GO:BP  positive regulation of endothelial cell GO:0045603 0.025 2 1
differentiation

GO:BP  mitotic cell cycle, embryonic GO:0045448 0.025 2 1

GO:BP  negative regulation of DNA G0O:0090310 0.025 2 1
methylation-dependent
heterochromatin formation

GO:BP  regulation of centriole-centriole GO:0030997 0.025 2 1
cohesion

GO:BP  negative regulation of intrinsic G0O:2001243 0.025 50 2
apoptotic signaling pathway

GO:BP  regulation of leukocyte chemotaxis GO:0002688 0.025 51 2

GO:BP  dorsal/ventral pattern formation GO:0009953 0.025 53 2

GO:BP  regulation of anatomical structure G0:0022603 0.025 410 4
morphogenesis

GO:BP  organelle organization G0O:0006996 0.025 2209 9

GO:BP  positive regulation of heparan sulfate G0O:0010909 0.025 2 1
proteoglycan biosynthetic process

GO:BP  regulation of mitotic cell cycle, GO:0009794 0.025 2 1
embryonic

GO:BP  embryonic skeletal system GO:0048704 0.027 59 2
morphogenesis

GO:BP  cell-cell adhesion G0O:0098609 0.027 441 4

GO:BP  regulation of leukocyte activation GO:0002694 0.027 211 3

GO:BP  mononuclear cell migration GO:0071674 0.027 60 2

GO:BP immune response-activating signaling GO:0002757 0.027 214 3
pathway

GO:BP  positive regulation of macromolecule GO:0010557 0.027 1455 7
biosynthetic process

GO:BP  positive regulation of response to GO:0048584 0.029 1089 6

stimulus
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GO:BP  immune response-regulating signaling GO:0002764 0.029 219 3
pathway

GO:BP  cell junction assembly GO:0034329 0.029 220 3

GO:BP  positive regulation of chemotaxis GO:0050921 0.029 63 2

GO:BP  signaling G0:0023052 0.029 3820 12

GO:BP  synapse organization GO:0050808 0.029 223 3

GO:BP  macromolecule metabolic process GO:0043170 0.029 7919 19

GO:BP  embryonic skeletal limb joint G0:0036023 0.030 3 1
morphogenesis

GO:BP acinar cell differentiation GO:0090425 0.030 3 1

GO:BP  regulation of MDA-5 signaling G0:0039533 0.030 3 1
pathway

GO:BP  stem cell proliferation GO:0072089 0.030 65 2

GO:BP  positive regulation of systemic arterial ~ GO:0003084 0.030 3 1
blood pressure

GO:BP  regulation of nervous system G0O:0051960 0.030 229 3
development

GO:BP  cell communication GO:0007154 0.030 3878 12

GO:BP  regulation of branching involved in G0:0061046 0.030 3 1
lung morphogenesis

GO:BP  mesenchymal cell proliferation GO:0060916 0.030 3 1
involved in lung development

GO:BP  primary lung bud formation GO:0060431 0.030 3 1

GO:BP  digestive system development GO:0055123 0.030 68 2

GO:BP  microtubule nucleation by microtubule GO:0051418 0.030 3 1
organizing center

GO:BP  glycoprotein biosynthetic process GO:0009101 0.030 227 3

GO:BP  positive regulation of protein GO:0051247 0.030 480 4
metabolic process

GO:BP  positive regulation of biosynthetic GO:0009891 0.030 1502 7
process

GO:BP  negative regulation of biological GO0:0048519 0.030 2842 10
process

GO:BP  regulation of cell activation GO:0050865 0.030 234 3

GO:BP  tissue remodeling GO0:0048771 0.030 70 2

GO:BP  sympathetic ganglion development GO:0061549 0.030 3 1

GO:BP  primary metabolic process G0:0044238 0.030 8663 20

GO:BP  regulation of heparan sulfate GO:0010908 0.030 3 1
proteoglycan biosynthetic process

GO:BP  regulation of mesenchymal stem cell G0:1902460 0.030 3 1
proliferation

GO:BP  positive regulation of mesenchymal GO:1902462 0.030 3 1
stem cell proliferation

GO:BP  presynaptic active zone assembly G0O:1904071 0.030 3 1

GO:BP  regulation of termination of RNA GO0:1904594 0.030 3 1
polymerase II transcription

GO:BP  establishment of lymphocyte polarity GO:0001767 0.030 3 1

GO:BP  regulation of determination of dorsal GO:2000015 0.030 3 1
identity

GO:BP  establishment of T cell polarity GO:0001768 0.030 3 1

GO:BP  regulation of termination of GO:0031554 0.030 3 1
DNA-templated transcription

GO:BP  positive regulation of cellular GO0:0031328 0.030 1488 7
biosynthetic process

GO:BP  embryonic epithelial tube formation GO:0001838 0.030 70 2

GO:BP  regulation of response to external G0:0032101 0.030 478 4

stimulus
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GO:BP  signal transduction by p53 class GO0O:0072331 0.030 71 2
mediator

GO:BP  morphogenesis of an epithelium G0O:0002009 0.030 240 3

GO:BP  chordate embryonic development G0O:0043009 0.030 240 3

GO:BP  biosynthetic process GO:0009058 0.030 5583 15

GO:BP  response to external stimulus G0O:0009605 0.030 1149 6

GO:BP  embryonic appendage morphogenesis GO:0035113 0.030 72 2

GO:BP  embryonic limb morphogenesis GO:0030326 0.030 72 2

GO:BP cytoplasmic pattern recognition GO:0002753 0.031 75 2
receptor signaling pathway

GO:BP  regulation of osteoblast differentiation  GO:0045667 0.031 79 2

GO:BP  positive regulation of mast cell GO:0060754 0.031 4 1
chemotaxis

GO:BP  regulation of epithelial cell GO:0060768 0.031 4 1
proliferation involved in prostate gland
development

GO:BP  smoothened signaling pathway GO:0060831 0.031 4 1
involved in dorsal/ventral neural tube
patterning

GO:BP myotome development GO:0061055 0.031 4 1

GO:BP  negative regulation of tubulin GO:1904428 0.031 4 1
deacetylation

GO:BP  trachea formation GO:0060440 0.031 4 1

GO:BP  positive regulation of angiogenesis GO:0045766 0.031 75 2

GO:BP  dorsal root ganglion development GO0:1990791 0.031 4 1

GO:BP  negative regulation of chromatin GO:1905268 0.031 4 1
organization

GO:BP  regulation of timing of anagen GO:0051884 0.031 4 1

GO:BP  glycoprotein metabolic process GO:0009100 0.031 259 3

GO:BP  spindle assembly GO0:0051225 0.031 7 2

GO:BP  positive regulation of sulfur metabolic ~ GO:0051176 0.031 4 1
process

GO:BP  embryo development ending in birth or  GO:0009792 0.031 246 3
egg hatching

GO:BP  negative regulation of heterochromatin  G0O:0031452 0.031 4 1
formation

GO:BP  positive regulation of cell migration G0O:0030335 0.031 260 3

GO:BP  response to stimulus G0O:0050896 0.031 5063 14

GO:BP regulation of developmental process GO:0050793 0.031 1199 6

GO:BP  maintenance of presynaptic active zone GO:0048790 0.031 4 1
structure

GO:BP  negative regulation of oligodendrocyte  GO:0048715 0.031 4 1
differentiation

GO:BP  oviduct development GO:0060066 0.031 4 1

GO:BP  fungiform papilla morphogenesis GO0:0061197 0.031 4 1

GO:BP  embryonic skeletal system development GO:0048706 0.031 81 2

GO:BP  positive regulation of vasculature GO:1904018 0.031 76 2
development

GO:BP  epithelial tube formation GO:0072175 0.031 76 2

GO:BP activation of immune response GO:0002253 0.031 260 3

GO:BP  nitrogen compound metabolic process  GO:0006807 0.031 8196 19

GO:BP T cell proliferation G0O:0042098 0.031 79 2

GO:BP  mesenchymal stem cell proliferation GO:0097168 0.031 4 1

GO:BP anagen G0O:0042640 0.031 4 1

GO:BP  supramolecular fiber organization GO:0097435 0.031 508 4

GO:BP  regulation of lymphangiogenesis G0:1901490 0.031 4 1

GO:BP  cellular response to indole-3-methanol ~ GO:0071681 0.031 4 1
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GO:BP  positive regulation of odontoblast GO0:1901331 0.031 4 1
differentiation

GO:BP  response to indole-3-methanol GO:0071680 0.031 4 1

GO:BP  proteasome-mediated G0O:0043161 0.031 255 3
ubiquitin-dependent protein catabolic
process

GO:BP  positive regulation of proteoglycan GO:1902730 0.031 4 1
biosynthetic process

GO:BP  regulation of odontoblast GO:1901329 0.031 4 1
differentiation

GO:BP  positive regulation of RIG-I signaling GO:1900246 0.031 4 1
pathway

GO:BP  regulation of centromeric sister GO:0070602 0.031 4 1
chromatid cohesion

GO:BP  negative regulation of heterochromatin  G0:0120262 0.031 4 1
organization

GO:BP  regulation of cell-cell adhesion involved GO:0070587 0.031 4 1
in gastrulation

GO:BP  regulation of pattern recognition GO:0062207 0.031 73 2
receptor signaling pathway

GO:BP  tube formation GO:0035148 0.031 81 2

GO:BP  genitalia morphogenesis GO:0035112 0.031 4 1

GO:BP cranial ganglion development GO:0061550 0.031 4 1

GO:BP  negative regulation of heterotypic GO:0034115 0.031 4 1
cell-cell adhesion

GO:BP MDA-5 signaling pathway G0O:0039530 0.031 4 1

GO:BP  positive regulation of gene expression GO:0010628 0.031 526 4

GO:BP  positive regulation of cell motility G0O:2000147 0.032 266 3

GO:BP  centrosome cycle GO:0007098 0.032 83 2

GO:BP  cellular metabolic process GO:0044237 0.033 8281 19

GO:BP  regulation of lymphocyte proliferation ~ GO:0050670 0.033 85 2

GO:BP  regulation of cell division GO:0051302 0.033 85 2

GO:BP  regulation of intrinsic apoptotic GO:2001242 0.033 85 2
signaling pathway

GO:BP  negative regulation of pancreatic juice =~ GO:0090188 0.033 5 1
secretion

GO:BP fungiform papilla development GO:0061196 0.033 5 1

GO:BP  cell morphogenesis G0O:0000902 0.033 543 4

GO:BP  positive regulation of immune effector  GO:0002699 0.033 87 2
process

GO:BP  cell-cell adhesion involved in GO:0070586 0.033 5 1
gastrulation

GO:BP  neural plate development G0:0001840 0.033 5 1

GO:BP  midbrain dopaminergic neuron G0O:1904948 0.033 5 1
differentiation

GO:BP  cell-cell junction assembly GO:0007043 0.033 91 2

GO:BP  epithelial cell proliferation involved in ~ GO:0060767 0.033 5 1
prostate gland development

GO:BP  positive regulation of neuroepithelial G0:1902913 0.033 5 1
cell differentiation

GO:BP  morphogenesis of an endothelium GO:0003159 0.033 5 1

GO:BP  synapse assembly GO:0007416 0.033 89 2

GO:BP  foregut morphogenesis G0O:0007440 0.033 5 1

GO:BP  negative regulation of intracellular GO:1902532 0.033 282 3
signal transduction

GO:BP  lymphocyte migration into lymphoid GO0O:0097021 0.033 5 1
organs

GO:BP  presynaptic active zone organization GO:1990709 0.033 5 1
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GO:BP  termination of RNA polymerase 11 G0O:0006369 0.033 5 1
transcription

GO:BP  epithelium development G0O:0060429 0.033 555 4

GO:BP  endothelial tube morphogenesis GO:0061154 0.033 5 1

GO:BP intracellular chloride ion homeostasis GO:0030644 0.033 5 1

GO:BP  determination of dorsal identity G0O:0048263 0.033 5 1

GO:BP  positive regulation of fibroblast growth GO:0045743 0.033 ) 1
factor receptor signaling pathway

GO:BP  regulation of mRNA export from GO:0010793 0.033 5 1
nucleus

GO:BP  regulation of phosphoprotein G0:0043666 0.033 5 1
phosphatase activity

GO:BP  positive regulation of locomotion GO:0040017 0.033 276 3

GO:BP  positive regulation of GO:0045935 0.033 1265 6
nucleobase-containing compound
metabolic process

GO:BP appendage morphogenesis GO:0035107 0.033 89 2

GO:BP  neural tube development GO0:0021915 0.033 90 2

GO:BP  negative regulation of protein GO0:0033234 0.033 5 1
sumoylation

GO:BP  embryonic foregut morphogenesis GO:0048617 0.033 5 1

GO:BP  regulation of mononuclear cell GO0:0032944 0.033 86 2
proliferation

GO:BP  limb morphogenesis GO:0035108 0.033 89 2

GO:BP  negative regulation of microtubule GO:0031115 0.033 5 1
polymerization

GO:BP  microtubule organizing center G0:0031023 0.033 91 2
organization

GO:BP  leukocyte chemotaxis GO:0030595 0.033 89 2

GO:BP intracellular monoatomic anion G0O:0030002 0.033 5 1
homeostasis

GO:BP  positive regulation of myelination GO:0031643 0.033 5 1

GO:BP  regulation of cellular metabolic process GO:0031323 0.033 3615 11

GO:BP circulatory system development GO:0072359 0.035 568 4

GO:BP  regulation of protein ubiquitination GO:0031396 0.035 94 2

GO:BP  positive regulation of epithelial cell GO:0050679 0.036 95 2
proliferation

GO:BP  regulation of cell-cell adhesion GO:0033632 0.036 6 1
mediated by integrin

GO:BP  neurogenesis G0:0022008 0.036 932 5

GO:BP  trachea morphogenesis GO:0060439 0.036 6 1

GO:BP  lung-associated mesenchyme G0:0060484 0.036 6 1
development

GO:BP  gastrulation GO0:0007369 0.036 96 2

GO:BP  regulation of mast cell chemotaxis GO:0060753 0.036 6 1

GO:BP  regulation of ribonucleoprotein GO:2000197 0.036 6 1
complex localization

GO:BP  hair cycle phase GO0:0044851 0.036 6 1

GO:BP  biological phase GO:0044848 0.036 6 1

GO:BP  positive regulation of potassium ion GO:1903288 0.036 6 1
import across plasma membrane

GO:BP  centromeric sister chromatid cohesion GO:0070601 0.036 6 1

GO:BP  regulation of leukocyte proliferation GO:0070663 0.036 96 2

GO:BP response to external biotic stimulus G0O:0043207 0.036 581 4

GO:BP  regulation of potassium ion import GO:1903286 0.036 6 1

GO:BP  regulation of mitotic cytokinesis GO:1902412 0.036 6 1

GO:BP  regulation of response to stress GO:0080134 0.036 578 4

GO:BP  regulation of pancreatic juice secretion  GO:0090186 0.036 6 1

Continued on next page

147



Table S1 — continued from previous page

Source Gene Ontology (GO) term name Term ID  Adjusted p-value Term size Intersection size
GO:BP  regulation of secondary heart field GO:0003266 0.036 6 1
cardioblast proliferation
GO:BP  limb joint morphogenesis G0:0036022 0.036 6 1
GO:BP  immunological synapse formation GO:0001771 0.036 6 1
GO:BP  response to other organism GO:0051707 0.036 580 4
GO:BP  renal vesicle formation GO:0072033 0.036 6 1
GO:BP  neuron fate determination GO:0048664 0.036 6 1
GO:BP  tissue morphogenesis GO:0048729 0.036 296 3
GO:BP  negative regulation of protein GO:0051248 0.036 301 3
metabolic process
GO:BP  centriole-centriole cohesion GO:0010457 0.036 6 1
GO:BP  determination of dorsal/ventral GO:0048262 0.036 6 1
asymmetry
GO:BP  regulation of hair follicle maturation GO0:0048819 0.036 6 1
GO:BP  response to biotic stimulus G0:0009607 0.037 596 4
GO:BP  establishment of vesicle localization GO:0051650 0.037 102 2
GO:BP  mesenchymal to epithelial transition GO:0003337 0.037 7 1
involved in metanephros
morphogenesis
GO:BP  regulation of sodium ion G0O:1902305 0.037 7 1
transmembrane transport
GO:BP  regulation of T cell chemotaxis G0:0010819 0.037 7 1
GO:BP  dendritic cell migration G0:0036336 0.037 7 1
GO:BP  pancreatic juice secretion GO:0030157 0.037 7 1
GO:BP regulation of cardioblast proliferation GO:0003264 0.037 7 1
GO:BP  sulfur compound biosynthetic process GO:0044272 0.037 103 2
GO:BP  cellular biosynthetic process G0O:0044249 0.037 5463 14
GO:BP cardioblast proliferation GO:0003263 0.037 7 1
GO:BP  ganglion development GO:0061548 0.037 7 1
GO:BP  hair follicle maturation G0:0048820 0.037 7 1
GO:BP  tongue morphogenesis G0O:0043587 0.037 7 1
GO:BP  regulation of signaling G0O:0023051 0.037 1789 7
GO:BP  negative regulation of cellular process GO:0048523 0.037 2699 9
GO:BP  regulation of nephron tubule epithelial ~ GO:0072182 0.037 7 1
cell differentiation
GO:BP  nephron tubule epithelial cell GO:0072160 0.037 7 1
differentiation
GO:BP  dense core granule localization GO:0032253 0.037 7 1
GO:BP  negative regulation of RIG-I signaling  G0:0039536 0.037 7 1
pathway
GO:BP  positive regulation of T cell chemotaxis GO:0010820 0.037 7 1
GO:BP  positive regulation of glycoprotein GO:0010560 0.037 7 1
biosynthetic process
GO:BP ribonucleoprotein complex localization ~ GO:0071166 0.037 7 1
GO:BP  protein localization to ciliary GO0:1903441 0.037 7 1
membrane
GO:BP  signal transduction in response to GO:0042770 0.037 106 2
DNA damage
GO:BP appendage development GO:0048736 0.037 105 2
GO:BP  regulation of chemotaxis G0O:0050920 0.037 106 2
GO:BP  proteasomal protein catabolic process G0:0010498 0.037 316 3
GO:BP lymphocyte activation G0O:0046649 0.037 318 3
GO:BP  dorsal/ventral axis specification G0:0009950 0.037 7 1
GO:BP  limb development GO:0060173 0.037 105 2
GO:BP regulation of cell communication GO:0010646 0.037 1784 7
GO:BP  regulation of synapse organization GO:0050807 0.037 107 2
GO:BP  positive regulation of glial cell GO:0060252 0.037 7 1

proliferation
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GO:BP layer formation in cerebral cortex G0O:0021819 0.037 7 1

GO:BP  cytokinesis GO:0000910 0.037 108 2

GO:BP  immune system development GO:0002520 0.037 105 2

GO:BP  positive regulation of lymphocyte GO:0051251 0.037 104 2
activation

GO:BP  negative regulation of cell adhesion GO0O:0033629 0.037 7 1
mediated by integrin

GO:BP  glial cell fate commitment GO0:0021781 0.037 7 1

GO:BP  cytoskeleton organization GO:0007010 0.037 968 5

GO:BP  organelle localization GO:0051640 0.038 324 3

GO:BP  osteoblast differentiation GO:0001649 0.038 109 2

GO:BP  positive regulation of developmental G0O:0051094 0.038 620 4
process

GO:BP  positive regulation of neurogenesis GO:0050769 0.038 110 2

GO:BP  regulation of synapse structure or GO:0050803 0.038 110 2
activity

GO:BP  regulation of multicellular organismal G0O:0051239 0.038 1373 6
process

GO:BP  cellular response to stimulus GO:0051716 0.039 4365 12

GO:BP  positive regulation of leukocyte G0O:0002696 0.039 112 2
activation

GO:BP  regulation of protein modification by GO:1903320 0.039 112 2
small protein conjugation or removal

GO:BP  odontoblast differentiation GO:0071895 0.040 8 1

GO:BP  regulation of phosphatase activity G0:0010921 0.040 8 1

GO:BP  mast cell chemotaxis G0O:0002551 0.040 8 1

GO:BP  regulation of post-translational protein  GO:1901873 0.040 115 2
modification

GO:BP  embryonic brain development G0:1990403 0.040 8 1

GO:BP  positive regulation of nervous system GO:0031646 0.040 8 1
process

GO:BP induction of positive chemotaxis G0O:0050930 0.040 8 1

GO:BP  regulation of glial cell proliferation G0O:0060251 0.040 8 1

GO:BP  embryonic skeletal joint morphogenesis  GO:0060272 0.040 8 1

GO:BP  positive regulation of lymphocyte GO0:0140131 0.040 8 1
chemotaxis

GO:BP  negative regulation of sodium ion GO:0010766 0.040 8 1
transport

GO:BP T cell chemotaxis GO:0010818 0.040 8 1

GO:BP  negative regulation of glial cell GO:0045686 0.040 8 1
differentiation

GO:BP  negative regulation of digestive system  GO:0060457 0.040 8 1
process

GO:BP  morphogenesis of an epithelial bud GO:0060572 0.040 8 1

GO:BP  endodermal cell fate commitment GO:0001711 0.040 8 1

GO:BP  organic substance biosynthetic process GO:1901576 0.040 5546 14

GO:BP  cellular response to growth factor GO:0071363 0.041 342 3
stimulus

GO:BP  response to stress G0O:0006950 0.041 1852 7

GO:BP  positive regulation of cell activation GO:0050867 0.041 118 2

GO:BP glial cell differentiation G0:0010001 0.042 119 2

GO:BP  cell-cell junction organization GO:0045216 0.042 120 2

GO:BP  regulation of protein sumoylation G0O:0033233 0.043 9 1

GO:BP  adherens junction assembly GO:0034333 0.043 9 1

GO:BP  hypothalamus development GO:0021854 0.043 9 1

GO:BP  ectoderm development GO:0007398 0.043 9 1

GO:BP  mast cell migration GO:0097531 0.043 9 1

GO:BP sialylation GO:0097503 0.043 9 1
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Source Gene Ontology (GO) term name Term ID  Adjusted p-value Term size Intersection size
GO:BP  positive regulation of isotype switching GO:0048304 0.043 9 1
to IgG isotypes
GO:BP  cellular hyperosmotic response GO:0071474 0.043 9 1
GO:BP  choline transport GO:0015871 0.043 9 1
GO:BP  negative regulation of apoptotic GO:2001234 0.043 121 2
signaling pathway
GO:BP lymphangiogenesis GO:0001946 0.043 9 1
GO:BP  negative regulation of gliogenesis G0:0014014 0.043 9 1
GO:BP  secretory granule localization GO:0032252 0.043 9 1
GO:BP  positive regulation of glycoprotein G0O:1903020 0.043 9 1
metabolic process
GO:BP  regulation of lymphocyte chemotaxis GO:1901623 0.043 9 1
GO:BP  response to growth factor GO:0070848 0.043 350 3
GO:BP negative regulation of oxidative GO:1903377 0.043 9 1
stress-induced neuron intrinsic
apoptotic signaling
GO:BP  negative regulation of signal GO:0009968 0.044 669 4
transduction
GO:BP  cellular response to cytokine stimulus GO:0071345 0.044 357 3
GO:BP  regulation of leukocyte cell-cell GO:1903037 0.044 125 2
adhesion
GO:BP  regulation of RNA export from nucleus GO:0046831 0.044 10 1
GO:BP  negative regulation of intrinsic GO:1902230 0.044 10 1
apoptotic signaling pathway in
response to DNA damage
GO:BP  negative regulation of macromolecule GO:0010605 0.044 1457 6
metabolic process
GO:BP regulation of oxidative stress-induced GO:1903376 0.044 10 1
neuron intrinsic apoptotic signaling
pathway
GO:BP tetrahydrofolate interconversion G0O:0035999 0.044 10 1
GO:BP  negative regulation of T cell apoptotic ~ GO:0070233 0.044 10 1
process
GO:BP  synaptic vesicle cycle GO:0099504 0.044 126 2
GO:BP  regulation of epithelial cell GO:2000696 0.044 10 1
differentiation involved in kidney
development
GO:BP  cell chemotaxis G0:0060326 0.044 130 2
GO:BP  mesenchymal to epithelial transition GO:0060231 0.044 10 1
GO:BP  positive regulation of myoblast GO:2000288 0.044 10 1
proliferation
GO:BP cytoskeleton-dependent intracellular GO:0030705 0.044 130 2
transport
GO:BP  hyperosmotic response GO:0006972 0.044 10 1
GO:BP  cell development GO:0048468 0.044 1461 6
GO:BP  regulation of multicellular organismal G0O:2000026 0.044 675 4
development
GO:BP  sympathetic nervous system G0O:0048485 0.044 10 1
development
GO:BP  negative regulation of intrinsic GO:1902254 0.044 10 1
apoptotic signaling pathway by p53
class mediator
GO:BP  metanephric renal vesicle G0:0072283 0.044 10 1
morphogenesis
GO:BP  regulation of metal ion transport GO:0010959 0.044 126 2
GO:BP  spindle organization GO:0007051 0.044 128 2
GO:BP  mesenchymal stem cell differentiation GO0:0072497 0.044 10 1
GO:BP  embryonic skeletal joint development G0O:0072498 0.044 10 1
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Source Gene Ontology (GO) term name Term ID  Adjusted p-value Term size Intersection size

GO:BP regulation of nucleobase-containing G0:0032239 0.044 10 1
compound transport

GO:BP  protein dephosphorylation G0:0006470 0.044 127 2

GO:BP  regulation of T cell activation GO:0050863 0.044 129 2

GO:BP  axon ensheathment in central nervous  G0:0032291 0.044 10 1
system

GO:BP  regulation of heterotypic cell-cell GO:0034114 0.044 10 1
adhesion

GO:BP  positive regulation of skeletal muscle GO:0048643 0.044 10 1
tissue development

GO:BP  establishment of blood-brain barrier GO:0060856 0.044 10 1

GO:BP  dorsal/ventral neural tube patterning G0:0021904 0.044 10 1

GO:BP  nephron tubule formation GO:0072079 0.044 10 1

GO:BP  regulation of DNA G0O:0090308 0.044 10 1
methylation-dependent
heterochromatin formation

GO:BP  myelin maintenance GO:0043217 0.044 10 1

GO:BP leukocyte activation GO:0045321 0.044 368 3

GO:BP  central nervous system myelination G0:0022010 0.044 10 1

GO:BP  pattern recognition receptor signaling G0O:0002221 0.044 131 2
pathway

GO:BP innate immune response-activating GO:0002758 0.045 132 2
signaling pathway

GO:BP  ubiquitin-dependent protein catabolic GO:0006511 0.045 372 3
process

GO:BP  vesicle-mediated transport in synapse G0:0099003 0.045 133 2

GO:BP  modification-dependent protein G0O:0019941 0.046 376 3
catabolic process

GO:BP  lens morphogenesis in camera-type eye  GO:0002089 0.046 11 1

GO:BP  regulation of cell proliferation involved  G0O:2000136 0.046 11 1
in heart morphogenesis

GO:BP  male genitalia development GO:0030539 0.046 11 1

GO:BP  positive regulation of RNA G0O:1902680 0.046 1080 5
biosynthetic process

GO:BP  cell-cell adhesion mediated by integrin ~ GO:0033631 0.046 11 1

GO:BP  negative regulation of mRNA splicing, G0:0048025 0.046 11 1
via spliceosome

GO:BP  positive regulation of cell cycle process  GO:0090068 0.046 135 2

GO:BP  positive regulation of DNA-templated GO:0045893 0.046 1078 5
transcription

GO:BP  regulation of sulfur metabolic process GO:0042762 0.046 11 1

GO:BP trachea development G0:0060438 0.046 11 1

GO:BP  positive regulation of blood pressure GO:0045777 0.046 11 1

GO:BP  neuron intrinsic apoptotic signaling G0O:0036480 0.046 11 1
pathway in response to oxidative stress

GO:BP  lymph vessel morphogenesis G0:0036303 0.046 11 1

GO:BP  modification-dependent macromolecule GO:0043632 0.046 379 3
catabolic process

GO:BP  maintenance of synapse structure G0O:0099558 0.046 11 1

GO:BP lipid phosphorylation GO:0046834 0.046 11 1

GO:BP  skeletal system morphogenesis GO:0048705 0.046 137 2

GO:BP  positive regulation of nervous system GO:0051962 0.047 138 2
development

GO:BP  regulation of immune effector process GO:0002697 0.047 139 2

GO:BP  negative regulation of cell GO:0010648 0.048 713 4
communication

GO:BP  sex differentiation GO:0007548 0.048 140 2

GO:BP immune response G0O:0006955 0.048 714 4
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Source Gene Ontology (GO) term name Term ID  Adjusted p-value Term size Intersection size

GO:BP  negative regulation of signaling G0O:0023057 0.048 715 4

GO:BP  positive regulation of cell population GO:0008284 0.048 390 3
proliferation

GO:BP  positive regulation of neuron apoptotic G0:0043525 0.048 12 1
process

GO:BP  positive regulation of positive G0O:0050927 0.048 12 1
chemotaxis

GO:BP  negative regulation of chondrocyte GO0:0032331 0.048 12 1
differentiation

GO:BP  cell proliferation involved in heart G0:0061323 0.048 12 1
morphogenesis

GO:BP  positive regulation of DNA metabolic GO:0051054 0.048 141 2
process

GO:BP  protein neddylation GO:0045116 0.048 12 1

GO:BP  regulation of isotype switching to IgG ~ G0:0048302 0.048 12 1
isotypes

GO:BP  renal vesicle morphogenesis GO:0072077 0.048 12 1

GO:BP intraciliary retrograde transport GO:0035721 0.048 12 1

GO:BP  negative regulation of gene expression  G0O:0010629 0.048 720 4

GO:BP  negative regulation of lymphocyte GO:0070229 0.048 12 1
apoptotic process

GO:BP  regulation of myoblast proliferation G0O:2000291 0.048 12 1

GO:BP  negative regulation of mRNA GO:0050686 0.048 12 1
processing

GO:BP DNA-templated transcription GO:0006353 0.048 12 1
termination

GO:BP  regulation of positive chemotaxis GO:0050926 0.048 12 1

GO:BP response to cytokine G0O:0034097 0.048 394 3

GO:BP  regulation of response to stimulus GO:0048583 0.048 1991 7

GO:BP  reproductive structure development GO:0048608 0.048 144 2

GO:BP  regulation of signal transduction G0O:0009966 0.048 1534 6

GO:BP  phosphate-containing compound GO:0006796 0.048 1535 6
metabolic process

GO:BP  negative regulation of metabolic G0O:0009892 0.048 1537 6
process

GO:BP  reproductive system development GO:0061458 0.048 145 2

GO:BP leukocyte cell-cell adhesion GO:0007159 0.048 145 2

GO:BP  regulation of sister chromatid cohesion  GO:0007063 0.049 13 1

GO:BP  positive regulation of muscle tissue GO:1901863 0.049 13 1
development

GO:BP  regulation of oligodendrocyte GO:0048713 0.049 13 1
differentiation

GO:BP  positive regulation of potassium ion G0:1901381 0.049 13 1
transmembrane transport

GO:BP  ganglioside biosynthetic process GO:0001574 0.049 13 1

GO:BP  regulation of intrinsic apoptotic GO0:1902253 0.049 13 1
signaling pathway by p53 class
mediator

GO:BP  cell migration GO:0016477 0.049 734 4

GO:BP  organ induction GO:0001759 0.049 13 1

GO:BP  regulation of tubulin deacetylation G0:0090043 0.049 13 1

GO:BP  tubulin deacetylation G0O:0090042 0.049 13 1

GO:BP isotype switching to IgG isotypes G0O:0048291 0.049 13 1

GO:BP  N-glycan processing G0O:0006491 0.049 13 1

GO:BP  phosphorus metabolic process GO:0006793 0.049 1554 6

GO:BP  regulation of establishment of cell GO:2000114 0.049 13 1
polarity

GO:BP  renal vesicle development GO:0072087 0.049 13 1
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Source Gene Ontology (GO) term name Term ID  Adjusted p-value Term size Intersection size
GO:BP  regulation of skeletal muscle tissue GO:0048641 0.049 13 1
development
GO:BP  protein kinase C-activating G GO:0007205 0.049 13 1
protein-coupled receptor signaling
pathway
GO:BP  cell adhesion GO:0007155 0.049 738 4
GO:BP activation of innate immune response GO:0002218 0.049 147 2
GO:BP negative regulation of apoptotic GO:0043066 0.049 403 3
process
GO:BP  positive regulation of mesenchymal cell GO:0002053 0.049 13 1
proliferation
GO:BP  tongue development GO:0043586 0.049 13 1
GO:BP  response to organic substance G0O:0010033 0.049 1127 5
GO:BP intrinsic apoptotic signaling pathway GO:0097193 0.049 150 2

Table S2: Full list of Gene Ontology (GO) terms for genes containing outlier loci detected in

Bradypodion melanocephalum populations.

Provided are the GO Source, GO term name and ID,

Adjusted p-value, Term size (total genes associated with the GO term), and Intersection size (number

of genes from this study matching genes in the term).

Source Gene Ontology (GO) term name Term ID  Adjusted p-value Term size Intersection size
GO:BP  protein transport GO:0015031 0.0038 753 5
GO:BP  protein localization GO:0008104 0.0038 1401 6
GO:BP  nitrogen compound transport GO:0071705 0.0038 1081 6
GO:BP  organic substance transport GO:0071702 0.0038 1395 6
GO:BP  cellular macromolecule localization GO:0070727 0.0038 1405 6
GO:BP localization GO:0051179 0.0054 3427 8
GO:BP  establishment of protein localization GO:0045184 0.0054 907 5
GO:BP  macromolecule localization G0:0033036 0.0072 1713 6
GO:BP  transport G0O:0006810 0.0119 2843 7
GO:BP  cellular localization GO:0051641 0.0135 1994 6
GO:BP  establishment of localization GO:0051234 0.0143 3017 7
GO:BP  epithelial-mesenchymal cell signaling GO:0060684 0.0199 1 1
GO:BP  entry receptor-mediated virion GO:0098670 0.0199 1 1
attachment to host cell
GO:BP  mesenchymal to epithelial transition GO:0072285 0.0199 1 1
involved in metanephric renal vesicle
formation
GO:BP  mesenchymal to epithelial transition GO:0072036 0.0199 1 1
involved in renal vesicle formation
GO:BP  ventral midline determination GO:0007371 0.0199 1 1
GO:BP angiotensin-mediated drinking GO:0003051 0.0199 1 1
behavior
GO:BP  positive regulation of cardiac muscle GO:0060452 0.0254 3 1
contraction
GO:BP  regulation of proline transport GO:0070881 0.0254 2 1
GO:BP  metanephric renal vesicle formation GO:0072093 0.0254 3 1
GO:BP  receptor-mediated virion attachment GO:0046813 0.0254 3 1
to host cell
GO:BP  renal protein absorption GO:0097017 0.0254 3 1
GO:BP  pancreas morphogenesis GO:0061113 0.0254 3 1
GO:BP  tryptophan transport GO:0015827 0.0254 3 1
GO:BP  ascorbate homeostasis GO:0140576 0.0254 2 1
GO:BP  regulation of heart morphogenesis GO:2000826 0.0254 3 1
GO:BP  multicellular organismal-level GO0:0048871 0.0254 387 3

homeostasis
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Source Gene Ontology (GO) term name Term ID  Adjusted p-value Term size Intersection size

GO:BP  positive regulation of proline import GO:1902836 0.0254 2 1
across plasma membrane

GO:BP  L-proline transmembrane transport GO:1904555 0.0254 3 1

GO:BP  S-adenosylmethionine biosynthetic GO:0006556 0.0254 3 1
process

GO:BP  determination of left /right asymmetry  GO:0003140 0.0254 3 1
in lateral mesoderm

GO:BP  ventral midline development GO:0007418 0.0254 3 1

GO:BP  L-proline import across plasma GO:1904271 0.0254 3 1
membrane

GO:BP  proline import across plasma GO:1905647 0.0254 3 1
membrane

GO:BP  midgut development GO:0007494 0.0254 3 1

GO:BP  regulation of L-proline import across GO:1905735 0.0254 2 1
plasma membrane

GO:BP  brain renin-angiotensin system G0O:0002035 0.0254 2 1

GO:BP  regulation of blood volume by G0:0002016 0.0254 3 1
renin-angiotensin

GO:BP  positive regulation of L-proline import ~ GO:1905737 0.0254 2 1
across plasma membrane

GO:BP  regulation of proline import across G0:1902834 0.0254 2 1
plasma membrane

GO:BP  adhesion of symbiont to host cell G0O:0044650 0.0301 4 1

GO:BP  positive regulation of striated muscle GO:0045989 0.0301 4 1
contraction

GO:BP  regulation of somatic stem cell GO:1904672 0.0301 4 1
population maintenance

GO:BP  negative regulation of hair follicle GO:0051799 0.0301 4 1
development

GO:BP  virion attachment to host cell GO:0019062 0.0301 4 1

GO:BP  protein localization to organelle GO:0033365 0.0319 545 3

GO:BP  positive regulation of gap junction GO:1903598 0.0325 5 1
assembly

GO:BP  drinking behavior GO:0042756 0.0325 5 1

GO:BP  adhesion of symbiont to host G0:0044406 0.0325 5 1

GO:BP  thalamus development GO:0021794 0.0325 5 1

GO:BP  cobalamin transport G0O:0015889 0.0325 5 1

GO:BP  regulation of gap junction assembly GO:1903596 0.0325 5 1

GO:BP  left/right axis specification GO:0070986 0.0363 6 1

GO:BP  commissural neuron axon guidance GO:0071679 0.0363 6 1

GO:BP  renal vesicle formation GO:0072033 0.0363 6 1

GO:BP astrocyte activation GO:0048143 0.0363 6 1

GO:BP lateral mesoderm development G0:0048368 0.0370 7 1

GO:BP  regulation of amino acid import across  G0O:0010958 0.0370 7 1
plasma membrane

GO:BP  gap junction assembly G0:0016264 0.0370 7 1

GO:BP  regulation of amino acid GO:1903789 0.0370 7 1
transmembrane transport

GO:BP  response to iron ion G0O:0010039 0.0370 7 1

GO:BP  mesenchymal to epithelial transition GO:0003337 0.0370 7 1
involved in metanephros
morphogenesis

GO:BP  cobalamin metabolic process G0:0009235 0.0370 7 1

GO:BP  homeostasis of number of cells GO:0048872 0.0370 171 2

GO:BP  cellular response to cholesterol GO:0071397 0.0387 8 1

GO:BP  positive regulation of amino acid GO:0051957 0.0387 8 1
transport

GO:BP  Golgi vesicle transport G0O:0048193 0.0387 192 2
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Source Gene Ontology (GO) term name Term ID  Adjusted p-value Term size Intersection size
GO:BP  forebrain morphogenesis GO:0048853 0.0387 8 1
GO:BP  nervous system process involved in GO:0001976 0.0387 8 1
regulation of systemic arterial blood
pressure
GO:BP  proline transport GO:0015824 0.0387 8 1
GO:BP  regulation of cardiac conduction GO:1903779 0.0400 10 1
GO:BP aromatic amino acid transport GO:0015801 0.0400 9 1
GO:BP  cell migration GO0:0016477 0.0400 734 3
GO:BP  spinal cord dorsal/ventral patterning GO:0021513 0.0400 10 1
GO:BP  metanephric renal vesicle G0:0072283 0.0400 10 1
morphogenesis
GO:BP  multicellular organismal process G0O:0032501 0.0400 3623 6
GO:BP  proline transmembrane transport GO:0035524 0.0400 9 1
GO:BP response to cholesterol GO:0070723 0.0400 10 1
GO:BP  hematopoietic stem cell homeostasis G0:0061484 0.0400 10 1
GO:BP  dorsal/ventral neural tube patterning GO0:0021904 0.0400 10 1
GO:BP  S-adenosylmethionine metabolic G0O:0046500 0.0400 10 1
process
GO:BP  myoblast migration GO0:0051451 0.0400 9 1
GO:BP  mesenchymal to epithelial transition GO:0060231 0.0400 10 1
GO:BP  positive regulation of amine transport  G0:0051954 0.0400 9 1
GO:BP  regulation of amino acid transport GO:0051955 0.0400 10 1
GO:BP  cellular response to sterol GO:0036315 0.0422 11 1
GO:BP  atrial septum morphogenesis G0:0060413 0.0422 11 1
GO:BP  spinal cord patterning GO0:0021511 0.0422 11 1
GO:BP type B pancreatic cell development G0:0003323 0.0427 12 1
GO:BP  positive regulation of branching G0O:0090190 0.0427 12 1
involved in ureteric bud morphogenesis
GO:BP  mitotic chromosome condensation GO:0007076 0.0427 12 1
GO:BP  renal vesicle morphogenesis GO:0072077 0.0427 12 1
GO:BP  protein import into mitochondrial GO:0030150 0.0427 12 1
matrix
GO:BP  ameboidal-type cell migration GO:0001667 0.0427 233 2
GO:BP  glial cell activation GO:0061900 0.0427 12 1
GO:BP  renal vesicle development GO:0072087 0.0431 13 1
GO:BP  response to sterol GO:0036314 0.0431 13 1
GO:BP  positive regulation of blood circulation G0:1903524 0.0431 13 1
GO:BP  positive regulation of heart contraction GO:0045823 0.0431 13 1
GO:BP  regulation of systemic arterial blood GO:0003081 0.0431 13 1
pressure by renin-angiotensin
GO:BP  positive regulation of mesenchymal cell GO:0002053 0.0431 13 1
proliferation
GO:BP  regulation of branching involved in G0O:0090189 0.0431 13 1
ureteric bud morphogenesis
GO:BP  establishment of protein localization to  GO:0072594 0.0440 252 2
organelle
GO:BP astrocyte development G0O:0014002 0.0440 14 1
GO:BP  positive regulation of muscle GO:0045933 0.0440 15 1
contraction
GO:BP  regulation of hair follicle development GO:0051797 0.0440 14 1
GO:BP  renal absorption GO:0070293 0.0440 14 1
GO:BP  type B pancreatic cell differentiation G0O:0003309 0.0440 15 1
GO:BP  metanephric nephron morphogenesis GO0:0072273 0.0440 15 1
GO:BP  cell differentiation involved in GO:0072202 0.0440 15 1
metanephros development
GO:BP  dentate gyrus development GO:0021542 0.0440 14 1
GO:BP  positive regulation of transcription GO:0032968 0.0440 15 1

elongation by RNA polymerase 11
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Source Gene Ontology (GO) term name Term ID  Adjusted p-value Term size Intersection size

GO:BP  positive regulation of organic acid G0O:0032892 0.0440 15 1
transport

GO:BP  cell motility G0:0048870 0.0440 843 3

GO:BP  enteroendocrine cell differentiation GO:0035883 0.0440 15 1

GO:BP  regulation of stem cell population G0:2000036 0.0450 16 1
maintenance

GO:BP  multicellular organismal-level iron ion GO:0060586 0.0450 16 1
homeostasis

GO:BP  regulation of kidney development G0O:0090183 0.0450 16 1

GO:BP  ARF protein signal transduction GO:0032011 0.0450 16 1

GO:BP regulation of ARF protein signal GO:0032012 0.0450 16 1
transduction

GO:BP  atrial septum development GO:0003283 0.0470 17 1

GO:BP  cardiac atrium morphogenesis G0O:0003209 0.0470 17 1

GO:BP  homeostatic process G0:0042592 0.0475 892 3

GO:BP  regulation of mesenchymal cell GO:0010464 0.0486 18 1
proliferation

GO:BP  positive regulation of smoothened GO:0045880 0.0486 18 1

signaling pathway

Table S3: Full list of Gene Ontology (GO) terms for genes containing outlier loci detected in
Bradypodion thamnobates populations. Provided are the GO Source, GO term name and ID, Adjusted
p-value, Term size (total genes associated with the GO term), and Intersection size (number of genes
from this study matching genes in the term).

Source Gene Ontology (GO) term name Term ID  Adjusted p-value Term size Intersection size
GO:BP  cerebral cortex development G0O:0021987 0.049 55 1
GO:BP  forebrain cell migration GO:0021885 0.049 34 1
GO:BP  regulation of cell division GO:0051302 0.049 83 1
GO:BP  erythrocyte homeostasis G0O:0034101 0.049 76 1
GO:BP  erythrocyte differentiation GO0:0030218 0.049 73 1
GO:BP  telencephalon cell migration G0:0022029 0.049 31 1
GO:BP  mitotic cytokinesis GO:0000281 0.049 50 1
GO:BP cilium or flagellum-dependent cell GO:0001539 0.049 81 1
motility
GO:BP  mitotic spindle organization GO:0007052 0.049 79 1
GO:BP  pallium development GO:0021543 0.049 80 1
GO:BP  cerebral cortex cell migration GO:0021795 0.049 24 1
GO:BP cilium-dependent cell motility GO:0060285 0.049 81 1
GO:BP  cytoskeleton-dependent cytokinesis GO0:0061640 0.049 68 1

Table S4: Full list of Gene Ontology (GO) terms for genes containing outlier loci detected in

Bradypodion setaroi populations.

Provided are the GO Source, GO term name and ID, Adjusted

p-value, Term size (total genes associated with the GO term), and Intersection size (number of genes
from this study matching genes in the term).

Source Gene Ontology (GO) term name Term ID  Adjusted p-value Term size Intersection size
GO:BP  regulation of cell motility GO:2000145 0.004366382 462 2
GO:BP positive regulation of flagellated sperm  G0O:1902093 0.004366382 5 1
motility
GO:BP  positive regulation of fertilization GO:1905516 0.004366382 2 1
GO:BP  response to odorant G0:1990834 0.004366382 2 1
GO:BP  locomotion G0O:0040011 0.004366382 574 2
GO:BP  chemosensory behavior GO:0007635 0.004366382 6 1
GO:BP  positive regulation of cilium-dependent GO:2000155 0.004366382 5 1

cell motility
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Source Gene Ontology (GO) term name Term ID  Adjusted p-value Term size Intersection size
GO:BP  regulation of locomotion GO:0040012 0.004366382 489 2
GO:BP  olfactory behavior G0:0042048 0.004366382 6 1
GO:BP  positive regulation of cilium movement GO:0003353 0.004366382 6 1
GO:BP  regulation of flagellated sperm motility G0O:1901317 0.004366382 6 1
GO:BP  regulation of fertilization GO:0080154 0.004366382 4 1
GO:BP  microtubule cytoskeleton organization  GO:0000226 0.004366382 424 2
GO:BP  microtubule-based process GO:0007017 0.004807676 625 2
GO:BP  regulation of cilium movement GO:0060295 0.005711103 10 1
involved in cell motility
GO:BP  regulation of cilium-dependent cell GO:1902019 0.005711103 10 1
motility
GO:BP  cell motility GO:0048870 0.006751456 816 2
GO:BP  cytoskeleton organization GO:0007010 0.00815941 923 2
GO:BP  regulation of cilium movement GO:0003352 0.008655522 18 1
GO:BP  sperm axoneme assembly GO:0007288 0.009550772 21 1
GO:BP  regulation of microtubule-based GO:0060632 0.009550772 23 1
movement
GO:BP  sperm flagellum assembly GO:0120316 0.009550772 23 1
GO:BP  regulation of cell-substrate junction G0:0090109 0.011798265 31 1
assembly
GO:BP  regulation of focal adhesion assembly GO:0051893 0.011798265 31 1
GO:BP  regulation of cell-substrate junction GO:0150116 0.012421727 34 1
organization
GO:BP  focal adhesion assembly G0:0048041 0.013226006 40 1
GO:BP  motile cilium assembly GO0:0044458 0.013226006 42 1
GO:BP  cytoplasmic microtubule organization GO:0031122 0.013226006 41 1
GO:BP  positive regulation of reproductive G0:2000243 0.013226006 42 1
process
GO:BP  cell-substrate junction assembly GO:0007044 0.013393449 44 1
GO:BP  cell-substrate junction organization GO:0150115 0.014138642 48 1
GO:BP  regulation of cell-matrix adhesion GO:0001952 0.015122132 53 1
GO:BP  axoneme assembly GO:0035082 0.016322096 59 1
GO:BP  fertilization G0:0009566 0.017816137 71 1
GO:BP  sperm motility GO:0097722 0.017816137 69 1
GO:BP  microtubule bundle formation GO:0001578 0.017816137 7 1
GO:BP  cellular component assembly G0O:0022607 0.017816137 1959 2
GO:BP cilium or flagellum-dependent cell GO:0001539 0.017816137 81 1
motility
GO:BP  cilium movement involved in cell G0O:0060294 0.017816137 78 1
motility
GO:BP cilium-dependent cell motility GO:0060285 0.017816137 81 1
GO:BP  regulation of reproductive process G0:2000241 0.017816137 82 1
GO:BP flagellated sperm motility GO:0030317 0.017816137 69 1
GO:BP  cellular component biogenesis G0O:0044085 0.018207022 2132 2
GO:BP  organelle organization G0O:0006996 0.018207022 2155 2
GO:BP  regulation of cell junction assembly GO:1901888 0.019435056 96 1
GO:BP  spermatid development GO:0007286 0.019435056 98 1
GO:BP  spermatid differentiation G0:0048515 0.019545791 102 1
GO:BP  regulation of cell-substrate adhesion GO:0010810 0.019545791 103 1
GO:BP  cilium movement GO0:0003341 0.019545791 105 1
GO:BP  cell-matrix adhesion GO:0007160 0.022067031 121 1
GO:BP  protein autophosphorylation GO:0046777 0.022526194 126 1
GO:BP  regulation of microtubule-based G0O:0032886 0.024890917 142 1
process
GO:BP  germ cell development GO:0007281 0.032304235 188 1
GO:BP  cell-substrate adhesion GO:0031589 0.033890094 201 1
GO:BP  cell junction assembly G0:0034329 0.036076493 218 1
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Source Gene Ontology (GO) term name Term ID  Adjusted p-value Term size Intersection size
GO:BP  cellular process involved in GO:0022412 0.036710187 227 1
reproduction in multicellular organism
GO:BP cilium assembly GO0:0060271 0.036710187 234 1
GO:BP  spermatogenesis GO:0007283 0.036710187 230 1
GO:BP male gamete generation GO:0048232 0.036855595 239 1
GO:BP cilium organization GO0:0044782 0.039060651 258 1
GO:BP  positive regulation of cell motility G0O:2000147 0.039060651 262 1
GO:BP  microtubule-based movement GO:0007018 0.039160334 267 1
GO:BP  positive regulation of locomotion G0O:0040017 0.039256715 272 1
GO:BP  behavior GO0:0007610 0.042175083 297 1
GO:BP  cellular component organization GO:0016043 0.044491274 4094 2
GO:BP  regulation of cell adhesion GO:0030155 0.045269014 338 1
GO:BP  plasma membrane bounded cell G0:0120031 0.045269014 344 1
projection assembly
GO:BP  cellular component organization or GO:0071840 0.045269014 4241 2
biogenesis
GO:BP gamete generation GO:0007276 0.045269014 341 1
GO:BP  cell projection assembly GO:0030031 0.045653099 352 1
GO:BP  cell junction organization G0:0034330 0.046263166 367 1
GO:BP  multicellular organismal reproductive G0O:0048609 0.046263166 366 1
process
GO:BP  multicellular organism reproduction GO:0032504 0.046740402 376 1

Table S5: Full list of Gene Ontology (GO) terms for genes containing outlier loci detected in
Bradypodion ventrale populations. Provided are the GO Source, GO term name and ID, Adjusted
p-value, Term size (total genes associated with the GO term), and Intersection size (number of genes
from this study matching genes in the term).

Source Gene Ontology (GO) term name Term ID  Adjusted p-value Term size Intersection size
GO:BP  protein metabolic process GO:0019538 0.032 3817 9
GO:BP  regulation of male gonad development  GO:2000018 0.032 4 1
GO:BP  positive regulation of male gonad G0O:2000020 0.032 4 1
development
GO:BP  regulation of reproductive process G0:2000241 0.032 82 2
GO:BP Kit signaling pathway GO:0038109 0.032 3 1
GO:BP  regulation of nitrogen compound GO:0051171 0.032 3390 8
metabolic process
GO:BP response to stem cell factor GO:0036215 0.032 3 1
GO:BP  protein modification process GO0:0036211 0.032 2283 6
GO:BP  cellular response to erythropoietin GO:0036018 0.032 2 1
GO:BP  gonad development G0O:0008406 0.032 107 2
GO:BP  response to erythropoietin G0:0036017 0.032 2 1
GO:BP  regulation of DNA replication GO:0006275 0.032 71 2
GO:BP  protein acetylation GO0:0006473 0.032 98 2
GO:BP  regulation of macrophage fusion G0:0034239 0.032 3 1
GO:BP  cell projection assembly G0O:0030031 0.032 352 3
GO:BP  macrophage fusion GO:0034238 0.032 3 1
GO:BP  nitrogen compound metabolic process G0O:0006807 0.032 8426 12
GO:BP  positive regulation of mast cell GO:0032765 0.032 2 1
cytokine production
GO:BP  male gonad development GO:0008584 0.032 64 2
GO:BP  regulation of mast cell cytokine GO:0032763 0.032 2 1
production
GO:BP  response to manganese ion GO:0010042 0.032 3 1
GO:BP  positive regulation of gonad GO:1905941 0.032 4 1
development
GO:BP  regulation of cell cycle process GO:0010564 0.032 373 3
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Source Gene Ontology (GO) term name Term ID  Adjusted p-value Term size Intersection size

GO:BP  cellular component organization G0:0016043 0.032 4094 8

GO:BP  membrane protein intracellular domain  G0O:0031293 0.032 4 1
proteolysis

GO:BP  regulation of metabolic process GO:0019222 0.032 4106 8

GO:BP  positive regulation of macrophage G0O:0034241 0.032 3 1
fusion

GO:BP  mast cell cytokine production GO:0032762 0.032 2 1

GO:BP  cellular response to stem cell factor GO:0036216 0.032 3 1
stimulus

GO:BP  erythropoietin-mediated signaling GO:0038162 0.032 2 1
pathway

GO:BP  regulation of protein metabolic process GO:0051246 0.032 1224 )

GO:BP regulation of transferase activity GO:0051338 0.032 421 3

GO:BP  male sex differentiation GO:0046661 0.032 80 2

GO:BP  development of primary male sexual G0O:0046546 0.032 65 2
characteristics

GO:BP  clustering of voltage-gated sodium GO:0045162 0.032 4 1
channels

GO:BP  regulation of macromolecule metabolic ~ GO:0060255 0.032 3827 8
process

GO:BP  mast cell differentiation GO:0060374 0.032 3 1

GO:BP  development of primary sexual G0O:0045137 0.032 110 2
characteristics

GO:BP  positive regulation of mast cell GO:0070668 0.032 4 1
proliferation

GO:BP  primary metabolic process G0:0044238 0.032 8916 12

GO:BP  positive regulation of protein GO:0071902 0.032 86 2
serine/threonine kinase activity

GO:BP  regulation of gonad development G0O:1905939 0.032 4 1

GO:BP  melanocyte migration GO0:0097324 0.032 2 1

GO:BP  melanocyte adhesion G0O:0097326 0.032 1 1

GO:BP  regulation of primary metabolic G0O:0080090 0.032 3479 8
process

GO:BP  de novo centriole assembly GO:0097742 0.032 3 1

GO:BP  positive regulation of vascular GO:1905065 0.032 4 1
associated smooth muscle cell
differentiation

GO:BP  negative regulation of mitotic cell cycle G0:1901991 0.032 99 2
phase transition

GO:BP  positive regulation of MAP kinase G0O:0043406 0.032 56 2
activity

GO:BP  myeloid leukocyte activation GO:0002274 0.032 75 2

GO:BP  organonitrogen compound metabolic GO:1901564 0.032 4495 9
process

GO:BP  glutathione import into mitochondrion ~ GO:0160007 0.032 1 1

GO:BP  macromolecule metabolic process GO:0043170 0.032 8169 12

GO:BP  regulation of MAP kinase activity G0O:0043405 0.032 92 2

GO:BP plasma membrane bounded cell G0O:0120031 0.032 344 3
projection assembly

GO:BP  de novo centriole assembly involved in ~ GO:0098535 0.032 3 1
multi-ciliated epithelial cell
differentiation

GO:BP  cellular component organization or GO:0071840 0.033 4241 8
biogenesis

GO:BP  myeloid progenitor cell differentiation GO:0002318 0.034 6 1

GO:BP  immature B cell differentiation GO:0002327 0.034 5 1

GO:BP  positive regulation of smooth muscle GO:0051152 0.034 5 1

cell differentiation

Continued on next page
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Source Gene Ontology (GO) term name Term ID  Adjusted p-value Term size Intersection size
GO:BP  phospholipid efflux G0:0033700 0.034 6 1
GO:BP  reproductive structure development GO:0048608 0.034 146 2
GO:BP positive regulation of centriole GO0:0046601 0.034 5 1
replication
GO:BP  positive regulation of keratinocyte GO:0051549 0.034 6 1
migration
GO:BP  negative regulation of mitotic cell cycle G0O:0045930 0.034 130 2
GO:BP  neuronal ion channel clustering GO:0045161 0.034 6 1
GO:BP  mast cell proliferation GO:0070662 0.034 6 1
GO:BP  regulation of mast cell proliferation GO:0070666 0.034 6 1
GO:BP  organic substance metabolic process GO:0071704 0.034 9451 12
GO:BP  protein acylation GO:0043543 0.034 134 2
GO:BP  macromolecule modification GO:0043412 0.034 2440 6
GO:BP  response to thyroid hormone GO:0097066 0.034 6 1
GO:BP  cellular response to thyroid hormone G0O:0097067 0.034 6 1
stimulus
GO:BP  negative regulation of cell cycle phase  G0O:1901988 0.034 146 2
transition
GO:BP  monocyte activation GO:0042117 0.034 5 1
GO:BP  multi-ciliated epithelial cell GO:1903251 0.034 5 1
differentiation
GO:BP  regulation of protein catabolic process  G0:1904350 0.034 5 1
in the vacuole
GO:BP  regulation of lysosomal protein GO:1905165 0.034 5 1
catabolic process
GO:BP  glutathione transmembrane transport GO:0034775 0.034 5 1
GO:BP  glutathione transport GO:0034635 0.034 6 1
GO:BP  sex differentiation GO:0007548 0.034 141 2
GO:BP  histone H4-K12 acetylation GO:0043983 0.034 6 1
GO:BP  reproductive system development GO:0061458 0.034 147 2
GO:BP  hematopoietic stem cell migration GO:0035701 0.036 7 1
GO:BP  N-terminal peptidyl-methionine GO:0017196 0.036 7 1
acetylation
GO:BP  Fc receptor signaling pathway GO:0038093 0.036 7 1
GO:BP  positive regulation of protein kinase G0O:0045860 0.036 158 2
activity
GO:BP  tissue migration G0O:0090130 0.036 158 2
GO:BP  epithelium migration G0O:0090132 0.036 153 2
GO:BP  epithelial cell migration GO0O:0010631 0.036 153 2
GO:BP  regulation of keratinocyte migration GO:0051547 0.036 7 1
GO:BP  positive regulation of syncytium G0:0060143 0.038 8 1
formation by plasma membrane fusion
GO:BP  metabolic process G0O:0008152 0.038 9775 12
GO:BP  negative regulation of cell cycle process G0O:0010948 0.038 167 2
GO:BP  positive regulation of dendritic cell GO:0002732 0.038 8 1
cytokine production
GO:BP  lysosomal protein catabolic process GO:1905146 0.038 8 1
GO:BP  protein catabolic process in the vacuole GO:0007039 0.038 8 1
GO:BP  mast cell chemotaxis GO:0002551 0.038 8 1
GO:BP  regulation of cell cycle GO:0051726 0.038 565 3
GO:BP  ectopic germ cell programmed cell GO0:0035234 0.038 9 1
death
GO:BP  regulation of protein serine/threonine GO:0071900 0.038 174 2
kinase activity
GO:BP  peptidyl-methionine modification GO:0018206 0.038 9 1
GO:BP  mast cell migration GO:0097531 0.038 9 1
GO:BP  organelle assembly GO:0070925 0.038 571 3
GO:BP  dendritic cell cytokine production G0O:0002371 0.038 9 1
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Source Gene Ontology (GO) term name Term ID  Adjusted p-value Term size Intersection size

GO:BP  DNA replication G0:0006260 0.038 173 2

GO:BP  keratinocyte migration GO:0051546 0.038 9 1

GO:BP regulation of dendritic cell cytokine GO:0002730 0.038 9 1
production

GO:BP  regulation of mitotic cell cycle phase GO:1901990 0.039 182 2
transition

GO:BP  regulation of syncytium formation by GO:0060142 0.040 10 1
plasma membrane fusion

GO:BP  epithelial cell-cell adhesion G0O:0090136 0.040 10 1

GO:BP  regulation of cellular metabolic process G0:0031323 0.040 3796 7

GO:BP  regulation of vascular associated GO:1905063 0.040 10 1
smooth muscle cell differentiation

GO:BP  regulation of cellular component GO:0051128 0.040 1198 4
organization

GO:BP  reproduction G0O:0000003 0.040 607 3

GO:BP  detection of mechanical stimulus GO:0050910 0.040 10 1
involved in sensory perception of sound

GO:BP  reproductive process GO0:0022414 0.040 601 3

GO:BP  positive regulation of developmental GO:0051094 0.040 610 3
process

GO:BP  negative regulation of GO:0051444 0.042 11 1
ubiquitin-protein transferase activity

GO:BP  positive regulation of cell adhesion GO:0033630 0.042 11 1
mediated by integrin

GO:BP  peptidyl-amino acid modification G0:0018193 0.042 630 3

GO:BP  negative regulation of cell cycle GO:0045786 0.043 201 2

GO:BP  lymphoid progenitor cell differentiation GO:0002320 0.043 12 1

GO:BP  histone H4-K5 acetylation G0O:0043981 0.043 12 1

GO:BP  histone H4-K8 acetylation GO:0043982 0.043 12 1

GO:BP  protein localization to kinetochore GO0:0034501 0.043 12 1

GO:BP  positive regulation of kinase activity GO:0033674 0.043 207 2

GO:BP  protein localization to condensed G0:1903083 0.043 12 1
chromosome

GO:BP  cell-cell adhesion mediated by integrin ~ GO:0033631 0.043 12 1

GO:BP  anatomical structure development G0O:0048856 0.044 2946 6

GO:BP  cellular developmental process G0O:0048869 0.044 2079 5

GO:BP  programmed cell death involved in cell GO:0010623 0.044 13 1
development

GO:BP  regulation of centriole replication G0O:0046599 0.044 13 1

GO:BP cell differentiation GO:0030154 0.044 2079 5

GO:BP  positive regulation of protein GO0:0051247 0.044 667 3
metabolic process

GO:BP  N-terminal protein amino acid GO:0006474 0.044 13 1
acetylation

GO:BP  regulation of biological process GO:0050789 0.044 7524 10

GO:BP  positive regulation of MAPK cascade GO0:0043410 0.045 219 2

GO:BP  regulation of protein modification G0:0031399 0.045 678 3
process

GO:BP  mast cell degranulation G0O:0043303 0.046 14 1

GO:BP  embryonic hemopoiesis GO:0035162 0.046 14 1

GO:BP  positive regulation of receptor GO:0046427 0.047 15 1
signaling pathway via JAK-STAT

GO:BP  regulation of cell cycle phase transition G0O:1901987 0.047 233 2

GO:BP  organelle organization G0O:0006996 0.047 2155 5

GO:BP  establishment of organelle localization = GO:0051656 0.047 230 2

GO:BP  megakaryocyte development GO:0035855 0.047 15 1

GO:BP  establishment of localization GO0:0051234 0.047 3069 6
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Source Gene Ontology (GO) term name Term ID  Adjusted p-value Term size Intersection size

GO:BP  detection of mechanical stimulus GO:0050974 0.047 15 1
involved in sensory perception

GO:BP  ameboidal-type cell migration GO:0001667 0.047 232 2

GO:BP  cilium assembly GO:0060271 0.047 234 2

GO:BP  mast cell activation involved in GO:0002279 0.048 16 1
immune response

GO:BP  positive regulation of receptor GO:1904894 0.048 16 1
signaling pathway via STAT

GO:BP  protein localization to chromosome, GO:0071459 0.048 16 1
centromeric region

GO:BP  regulation of smooth muscle cell GO:0051150 0.048 16 1
differentiation

GO:BP  cell cycle process G0:0022402 0.048 719 3

GO:BP  mast cell mediated immunity G0:0002448 0.048 16 1

GO:BP  non-membrane-bounded organelle GO:0140694 0.049 245 2
assembly

GO:BP  melanocyte differentiation GO:0030318 0.050 17 1

GO:BP  positive regulation of tyrosine GO:0042531 0.050 17 1
phosphorylation of STAT protein

GO:BP  mitotic cell cycle phase transition GO:0044772 0.050 250 2

GO:BP  regulation of DNA metabolic process GO:0051052 0.050 250 2
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Chapter 5

Conclusion

5.1 Thesis summary

The southern African dwarf chameleons (Bradypodion) are a relatively young lineage, with a
large body of evidence demonstrating the highly adaptive capacity of these lizards.
Bradypodion are well known for their habitat specialization, with evidence of convergent
phenotypes throughout the phylogeny. However, the underlying genetic architecture of these
phenotypes remains unknown for Bradypodion, and without adequate genomic resources,
many evolutionary questions cannot be answered. In this thesis, I aimed to uncover the
genetic architecture underlying adaptation in Bradypodion. In pursuit of this, I first
assembled two genomes de movo for Bradypodion using long-read sequencing data, with
completeness and contiguity metrics demonstrating the high quality of these assembled
genomes (Chapter 2). I then proceeded to annotate these assemblies, identifying functional
elements along the sequence of each genome. Complete, well-annotated genome assemblies
were required for the detection of changes in gene family composition. By extracting the
complete set of annotated protein-coding genes from each species, I implemented a
phylogenetic comparative approach to identify both gene family change and the extant or
ancestral lineage where the changes occurred. This allowed for insights into the genetic
evolution of adaptive traits within Bradypodion which likely contributed to the diversification

of ecomorphs in these lizards (Chapter 3).

As Bradypodion ecomorphs are known to display phenotypic convergence in similar

natural habitat types, chameleon populations may also converge phenotypically in urban
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habitats. A pairwise comparison of urban and natural populations was used to assess the
genetic variation and diversity for five species of Bradypodion. This assessment allowed for the
detection of genes containing outlier loci reflecting the divergence of allele frequencies between
urban and natural populations. The verification of gene function was done using public gene
ontology databases, which enabled the connection of outlier genes with their organismal
functions. Having verified the gene functions, I detected possible phenotypic traits presumed
to be associated with adaptation in urban habitats (Chapter 4). Overall, this thesis provides
support that, with the appropriate genomic resources, the architecture and evolutionary
underpinnings of adaptive traits may be uncovered in remarkable, non-model organisms such

as species of Bradypodion.

5.2 Synthesis

Disentangling the mechanisms of adaptation across the tree of life remains an underlying
thread in evolutionary biology (Munson, 1971; Powers et al., 1991; Campbell-Staton et al.,
2020; Szulkin et al., 2020). In the pre-genomic era, identifying adaptive alleles was often an
integrative process which leveraged genetics, physiology, and ecology (Lasky et al., 2023).
With the advancement in sequencing technologies, uncovering the genetic architecture
underlying adaptive traits became more attainable, but has remained fairly complex (Hansen,
2006; Hudson, 2008; Stapley et al., 2010). Furthermore, the process of linking genotypes to
phenotypes still required significant resources, often limited to reduced representation
genomic data (Margres et al., 2017; Card et al., 2023). Major advances in sequencing
technology have significantly improved in recent years, reducing previous sequencing
limitations (see Karst et al., 2021), and facilitating the rise in whole-genome assemblies. As a
tool in evolutionary biology, access to whole genome assemblies enables the identification of
specific genes underlying traits of interest (Gable et al., 2023). However, assembly efforts
predominantly focused on model or charismatic organisms (Blaxter et al., 2022; Ebenezer
et al., 2022). Efforts to correct these biases are underway, but reptile genome assemblies in
particular are still lagging (Card et al., 2023), with a many key squamate lineages still lacking
high-quality genome sequences, including Chamaeleonidae (Gable et al., 2023).

By generating whole genome assemblies, I have contributed toward bridging the gap in
genomic resources available for Chamaeleonidae, and reptiles in general. By leveraging the

advantages of long-read sequencing technology, spanning difficult regions to sequence, the
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quality of these assemblies is comparatively high compared to other available genomic
resources (Chapter 2). It is well documented that the quality of the reference genomes
directly impacts the outcome of evolutionary inferences (Rhie et al., 2021; Bentley and
Armstrong, 2022). While the intention for generating whole-genome assemblies for
Bradypodion was to uncover genes associated with adaptation, these genomes also allowed for
direct comparisons of structural elements within the genomes of Bradypodion. The findings in
Chapter 2 provided the opportunity to explore synteny, the arrangement of genes or genetic
sequences on chromosomes, within Bradypodion as well as between the distantly related
Anolis sagrei. Research studies have routinely used Anolis lizards as a biological model
system, often challenging long-standing paradigms in the fields of ecology and evolution
(Losos, 2009; Munoz et al., 2023). Bradypodion is ecologically similar to some anoles, with
similarities also extended to genome structural organisation. Furthermore, both Bradypodion
assemblies generated for this thesis are fairly consistent with the expected size and structure
of other squamate genomes (Card et al., 2023). While these higher taxonomic comparisons
still provide insight into the evolution of genomes over deep timescales, having access to
multiple assemblies within a single genus allows for the evaluation of genome structures

underlying diversification at a much finer scale.

Comparative analyses of whole genome assemblies have revealed that new genes often
originate over evolutionary timescales, and the expansion of gene families contributes to
genome evolution at a rate exceeding the nucleotide mutation rate (Rogers et al., 2009, 2021;
Demuth and Hahn, 2009; Van de Peer, 2011). Changes in gene family composition have been
associated with adaptive evolution in plants (Caputi et al., 2012) and mammals (Demuth
et al., 2006). Similarly, the contrast in gene family expansions between Bradypodion pumilum
and B. wventrale revealed insights into the genomic basis underlying adaptive solutions in
response to different habitat types (Chapter 3). However, given the limited number of
available acrodont genome assemblies (Gable et al., 2023), the power to assess adaptive traits
driven by gene family changes developed over deeper timescales was greatly reduced,
minimising additional evolutionary inferences that could be made in Chapter 3, unlike in
other more saturated groups (Lind et al., 2019; Trouern-Trend et al., 2020; Bentley et al.,
2023). It is clear there is still a need for additional reptile assemblies, however, additional
assemblies for Bradypodion will enable leveraging the repeated emergence of ecomorphs to
uncover the role of gene family evolution driving the diversification of adaptive phenotypes in

this group, particularly targeting species with populations exhibiting divergent ecomorphs.
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The findings presented in Chapter 4 support the current view that, in the right conditions,
adaptation of a population to novel conditions can occur fairly rapidly (Catullo et al., 2019).
It is well documented that selection pressures in urban areas have resulted in rapid adaptive
responses in a number of taxa (Donihue and Lambert, 2015; Johnson and Munshi-South, 2017;
Szulkin et al., 2020; Miles et al., 2021; Lewis et al., 2023; Tang et al., 2024). Even though it
is unclear whether directional or disruptive selection has driven the allele frequency differences
between Bradypodion populations, the arguments made in Chapter 4 explore why the outlier
loci detected are likely a result of adaptive evolution operating in urban populations. There is an
expectation that urban-adapted purely arboreal species tend toward morphological traits that
enhance stability, clinging and inter-perch aerial movement (Winchell et al., 2020). Evidence
for morphological divergence in urban populations of Bradypodion has not yet been rigorously
interrogated. The few studies so far, however, show there are some differing traits such as
ornamentation and head dimensions (Petford et al., 2023) and body size and condition (Barends

and Tolley, in review).

Given that the vegetation density in urban areas provides less cover than in natural habitats,
urban populations of Bradypodion are likely more exposed and are at higher risk of predation
(Petford et al., 2023). To remain less conspicuous in exposed urban habitats, urban populations
of B. damaranum exhibit reduced ornamentation relative to their natural counterparts, but this
comes at a cost of effective signalling leading to a breakdown in intraspecific communication
(Petford et al., 2023). Given this, urban populations in Bradypodion are likely to tend toward
inornate phenotypes similar to open-canopy ecomorphs, discussed in Chapter 3. Thus, rapid
adaptive solutions in Bradypodion occupying urban habitats are likely constrained by their
evolutionary history and habitat use which may lead to repeated morphological outcomes, while

also favouring traits unique to each species likely to enable urban living detected in Chapter 4.

In conclusion, the findings presented in this thesis show there is a suite of genetic
pathways that most likely contribute to adaptation in Bradypodion. In addition, these
findings provide a framework from which to formulate robust hypotheses to assess candidate
genes underlying adaptive solutions in urban populations. The current knowledge gaps relate
to implementing a replicated experimental design, targeting multiple urban populations in
more than one urban habitat (Perrier et al., 2020). However, this may be logistically
challenging, especially when collecting phenotypic, genotypic and fitness-related data
simultaneously (Winchell et al., 2020). As an alternative, the pairwise approach I have used

in this thesis still led to the detection of candidate genes likely to underlie adaptation.
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However, these candidate genes do require validation through functional genomic work
performed via targeted gene modification techniques to directly evaluate gene function in
response to urban adaptive responses (Rasys et al., 2019). Nevertheless, this body of work
provides evidence for Bradypodion being a useful model to assess the genetic underpinnings of
adaptation, as well as extending the opportunity to further delve into the genetic architecture
of adaptation in chameleons, and reptiles more broadly, given the genomic resources and

candidate loci presented here.
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