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Abstract:

Two solitary genera of African mole-rats, Heliophobius and Georychus, had been for a long
time considered as monotypic, yet some of the recent studies proposed species complexes.
This thesis evaluates intrageneric relationships of both genera by using extended dataset of six
nuclear markers and a large number of loci acquired during ddRADseq. Both datasets
confirmed highly genetically structured populations within both genera. Nevertheless, while
multilocus coalescent based on nuclear markers defined nine gene pools within Heliophobius
and five within Georychus, processing of ddRADseq data revealed both, significantly finer
(fineRADstructure) or broader (Infomap) structure. Based on the genetic evidence, we are
inclined towards using two species within genus Heliophobius, comprised of northern and
southern lineages separated by Eastern Arc Mountains, and one species for all evolutionary
lineages of Georychus. The final taxonomic revision should await further morphological,
ecological, or behavioural studies.
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1 Introduction

1.1 Biology of subterranean mammals

Subterranean environment provides to its inhabitants mainly safety and microclimatic
stability. Animals take advantages of life in burrows, where they are protected from high
predation or extreme climatic fluctuations (Nevo 1999). On the other hand, strict subterranean
life brings serious restrictions as well. Burrow inhabitants have to overcome specific
environment conditions such as hypercapnic and hypoxic atmosphere (but concentrations of
oxide and carbon dioxide in burrow systems evidently do not always differ from aboveground
concentrations, e.g. Roper et al. 2001; Sumbera et al. 2004), highly water saturated air, or
complete darkness. In addition, there are extremely high energetic demands of burrowing,
poor productivity and low carrying capacity connected with restricted food availability, and
compared to the aboveground environment differently driven senses of orientation and
navigation (Nevo 1979; Nevo 2007). Yet despite hostile conditions of such environment, many
mammalian lineages independently colonised this ecotope and specialize to a strictly
subterranean life, such as moles, marsupial moles, golden moles, and many rodent groups like
pocket gophers, octodonts, tuco-tucos, voles, African mole-rats, or blind mole rats (Nevo
1979).

In spite of colonizing this environment in different times and places, all subterranean
mammals are exposed to strong pressure from very similar conditions, which results in
convergent evolution of morphological, behavioural, molecular, and physiological traits
(Nevo 1979, 1995, 1999, 2007; Lessa 1990; Lacey et al 2000; Begall et al. 2007). They all
possess cylindrical body shape with significant reductions of body extremities, like limbs, tail,
or auricles. Yet, some morphological structures have undergone remarkable developments.
The most evident is the adaptation of burrowing apparatus: from specialized muscled and
clawed forelimbs (Talpidae, Notoryctidae, Myospalacinae), ever-growing curved incisors
(Rhizomyidae, Bathyergidae, Spalacidae, Ellobius), or their combination (Geomyidae,
Ctenomyidae). Sensory organs have also specialized to the subterranean environment
according to degree of fossoriality. While vision and hearing undertook more or less functional
and structural reductions, tactile and olfactory senses have rapidly developed (Nevo 1979,
1999; Lacey et al. 2000). Except for odours and sounds, some of them use magnetic compass

for a more precise spatial orientation (Moritz et al. 2007). Regarding energetics, most of them
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have low basal metabolic rates and low body temperatures (Buffenstein 2000). They share
K-strategy of life, meaning high longevity, low mortality rates, low reproduction rates, and

relatively slow development (Nevo 1979, 1999).

The subterranean mammals also tend to form spatially highly structured populations.
Due to the low productivity and carrying capacity of subterranean environment, feeding
strategies are generalized to use limited resources, which imposes strong selective pressure on
both, intra and interspecific level. As a result of intraspecific competition, local populations
are relatively small and gene flow between them limited. The interspecific competition limits
co-existence of the species and makes their distribution mainly parapatric. Taken together with
their low dispersal abilities and low degree of emigration, the subterranean mammals are very
prone to speciation, but thanks to the same selective pressure also incline to develop into

cryptic species (Nevo 1979).

Geomys Aplodontia
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Fig. 1: Morphological convergence of representatives of different subterranean rodent lineages
across the world (taken from Begall et al. 2007).

1.2 African mole-rats (Bathyergidae)

One of the most studied groups of strictly subterranean mammals are African mole-rats
(Bathyergidae); hystricognathous rodents distributed in sub-Saharan Africa. They have
attracted scientists mainly because of diversity of their social systems, ranging from strictly

solitary species to highly social including (by some authors) so-called eusocial species



(reviewed in Faulkes and Bennett 2007). Due to intensive research and strictly subterranean
style of life, many peculiar traits were revealed, such as magnetic orientation (Burda et al.
1990), longevity (Dammann et al. 2007), poikilothermy (Bennet 2009), or anti-cancer
mechanisms (Buffenstein 2008; Seluanov et al. 2009). African mole-rats have become model
group for many morphological, physiological, behavioural, and biomedical fields (Jarvis,
Bennett and Spinks 1998; Buffenstein 2005; Gomes Rodrigues et al. 2011; Skliba et al. 2016;
Kott et al. 2016; Junker et al. 2017; Sahm et al. 2018; Kelley et al. 2019; Zhao et al. preprint).

1.3 The current view of bathyergid phylogeny

The African mole-rats were found to be sister to a pair of families: the rock rats (Petromuridae)
and the cane rats (Thryonomyidae), and together with Old World porcupines (Hystricidae)
form an “Old World” hystricomorph group Phiomorpha distributed throughout Africa,
southern Europe and southern and south-eastern Asia (Nedbal et al. 1994; Huchon and
Douzery 2001).

Regarding internal bathyergid classification, the widely accepted consensus is, that the
family consists of six genera (Fig. 2). The most basal branch belongs to a highly social genus
Heterocephalus, followed by a solitary genus Heliophobius. Afterwards, the ancestor of two
social genera Fukomys and Cryptomys ((Fukomys was emancipated from Cryptomys by Kock
et al. (2006)), split from ancestor of two solitary genera Georychus and Bathyergus. This
division is well supported by many studies (Allard and Honeycutt 1992; Faulkes et al. 1997,
2004; Walton et al. 2000; Ingram et al. 2004; Kock et al. 2006; Davies et al. 2015; Patterson
and Upham 2014; Bryja et al. 2018b; Visser et al. 2019b). Some studies suggested an exclusion
of genus Heterocephalus either to a subfamily Heterocephalinae, with Bathyerginae
comprising of the remaining genera (Visser et al. 2019b), or to a monotypic family
Heterocephalidae (Patterson and Upham 2014). Nevertheless, there is also a discordance in a
tree topology; Bathyergus, Georychus, and Cryptomys karyotypically resemble each other
(Deuve et al. 2008), which contradicts to a generally accepted monophyly of two groups

Bathyergus — Georychus and Cryptomys — Fukomys.

Nowadays, bathyergids are morphologically well characterized by a unique combination
of ancestral and derived traits. With respect to Ctenohystrica (comprising of Ctenodactylidae
(gundis), Diatomyidae (kha-ynou) and Hystricognathi; Lopez-Antofianzas 2016), their
ancestral traits are, for instance, hystricognathous mandible (the angular process does not



originate in the same plane as the alveolus of the incisors; Hautier at al. 2011), shape of the
skull and the positions of jaw muscles (Wood 1985), multiserial incisor enamel, pterygoid
fossa communicating with the orbit, fusion of malleus with incus (Patterson 2016), or several
characteristics of their reproductive system, such as their ovarian cycle length, long gestational
periods, and the modified ovary structure called accessory corpora lutea (Faulkes et al. 1990).
Traits supporting the phylogenetic placement into the Phiomorpha group comprise of at least
three dental characteristics (Barbiére and Marivaux 2015). The situation with derived traits is
more complicated, due to the morphological convergence with other subterranean rodents.
Yet, there are some distinctive features, for example, enlarged angular process of mandible,
incisors without pigment and rooted posteriorly to molars, which are simplified (Patterson

2016), and different morphology of upper and lower molars (Mein and Pickford 2008).

Individual extant genera possess unique characteristics as well. At first sight, they vary
in size (from Heterocephalus with up to 80 g to Bathyergus reaching 2 kg) and pelage colour
(from generally unicoloured of various tinges of brown to strikingly black-white-russet
marking in Georychus). The internal recognition features are based mainly on the number of
cheek teeth (3/3 in Heterocephalus, up to 4/4 in Bathyergus, Georychus, Fukomys, Cryptomys,
and up to 6/6 in Heliophobius) and their infolding of enamel (De Graaf 1968; Jarvis 2013,;
Monadjem et al. 2015).

1.4 History of bathyergid taxonomy

As it is common for all subterranean mammals, selective pressure of an underground
environment decreases the diversity of morphological traits between taxa. Thus, providing a
clear taxonomy based on morphology represented a challenging task for scientists. Firstly,
morphological systematics placed the African mole-rats mainly among mouse-like rodents
(Muridae: Waterhouse 1841; Myomorpha: Alston 1876; Thomas 1896; Trouessart 1899).
Although in most taxonomic studies bathyergid representatives were considered as
monophyletic, there were also other opinions. For instance, Alston (1876) placed bathyergids
into two subfamilies of family Spalacidae; genus Heterocephalus into Spalacinae together
with Rhizomys and Spalax, and the remaining genera (Georychus, Heliophobius, and
Bathyergus) into Bathyerginae.

At that time, the position of African mole-rats among rodents was extensively debated.

While some morphologists excluded this family from mouse-like rodents, considering



bathyergids as an isolated rodent group (Miller and Gidley 1918 and Weber 1928 in Ellerman
1940; Wood 1955), others highlighted their affinities to hystricomorphs (Tullberg 1899 and
Winge 1924 in Ellerman 1940; De Graaff 1979). In addition, Romer (Romer 1958 in De Graaff
1979) included African mole-rats among sciuromorphs according to two fossils. Finally,
Wood (1985) reviewed known and used morphometric traits including mainly shape of the
skull and the positions of jaw muscles and strongly supported the affinities of bathyergids to
hystricomorphs, which was confirmed by molecular characters (Nedbal et al. 1994). Later,
several characteristics of mole-rat were found to be more similar to members of this sub-order,

supporting their affinity (in the chapter 1.3).

1.5 Species diversity of bathyergids

In contrast to the highly supported generic classification of bathyergids, the species
(intrageneric) diversity is still not well resolved. This is, among others, caused by inconsistent
application of species delimitation criteria. New species have been described on the ground of
morphological and karyotypic data, or using one (or possibly a few) genetic markers (e.g.
Faulkes et al. 2004, 2010, 2011, 2017; Van Daele et al. 2004; 2007b, 2013; Gippoliti and
Amori 2011; Visser et al. 2014).

1.5.1 Problems of used approaches determining the species diversity

Species concepts and the criteria for species delimitation were extensively discussed for a long
time (Cotterill et al. 2017; Gippoliti 2019; Taylor et al. 2019; Zachos et al. 2019). In
subterranean rodents, exclusively morphological approach is limited by the lack of diagnostic
characters, as it is described above. Thus, many cryptic species can remain unrevealed unless
genetic methods are applied.

Yet, molecular approaches have also their own limits and ambiguities and the existing
experience suggest their results should be considered critically. Most importantly, physically
unlinked loci in DNA evolve independently, as the genealogies of particular loci (gene trees)
may differ each other as well as from the population-level phylogeny (species tree). Thus,
single locus analyses are not reliable. Especially the mitochondrial (mtDNA) and nuclear
DNA, are prone to this phylogenetic discordance due to different mode of inheritance (Toews
and Brelsford 2012). Complete or partial mitochondrial introgression was evidenced in several
taxa (e.g. Runck et al. 2009; Zinner et al. 2009; Furman et al. 2014; Good et al. 2015; Ait



Belkacem et al. 2016; Cannicci et al. 2017; Schmidt et al. 2017; Bryja et al. 2018a), and in
bathyergids it can explain the observed discordance between mtDNA and karyotypic
differences (Van Daele et al. 2007b). Mitochondrial DNA also has generally higher mutation
rate and lower effective population size and thus it shows finer population structure than
typical nuclear markers (Galtier et al. 2009), as it was observed among vertebrates (Weibel
and Moore 2002; Steppan et al. 2005; Eytan et al. 2010). This can explain, why the division
into up to six mitochondrial lineages observed in bathyergid genus Georychus (Visser et al.

2018) were not exactly confirmed by analysis of three nuclear markers (Visser et al. 2019a).

Modelling phylogenetic discordance at different loci allows more robust inference of
species limits and species phylogeny although its success is dependent on the number of
markers (Felsenstein 2006, Faircloth et al. 2012). In contrast the interpretation of single-locus

analyses is always questionable, especially when mtDNA is involved (Zachos et al. 2013).

1.6 Factors affecting diversification of mammals in the Eastern Africa

It is well known that diversification of many mammalian taxa in the Eastern Africa was
affected by the formation and later by the presence of EARS. Its rich geomorphological
structures either prevent gene flow across natural barriers, such as mountain ranges,
depressions, and lakes. Alternatively, the geomorphological complexity of the landscape has
provided inhabitants with plentiful habitats, changing over time with fluctuations of climate.
These factors together with dramatic climatic changes during the Plio- Pleistocene created
from the EARS a speciation cradle for many mammals in this part of continent. Even though
the EARS impact has been significant for many mammals (Girman et al. 2001; Pitra et al.
2002; Dubach et al. 2005; Potts 2013), it seems that it impacted mainly evolution of the small
ones, because of their limited ability for dispersal, dependence on specific habitat, and short
generation times (e.g. Demos et al. 2014; Bryja et al. 2014; Rowan et al. 2016; Lavrenchenko
et al. 2016; Petruzela et al. 2018; Mazoch et al. 2018; Krasova et al. 2019).

1.7 Evolution of mammals in African savannas

At present, African ecosystems comprise of various types, such as forests, deserts, or islands
of afro-alpine vegetation. Yet, savanna ecosystems, defined as mainly grassland with
discontinuous woods or shrubs (Ratnam et al. 2011), are one of the most widely distributed

ones, covering around half of the African land (Mayaux et al. 2004). Various types of



savannas, from mainly grasslands to savannas with trees and shrubs forming a light canopy,
are characterized mainly by annual rainfall and density of woods (Sankaran et al. 2005).
Extensive grasslands occurred around Late Miocene and a very complex network of savannas-
like and forest-like habitats was formed. During following periods of climatic oscillations, a
complex of periodically isolated and re-united savannas was generating, as forests dominated
in wet periods, and grasslands spread during arid periods (deMenocal 2004). Not only climate
was responsible for this dynamic. The natural barriers, such as mountain ranges, rifts, or lakes
and rivers, could have a significant effect on spreading of ecosystems with its inhabitants or
also directly restricted dispersions of particular mammalian species. For example, in the
Southern Africa, the dynamic river system had a significant effect on genetic diversification
of mammalian taxa (Cotterill 2003; Van Daele 2004, 2007a, b; Castiglia et al 2012;
McDonough et al. 2015). Yet, because of the rich geomorphology of EARS, probably the most
complex of savanna-woodland mosaic was and still is in the Eastern Africa. Therefore, various
studies suggest that savannas of Eastern Africa played a crucial role in speciation of many
mammalian lineages (Moodley and Bruford 2007; Van Daele et al. 2007b; Verheyen et al.
2011; Faulkes et al. 2011; Colangelo et al. 2013), including humans (Gibernau and Montuire
1996; Potts 1998).

1.8 Historical biogeography of bathyergids

Although bathyergids life expectancy is generally longer than in other small mammals, their
very limited dispersal abilities and association with savanna habitats resulted in a sensitivity
to vegetation changes. Taking their life history traits and current distribution of African mole-
rats, the diversification is expected to be highly affected by the presence of EARS (Ingram et
al. 2004; Van Daele et al. 2007a; Faulkes et al. 2011; Bryja et al. 2018b; Visser et al. 2019b).

To provide a credible/plausible scenario about the evolutionary history of bathyergid
family and to identify factors responsible for their diversification, it is necessary to have well
founded information about historical processes of the area. Under assumption the present day
distribution ranges of bathyergids reflect where genera originally evolved, the colonisation
scenario can be roughly reconstructed from their phylogeny and distribution. Two basal genera
(Heterocephalus and Heliophobius) occur mainly in EARS or east of it, whereas the remaining
genera (Bathyergus, Georychus, Fukomys, Cryptomys) occupying mostly in the south-west off
the EARS. Later, three genera occur in the southern part of continent with Fukomys distributed

from the Western up to the Central Africa. It is widely accepted, that the family originated in
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the Eastern Africa and spread through the arid corridor to the South Africa, where two generic
complexes separated. While Bathyergus and Georychus remained there, the ancestor of
Cryptomys and Fukomys continued northward, with Fukomys reaching the Central Africa
(Faulkes et al. 2004; Van Daele et al. 2007a; depicted in Fig. 2). Such scenario slightly differs
among studies, for example, Visser et al. (2019b) assume that the separation of Bathyergus —
Georychus and Cryptomys — Fukomys happen shortly after their ancestors left the East Africa

(around 22 Mya) and separately dispersed through their own routes.

On the other hand, it should be mentioned that so far published temporal diversification
scenarios of bathyergids vary significantly (Tab. 1) attributing the same phylogenetic splits
with different historical events. While in some studies estimated Heterocephalus split from
the rest prior to the formation of EARS (Faulkes et al. 2004; VVan Daele et al. 2007a; Visser et
al. 2019Db), results of others indicate the opposite scenario (Faulkes et al. 2017), or they
hypothesized these events being co-incident (Bryja et al. 2018b). Similarly, the intrageneric
evolution of Heliophobius was driven mainly either by the formation of EARS (diversification
in 20-7 Mya; Faulkes et al. 2011), whereas Bryja et al. (2018b) demonstrated the Plio-
Pleistocene climatic changes in the already formed EARS environment (start of the
diversification in 4 Mya). Also, the subdivision of the ancestral populations of Fukomys might
be mainly due to tectonic activity and climatic fluctuations (Faulkes et al. 2004, 2010, 2017)

or changes of major river systems (Van Daele et al. 2004, 20073, b).

Differences in dating of major bathyergid diversification events are caused mainly by
employing of different calibration of molecular clock. Even though a relatively high number
of extinct bathyergids was found, there is no reliable evidence about direct relationship of most
of them with particular extant genera (c.f. Winkler et al. 2010). Including them as calibration
points (Ingram et al. 2004; Faulkes et al. 2011; Visser et al. 2019a, b) could bring large
distortion of divergence estimates, if they are assigned to wrong lineages. In addition, some
authors (Faulkes et al. 2004, 2017; Van Daele et al. 2007b) used for the dating so-called
secondary calibration points, i.e. applying already estimated divergence time from earlier
studies. Recently, a relatively new approach estimates the diversification times by
implementing suitable fossil data into a fossilized birth-death model without need of a prior
node calibration solving the situation of high number of uncategorized fossil taxa (Heath et al.
2014). Applying this method to the phylogeny of bathyergids, Bryja et al. (2018b) obtained
much younger divergence times, e.g. the root of the family tree was only as old as 22 million

years (Ma), where the previous studies mentioned above showed it older than 30 or even 40
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Ma (see Tab. 1). Interestingly, divergence dating studies of older mammal radiations based on
multiple nuclear genes and fossil calibration points also placed the origin of bathyergids to the
early Miocene, about 26 Ma (Sallam et al. 2009; Fang et al. 2014).
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Fig. 2: Phylogeographic patterns of bathyergids published by Van Daele et al. (2007a). The
individual maps show their divergence step by step from (a) the origin of Heterocephalus
(Het.) lineage in East Africa, across (b) gradual distribution of Heliophobius led by formation
of Rift Valley and (c) spreading Bathyergus (Ba.) and Georychus (Ge.) lineages into Southern
Africa to the last radiation (d-f) of Cryptomys (Cr.) mainly in South Africa (1) and Fukomys
spreading north into Southern, Central and West Africa (2). For critical consideration of the
indicated timescale see Tab. 1.



Tab. 1: The different dating of the diversification of bathyergid genera (in million years ago)
in hitherto studies.

Diversification between .... (in Mya)
A study Cryptomys/
Heterocepha- | Heliophobius | Fykomys x | Bathyergus x | Cryptomys x
lus x rest x rest Georychus/ Georychus Fukomys
Bathyergus
Huchon and
48-40 15-12 11-9 - -
Douzery (2001)
Faulkes et al.
48-40 40-34 26-22 19-16 17-14
(2004)
Ingram et al.
35-33 20-19 - - 12-11
(2004)
Sallam et al.
26 - - - -
(2009)
Faulkes et al.
32 20-19 - - -
(2011)
Patterson and
31 18 13 11 10
Upham (2014)
Fang et al.
J 26 - - - -
(2014)
Faulkes et al.
- 20-19 - - 11
(2017)
Bryja et al.
22 11 9 8 6-7
(2018b)
Visser et al.
- - 16-15 15-12 -
(2019a)
Visser et al.
35 35 29 22 25
(2019b)
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1.9 The silvery mole-rat Heliophobius argenteocinereus

So far, the silvery mole-rat (Heliophobius argenteocinereus) is considered to be the only
member of this genus (Bennett and Faulkes 2000; Happold et al. 2013; Wilson et al. 2016),
but there are also different opinions such as three (Visser et al. 2019b) or six species (Faulkes
et al. 2011; Monadjem et al. 2015). Bryja et al. (2018b), on the contrary, suggested only one

species of silvery mole-rat.

The silvery mole-rat is a medium-sized mole-rat, with the mean weight of 190g for
males and 162g for females (Sumbera et al. 2003). As the species name indicates, their silky
and quite long pelage has silvery-grey colour (Fig. 3A), getting slightly paler on the ventral
side. Some individuals have small white patches on their foreheads (Happold et al. 2013).
Their body size and pelage colour slightly vary through the species distribution (Faulkes et al.
2011; Happold et al. 2013).

mottoulei $T

+&

[ argenteocinereus .

Fig. 3: A) A representative of Heliophobius argenteocinereus (photo by Radim Sumbera); B)
Areas with different colours and white names show the distribution of species published by
Monadjem et al. (2015), black crosses with grey names indicate the geographic position of
type localities of Heliophobius species, and remaining symbols corresponds to cytb lineages
found by study of Bryja et al. (2018b), from which the picture is taken and modified.
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Heliophobius argenteocinereus is a strictly solitary species, aggressively defending its
own burrow system against all conspecifics, except of short period of breeding season in which
adults tolerate opposite sex and pups in case of female. The individuals may disperse
aboveground and because of their limited ability to move on the surface, the distances are
relatively short. As a result, even relatively close geographical populations tend to be
genetically highly isolated (localities were 41 to 70 km apart; Patzenhauerova et al. 2010).
Heliophobius is sexually monomorphic in size, it has relatively small testes and balanced sex-
ratio (Sumbera et al. 2003) which generally suggests the monogamous mating system (Parker
et al. 1997), but the cases of polygyny and multiple paternity were found based on paternity
analysis (Patzenhauerova et al. 2010). This mole-rat is supposed to search for their mates also

aboveground and such trips could be even 700m long (Patzenhauerova et al. 2010).

This species has the largest distribution of all African mole-rats inhabiting the areas of
the southern Kenya, Tanzania, eastern Democratic republic of Congo, north-eastern Zambia,

Malawi, and northern Mozambique (

Fig. 5) (Happold et al. 2013). Most of its distribution lies in mesic area with >900 mm
of rainfall annually and wide range of altitudes up to 2000 m above sea level where it occupies
various savanna habitats from grassland to miombo woodland. In the northern most part of its
distribution in Kenya, Heliophobius occurs in warmer and sandy areas with lower annual
rainfall 250-600 mm (Jarvis and Sale 1971; Burda 2001; Sumbera et al. 2007). The range of
soil types throughout its distribution is wide — from black cotton soil, which is extremely hard

when dry and sticky and heavy when wet to soft cultivated farmland soils.

1.9.1 The taxonomy and genetic structure of Heliophobius

Across Heliophobius distribution, about nine forms were described in an early literature.
Taxonomic simplification by Ellerman (1940) rearranged all nine taxa, except for H. spalax,
to subspecies of H. argenteocinereus, namely H. a. argenteocinereus, H. a. angonicus, H. a.
robustus, H. a. marungensis, H. a. emini, H. a. kapiti, H. a. albifrons, and H. a. mottoulei.
Later, the re-examination of H. spalax detected used diagnostic features as age dependent and
thus indistinguishable to species H. argenteocinereus (Honeycutt et al. 1991). Also, Happold
(2013) synonymised all other species with H. argenteocinereus, although molecular
approaches revealed apparent mitochondrial and small karyotype divergence between some

populations. For instance, the 7.3% pairwise difference on 12S ribosomal RNA was found
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between the silvery mole-rats from Kenya on the one side and from Zambia and Malawi on
the other side (Ingram et al. 2004). Alternatively, a study of Faulkes et al. (2004) revealed
significant divergence on cytochrome b (cytb). The karyotype of Zambian and Malawian
(2n=62) populations slightly differ from the Kenyan (2n=60) population (Scharff et al. 2001,
Sumbera et al. 2007).

With the increased sampling, Faulkes et al. (2011) revealed, on the grounds of the cytb
marker, six clades with a clear geographic separation within a population of Heliophobius.
Clades 2a, 2b and 3 were found to occupy eastwards to the EARS and the remaining clades 1,
4, and 5 are distributed mainly westwards to this geomorphological formation. The basal clade
1 consisted of sequences retrieved from the museum samples from Democratic republic of
Congo. Following two monophyletic clades 2a and 2b are distributed northwards to and in the
northern part of the Eastern Arc Mts (EAM) and are by this mountain range separated from
clade 3 occupying the south. Yet, two localities (Nguru Forest, Msembe) suggest a
distributional overlap between clades 2b and 3. Clade 4 contains samples from Zambia and
Malawi, and all museum samples found in Democratic republic of Congo, Rwanda, and
Zambia form the clade 5. All their performed analyses (maximum parsimony, maximum
likelihood, Bayesian phylogeny) consistently resolved these main clades with similar topology
and good supports. Also, the genetic differences (uncorrected p distances) were calculated to
be relatively low within (2.4-7.2%) and relatively high between clades (6.3-17.7 %).
Moreover, calculated diversification times of all clades were found to be very deep. The
diversification process started around 20 Mya and ended around 7 Mya. These results led the
authors to suggest change status of found clades into species. However, they also mentioned
the need for wider sampling and further work with nuclear markers and microsatellites to test
potential gene flow. This taxonomic arrangement (Fig. 3B) was adopted in recently published
Rodents of Sub-Saharan Africa (Monadjem et al. 2015), but not in other compendia (Happold
2013; Wilson et al. 2016).

For studying the relationships within Heliophobius population, Bryja et al. (2018b)
sampled new localities and except for cytochrom b, they use also three nuclear markers
(NADSYN, TRPV, DHCR) and eight polymorphic microsatellites (DMR2, DMR7, CH1,
CH2, Harg02, Harg03, Harg07, Harg08). With the extended sampling, they revealed even
higher genetic structure then was revealed by Faulkes et al. (2011). According to Bryja et al.
(2018b), this genus comprises of ten lineages with very similar geographical pattern: a

separation by EARS and EAM. This result was proven by both, mitochondrial and nuclear
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markers. Nevertheless, microsatellites suggest gene flow across delimited lineages, even
across the geographical barriers mentioned above. Moreover, new method for estimation of
divergence times suggest notably younger split of extant Heliophobius populations. The

delimited lineages diversified in the Plio- Pleistocene (starting in 3.7 Mya).

On top of that, Bryja et al (2018b) found serious errors in study of Faulkes et al. (2011).
First, the geographical overlap of two clades in the EAM suggesting their reproductive
isolation was caused by wrongly positioned localities (Nguru Forest, Msembe). If these two
localities are placed correctly, there is no evidence for sympatric distribution between the
clades. Secondly, at least some sequences obtained from museum specimens represent
chimeras originated probably during the PCR processing. As the museum DNA is of a low
quality, a potential contamination during the PCR amplification can happen. In this case,
successfully acquired sequences compose only of a short part of the whole cytb, in some cases
of short parts connected together with unspecified nucleotides (N). Bryja and colleagues found
out, that if fragments of one Faulkes at al. (2011) sequence are taken separately into a new
phylogenetic analysis, each fragment independently cluster with other analysed individuals
across the whole tree, in two cases even with a genus Cryptomys. This is probably the reason,
why sequences from museum samples formed unique clades in a study of Faulkes et al. (2011).
Consequently, these clades (1 and 5) are not trustworthy and can not be consider as valid.
Based on all the findings, authors recommend using again a single species H.

argenteocinereus, awaiting a more detailed study.

1.10 The Cape mole-rat Georychus capensis

Traditionally, a genus Georychus consists of a single member, the Cape mole-rat (Georychus
capensis), but authors of recently published studies propose five Georychus species (Visser et
al. 2019a, b).

Similarly to the silvery mole-rat, the Cape mole-rat is a strictly solitary and strongly
territorial species, occupying and aggressively defending its own burrow system. This
medium-sized bathyergid (on the average 181 g) possess a white facial and head mask, not
found in any other mole-rat species. Its fur is grayish from the ventral side and brown with
various tinges from the dorsal side, going to darker shades on its head (Fig. 4). Brown tinges
of the body colour vary through the population; however, colours are not specific for any
locality (Bennett et al. 2006).
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Fig. 4: A) A representative of Georychus capensis (photo by Jan Okrouhlik); B) Genetic
clusters found in studies by Visser et al. (2018, 2019a, b).

The centre of the Cape mole-rat’s distribution lies in south-western coasts of South
Africa, but there are two isolated populations in KwaZulu Natal and Mpumalanga regions
(depicted in a map by numerals 5 and 6 respectively; Fig. 4B) (Bronner 1990; Visser et al.
2018). Fossil evidence indicates wider distribution in the past. Some representatives of G.
capensis were found in northern South Africa (Svartkrans Cave and Sterkfontein Valley)
around 2.8-1 Mya (Avery 1998, 2001) and near the south-eastern coast of South Africa
(Umhlatuzana) in late Holocene around 4000-1000 years ago (Avery 1991). A Plio-
Pleistocene fossil is known also from northern Botswana (Ngamiland) (Pickford and Mein
1988 in Winkler et al. 2010).

Georychus capensis generally prefers areas with moderate temperature around 25 °C
and annual rainfall ranging from 285 to 655 mm in the Western Cape and around 900 mm in
KwaZulu Natal and Mpumalanga regions. They occur in different elevations from coasts in
the western part of its distribution to the highlands with the altitude up to 2000 m in the eastern
part of its distribution (Visser et al. 2017; Bennett et al. 2006). The most preferred types of
substrates of this species are sandy loams, particularly coastal dunes, alluvium and clay soil
along rivers and in montane areas (De Graaff 1981; Bennett et al. 2006). Although Georychus
occurs in various vegetation types, such as fynbos, renosterveld, grassland and is commonly
found in human modified areas, the main feature that shaped its distribution is believed to be
areas with vleis or the vicinity of rivers (Visser et al. 2017). The mesic regions of south-
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western Cape which is typical with extremely high geophyte diversity represent a typical
locality for Georychus. On the other hand, similarly to other mole-rats, their non-random and
effective search for food enables to inhabits habitats with low biomass productivity of

geophytes, such as the montane fynbos (Du Toit et al. 1985).

1.10.1 The taxonomy and genetic structure of Georychus

According to an early scientific literature, Georychus capensis was divided to three
subspecies: G. c. capensis distributed in the Western Cape Province, G. c. canescens
occupying the southern Cape Province, G. c. yatesi from Mpumalanga region (Ellerman 1940;
Ellerman et al. 1953). Several studies in last 30 years based on allozymes, restriction fragment
length polymorphisms and mitochondrial sequences, suggested a deep separation of the
disjunct populations from Western Cape, KwaZulu Natal and Mpumalanga warranting distinct
species (Janecek et al. 1992; Honeycutt et al. 1987, 1991; Nevo et al. 1987; Faulkes et al.
2004; Ingram et al. 2004). Moreover, Janecek et al. (1992) found also considerable genetic
differences of individuals in Nature's Valley from other Cape populations.

The most recent studies confirmed findings about strong genetic structure across the
genus distribution (Fig. 4B). The first study (Visser et al. 2018) covering whole geographic
range revealed, on the grounds of cytb and control region of mtDNA, six genetic clusters. The
highest and simultaneously comparable divergences were between Western Cape (lineages 1-
4 in a map (Fig. 4B)), KwaZulu Natal (lineage 5), and Mpumalanga populations (lineage 6).
The genetic variability was partitioned from 47% among these three groups, from 44% among
populations within each group, and only from 8% within each population. The following
papers (Visser et al. 2019a, b) supported the previous division, with the exception of lineages
1 and 2 in the Western Cape (Fig. 4B), which in those studies formed one cluster. Visser et al
(2019a) used a combination of mtDNA (namely cytb) and nuclear markers, namely GHR,
TTR, and BFibr, while the later study (Visser et al. 2019b) based the delimitation mainly on
sequence divergence from cytb marker. Both studies reached more or less the similar topology
of trees, according to maximum likelihood and Bayesian analyses with cytb or combined
datasets. Only a phylogeny based solely on nuclear markers merged a group containing
lineages 1 and 2 also with a lineage 3 from Struisbaai (near the Cape Agulhas).
Simultaneously, both studies revealed the significant sequence divergences between delimited
clades on a cytb (up to 12.2 % in a former and up to 12.1 % in a later study) and three nuclear

markers (ranging from 0.3 to 0.8 %) datasets. According to authors, diversification process of
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all clades occurred already during Miocene. Yet, the estimated times considerably vary
depending the used markers and calibration of clock: 6-4 or 10-5 Mya (nuclear or
mitochondrial datasets respectively with a fossil Proheliophobius as a calibration point; Visser
et al 2019a) or even 16-9 Mya (mitochondrial dataset with the same calibration point, but most
probably set to a different node of a tree; Visser et al 2019b). Different types of soil, altitude,
and annual rainfall between the main localities are in these studies considered as supporting
facts for the uniqueness of revealed clusters. Taking all evidences together, the authors

proposed the delimitation of all five genetic lineages into separate species.
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2 Aims of the thesis

Main aim of this thesis is to reconstruct intrageneric relationships of two solitary African mole-

rat genera (Heliophobius and Georychus) by using two molecular approaches:

1) Sanger sequencing of six nuclear markers (RAG1, FGB, DHCR, NADSYN, SMO,
and TRPV)

2) High-throughput sequencing, specifically double digest Restriction-site Associated
DNA sequencing (ddRADseq)
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3 Materials and methods

3.1 Sampling and DNA isolation

In total, the material consists of 101 specimens of Heliophobius argenteocinereus and 43 of
Georychus capensis. Heliophobius samples were collected during field expeditions to Kenya,
Malawi, Mozambique, Tanzania and Zambia from 32 localities between years 2000 and 2016
(Fig. 5, Tab. S1 in the Supplement). Samples of the genus Georychus from 13 localities in the
Republic of South Africa were provided by Bettine van Vuuren from the Centre for Ecological
Genomics and Wildlife Conservation in the University of Johannesburg (for details about
collection procedures see Visser et al. (2018)) (Fig. 6, Tab. S1 in the Supplement). The tissue
from Heliophobius were taken after the dissection of wild caught individuals, while the
samples of Georychus were obtained from frozen animals. Tissue samples (spleen, liver,

muscle or toe) were taken and stored in 96% ethanol until DNA extraction.
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Fig. 5: The map of 32 localities of Heliophobius samples grouped according to mitochondrial
lineages found in a previous study (Faulkes et al. 2011; Bryja et al. 2018b). Red line depicts
the geographic distribution; the part of the distribution marked by a dashed link, is considered
as probable (IUCN 2019). The name Zomba Plateau in fact represents four nearby sites
(Zomba plateau, Domasi, Malosa, and Mpalanganga estate).
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Fig. 6: The map showing 13 localities of G. capensis with mitochondrial lineages from a study
of Visser et al. (2018) with the area of distribution (IUCN 2020).

DNA was isolated using a commercial kit DNeasy Blood & Tissue Kit (Qiagen)
according to enclosed protocol. Since the DNA for the genomic use (ddRADseq) should not
be fragmented, | verified the quality of extractions. Isolates were electrophoresed on an 1%
agarose gel for the detection of product length and fluorometrically measured by The Qubit®
2.0 Fluorometer using dsDNA BR Assay Kit (Qubit) to analyse the DNA concentration.

3.2 Analysis of genetic structure with nuclear markers

23 individuals of Heliophobius from 19 localities and 13 of Georychus from 7 localities,
representing all major mitochondrial lineages (sensu Bryja et al. 2018b; Visser et al. 2018)
were selected for an analysis of nuclear markers (these specimens are marked in Tab. S1 in
the Supplement).

3.2.1 PCR and sanger sequencing

A polymerase chain reaction (PCR) was used for targeting altogether six nuclear markers, one
exon (RAG1) and five introns (DHCR, FGB, NAD SYN, SMO, TRPV) (Tab. 2), in all 36
isolated samples. Each 10 ul PCR reaction contained 5 pl of Qiagen Multiplex PCR Master
Mix or Qiagen HotStarTaqg Master Mix Kit, 0.3 ul of each forward and reverse primer
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(10 uM), 0.5 pl of DNA, and 3.9 ul ddH2O. The thermocycling conditions for RAG1, DHCR,
NAD SYN, SMO, and TRPV consisted of initial denaturation step at 95°C for 15min, 10
cycles 0f 94°C for 30s, 65°C for 30s (decreasing by 1°C with each cycle), 72°C for 1min, then
25 cycles of 94°C for 30s, 55°C for 30s, and 72°C for 1min, with the final step of 72°C for
10min. Amplification for FGB gene started with initial denaturation at 95°C for 15min,
following by 35 cycles of 94°C for 40s, 59°C for 45s, 72°C 1min 30s, and ending with final
extension at 72°C for 10min. The quality and lengths of fragments were verified by an
electrophoresis in an 1% agarose gel using Top-Bio DNA marker. The purification of all
amplified PCR products was performed by two enzymes (Exonuclease I, E.coli (Exo I, 20,000
units/ml) and Alkaline Phosphatase, Calf Intestinal (CIP, 10,000 units/ml) from New England
BioLabs)) according to the following protocol: 0.05 ul Exo I, 0.1 ul CIP, 1 ul ddH20 and 5 pl
of PCR product; 37°C for 30min, 85°C for 15min in thermocycler. All genes were
commercially sequenced with forward primers and those with lower quality results, all
specimens for NAD SYN and some for SMO introns, were sequenced from reverse side for

the verification. The sequencing process was accomplished by GenSeq s.r.0. company.

Tab. 2: A list of nuclear markers with primers sequences and lengths of final sequences.

Lengths of
Gene Sequences of primers (5°-3") ) Reference
alignments (bp)
L: GCTTTGATGGACATGGAAGAAGACAT
RAG1 1104 Teeling et al. 2000
H: GAGCCATCCCTCTCAATAATTTCAGG
DHCR L: CAGGACATGCTGGTGCCCATGAA 351 Rodriguez-Prieto et
H: CCTGGCTGGCTGGGCAGGATGAA al. 2014
L: GGGGAGAACAGAACCATGACCATCCAC o
FGB 848 Wickliffe et al. 2003
H: ACCCCAGTAFTATCTGCCATTCGGATT
NAD L: GTYCGYTACAAYTGCAGAGT £68 Rodriguez-Prieto et
SYN H: TCCTKSHCCAKGGGGTRAACCA al. 2014
SMo L: GCCACCCTGCTCATCTGGAGGCG 134 Rodriguez-Prieto et
H: TTGGCRATCATCTTGCTYTTCTTGA al. 2014
TRPV L: TTACCRBACCACVGYGGACTACCT 201 Rodriguez-Prieto et
H: CTGGAAGGAGCCRTCGAYGAAGA al. 2014
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3.2.2 The processing of sequenced data

Obtained sequences were adjusted in software Geneious Prime. Firstly, | checked the quality
of sequences and verified them by online nucleotide database of NCBI BLAST (Basic Local
Alignment Search Tool, https://blast.ncbi.nlm.nih.gov/Blast.cgi). Individual forward and
reverse sequences of NAD SYN and SMO genes were merged into so-called contigs. All low-
quality ends and primers of sequences were cut off by function Trimm Ends and for finding
heterozygote nucleotides | used function Find heterozygotes. All sequences of individual

genes were aligned using Geneious Alignment and final alignments were manually adjusted.

For the following phylogenetic analyses, all sequences of specimens were phased to
haplotypes, corresponding to a pair of chromosomes in every individual. This process was
performed by PHASE v2.1.1 (Stephens et al. 2001, Stephens and Scheet 2005), which is a
Bayesian method estimating posterior probability distribution over haplotypes compatible
with the observed sequences. The model assumes haplotypes to be in Hardy-Weinberg
equilibrium and no recombination within loci. Only the base pairs phased with posterior
probability > 0.90 were accepted, otherwise an ambiguous nucleotide was assigned to both
haplotypes. For the following Bayesian analyses in program BEAST, a random representative
of haplotype was chosen for each individual to guarantee a random choice of specimens from

the population.

3.2.3 Species delimitation analysis

Mitochondrial lineages described in the previous studies (Bryja et al. 2018b, Visser et al. 2018)
served as operational taxonomic units (OTUSs). To reveal whether they correspond to distinct
nuclear gene pools, | used a package STACEY (Jones 2017), running under BEAST v2.6.0
(Bouckaert et al. 2014), which performs a species delimitation analysis based on the
multispecies coalescence model (Rannala and Yang 2003). It uses birth-death-collapse prior
(Jones et al. 2015) for species tree shape to identify units, which are likely collapsed (or
merged, i.e. conspecific). Because of a missing sequence of Georychus for DHCR gene from
lineage 5, | created it artificially by replacing SNPs with IUPAC nucleotide code for any base
(N). The alignment of gene RAG was split into separate partitions according to the codon
positions (2 vs. 3). In the case of Heliophobius, I used HKY substitution model (Hasegawa et
al. 1985) with a diffuse lognormal prior on the transition/transversion ratio (parameter Kappa).
HKY model was selected as a simple, yet versatile model of sequence evolution. In Georychus,

however, it caused low effective sample size of posterior sample and thus even simpler JC
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model (Jukes and Cantor 1969) was used. Every locus was assumed to have its own
genealogical history (gene tree) and every partition had its own substitution model and
substitution rate, which was estimated as a multiple of an average strict clock rate (arbitrarily
set to unity). The length of the Markov chain Monte Carlo (MCMC) was optimized to achieve
sufficient effective size of the posterior sample. Finally, it was set to 50000000 generations in
Heliophobius and 20000000 generations in Georychus (logging every 5000 generation in both
cases). The convergence of MCMC was checked in a program Tracer v1.7.1 (Rambaut et al.
2018) and posterior probabilities of species delimitations in program R v 3.5.2 (R Core Team

2019) after removing of 10% of trees as a burn-in.

3.2.4 Reconstruction of gene and species trees

In the subsequent phylogenetic inference, gene pools identified in STACEY are treated as
species, whether or not they are to be given this taxonomic rank. The species tree of each
genus was estimated under multispecies coalescence model as implemented in StarBEAST2
v0.15.5 (Ogilvie et al. 2017), which is also a package of BEAST 2. Here, the species are kept
fixed and just their phylogeny is estimated. The data partitions, substitution and clock models
were set as in STACEY, but as a species tree prior Yule Model was used, which is birth-death
model assuming no extinction. The MCMC parameters were the same as in STACEY. |
conducted two independent runs and checked in Tracer whether they converge to the same

posterior distribution of parameter values.

3.2.5 Visualisation of haplotype diversity

An alternative view of genetic differentiation of mitochondrial lineages was provided by
haplotype networks. The networks were created for each locus separately using TCS algorithm
(Clement et al. 2002) in a program PopART v1.7 (Leigh and Bryant 2015). Because of the
complexity of the whole dataset of the genus Heliophobius, I split the data to the northern (N1,
N2, N3, and N4) and the southern group (SE1, SE2, SE3, SW2, and SW3) for a better

presentation of relationships of their internal lineages.

3.2.6 Dating of divergence

Although relatively rich, the fossil record of bathyergids does not include many species

showing clear affinity to extant genera and species and thus it does not allow node calibration
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of molecular clock within reconstructed species trees. Therefore, to estimate divergence times
among bathyergid lineages, | used a fossilised birth-death model (Heath et al. 2014) as
implemented in Sampled Ancestors add-on package (Gavryushkina et al. 2014) of BEAST v
2.4.6. It estimates divergence times of recent species by modelling of speciation, extinction
and fossilisation rates, which is informed by molecular data of extant species and by
distribution of fossils in time.

In the analysis, | included all bathyergid genera and their sister lineage Phiomorpha
(represented by Petromus and Thryonomys). Each genus was represented by its major
mitochondrial lineages. Information about known fossils of bathyergids and phiomorphs were
obtained from the paleontological literature (for more details see Tab. S2 in Supplement).
Since markers sampled in this study are not available for all included genera, | used, instead,
sequences of one mitochondrial (cytb) and three nuclear (GHR, IRBP, VWF) markers,

acquired from Genbank database (https://www.ncbi.nlm.nih.gov). The alignment of cytb was

split into two separate partitions (1+2) and 3, according to codon positioning. HKY
substitution model with relaxed lognormal molecular clock was specified for all partitions.
Every partition was set to have its own substitution model and substitution rate but share equal
clock rate and phylogenetic tree. The removal probability parameter of the fossilised birth-
death model was fixed to 1, which does not allow the fossils to be treated as direct ancestors
of extant lineages. The parameters of MCMC were set to the overall length 30000000
generations with logging every 5000s. The progress of MCMC was checked in Tracer v1.7.1
and the maximum clade credibility tree was calculated in TreeAnnotator v2.6 (Bouckaert et
al., 2014).

3.3 Analysis of genetic structure with ddRADseq loci

3.3.1 Library preparation

The complete DNA material comprising of 101 specimens of Heliophobius and 43 specimens
of Georychus was processed into one final ddRAD library according to slightly altered
protocol of Peterson et al. (2012). This final ddRAD library was prepared from three sub-
libraries, each containing 48 samples ordered according to DNA concentrations as follows:
LIB1 comprising of samples with > 32.9 ng/ul, LIB2 14.4-32.6 ng/ul, and LIB3 < 14.3 ng/ul.
Because of such ordering, samples were randomly spread between libraries. In the first step,

genomic DNA from each individual in the quantity of 300 ng or 200 ng, for samples with low
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amount of DNA (LIB3), was digested by restriction enzymes. Overall volume and contents
volume of restriction reactions varied according to sub-library. Total reaction volume was 30
ul in samples of LIB1 and LIB2 and 50 pl for samples of LIB3. Each reaction (LIB2 and LIB3)
contained 0.25 pl of Sphl-HF (5 U), 2 ul of MIuCI (20 U), 3 ul of CutSmart buffer, and
adequate amount of water. To ensure proper digestion of DNA in samples from LIB1, the
volume of enzymes was increased (0.5 pl of Sphl-HF, 2.5 ul of MIuCI). After incubation in
37°C for 3 hours and purification of reaction products on magnetic beads, adapters (P1 and
P2; Peterson et al. 2012) were ligated in a 40 ul reaction with 100 ng (LIB1, LIB2) or 80 ng
(LIB3) of each restriction product. After this step, all 48 ligation products per sub-library
differed in adapter barcode, so they could be pooled. Following precise size selection of 276-
324 bp fragments from all three sub-libraries were performed on Pippin Prep preparative DNA
platform. To amplify fragments, connect multiplex indexes and flowcell annealing sequences,
several 50 ul PCR reactions were done for each sub-library. PCR amplified sub-libraries were
purified on AMPure XP beads, quantitated and equimolary pooled into a final library. The
sequencing process was realized on an Illumina HiSeq 2000/2500 in the EMBL Genomics

Core Facility (Heidelberg, Germany).

3.3.2 The processing of raw data

Raw reads were filtered out from low quality sequences, sorted into individuals according to
barcodes, and trimmed off from adapters in a component of a software Stacks v2.2 (Catchen
et al. 2011) — process_radtags. Processed RAD sequences were aligned onto the reference
genome (a  bathyergid species  Fukomys damarensis (GCA_000743615.1;
https://www.ncbi.nlm.nih.gov)) using Bowtie v2.2.4. (Langmead and Salzberg 2012) with

“very sensitive” set, and subsequently processed in the ref map pipeline implemented in
Stacks to assembly loci. Extracting of SNPs for the following phylogenetic analyses was
processed in a population component of Stacks v2.3 for both genera separately. This step also
filtered the datasets according to set parameters (minimum number of populations with present
locus or minimum percentage of individuals in a population to process a locus for such
population). From Stacks output, only loci with at least 90% sequencing Success across
individuals were selected. This step, done in a program R (R Core Team 2019), reduced the
data sets from 105814 to a final 26594 loci from 101 individuals of Heliophobius and from
162295 to a final 40549 loci from 43 individuals of Georychus.
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3.3.3 Cluster analyses

The similarities among individuals were visualised in the co-ancestry matrix estimated in
RADpainter (Malinsky et al. 2018). It uses a modified algorithm of Lawson et al. (2012) for
multiple discrete loci obtained by Restriction-Site Associated DNA sequencing (RADseq).
The algorithm calculates, separately for each locus and each individual, the number of
sequence differences (different alleles) between particular individual and all other individuals.
Its nearest neighbour, showing the least number of differences, is considered as its closest
relative at the locus. If multiple nearest neighbours are found, the co-ancestry is equally
distributed within those neighbours, and in case of a missing allele, the average similarity of
such allele to alleles of other individuals is assumed. At the end, all calculated co-ancestry

values from all loci are summed to get the co-ancestry matrix for the whole data set.

To find and define cluster structures within the built co-ancestry matrix, two clustering
methods were used: fineRADstructure and Infomap. The fineRADstructure clustering
(Malinsky et al. 2018) estimates very fine population structure and uses a modified MCMC
clustering algorithm of fineSSTRUCTURE (Lawson et al. 2012) for RADseq data. It clusters
rows of the matrix, which represent individual co-ancestry profiles as they mark similarity of
one individual to all others. Since such co-ancestry profiles consist of counts (numbers of loci
with detected co-ancestry), they can be modelled as coming from a multinomial distribution.
fineRADstructure clusters only those profiles (i.e. individuals) that come from the same
multinomial distribution. This method is Bayesian with built-in priors on the shape of
multinomial distributions and the number of clusters. The posterior probabilities of clusters
are estimated by MCMC (20000 generations with 50% burn-in and samples taken every 1000
generation in this case). The clustering with the maximum posterior probability was retained
and the hierarchy of clusters was subsequently built by successively merging clusters in order
of the minimum loss of likelihood.

The software Infomap detects broad structure among populations, and thus estimated
clusters correspond more to phylogeographic lineages or species rather than families or local
populations like in the case of fineRADstructure. This software uses the minimum description
length (MDL) clustering (Rosvall and Bergstrom 2008) that works with the co-ancestry matrix
as if it was a network. Nodes in such network stand for individuals and are connected by
weighted directed links carrying information about counts of loci in the matrix. Each node in
the description of the co-ancestry matrix is represented by a unique binary code, and the

description length is expressed as the average code length calculated by the map equation
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(Rosvall and Bergstrom 2008). The clustering algorithm (Blondel et al. 2008, Rosvall et al.
2009) seeks after tightly clustered nodes to assign them and their constituent nodes shorter
codes, which makes the average code length shorter. The clustering minimizing description
length is retained. Presented figures of maps and trees were created in R, using packages ape
(Paradis & Schliep, 2018), rgdal (Bivand et al. 2019) and raster (Hijmans 2019).
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4 Results

From all tissue samples, the DNA was successfully isolated in a sufficient concentration and
volume for all laboratory procedures. PCR failed in one sample of G. capensis from
Nottingham Road (lineage 5; Nrd3) for DHCR locus and two samples of H. argenteocinereus
of the locus NADSYN from Mpalanganga estate (lineage SW2; M8x3085) and Chowe
(lineage SE2; M8x3142).

4.1 The genetic diversity of Heliophobius

All OTUs were delimited as different species in STACEY analysis Tab. 3: Posterior
probabilities of lineage conspecificity in the genus Heliophobius estimated as proportions of
species trees sampled by STACEY, where the lineages were collapsed.with the high posterior
probability (PP = 0.83-1.00) (Tab. 3). These PP values are equal to the proportions of posterior
samples where OTUs were not collapsed with any other OTU and hence supported as distinct

“species”.

In the maximum clade credibility species tree (Fig. 7) from StarBEAST analysis the
lineages distributed southward to Eastern Arc Mountains (=EAM) (all SW and SE lineages)
cluster together with PP=1.00, and the inner relationships are well supported for monophyletic
groups SE1 (mainly south-eastern Tanzania) + SE2 (eastern side of Lake Malawi) with
PP=0.91 and SW2 (southward from Lake Malawi) + SW3 (to the west from Lake Malawi)
with PP=1.00. The monophyly of lineages distributed eastward to Lake Malawi (SE1, SE2,
SE3) had lower PP (0.85). The northern group (northern part of EAM) cluster with a support
PP=0.91, and within the group the support is strong only for monophyly of the group
containing N3 (Nayala in south-western Tanzania) and N4 (northern part of EAM) lineages
(PP=0.92). The support for N1+N2 (Taita Hills in southern Kenya and Ntendo south-eastward
to Lake Tanganika respectively) was low (PP=0.48). All individual gene trees are available in

the Supplement (Fig. S1), enabling better comparison with the following haplotype networks.

Haplotype networks of particular genes of northern lineages (Fig. 8) confirms, with
some exceptions, the results of StarBEAST analysis, and show the genetic affinities of two
most northern lineages of my data set (N1, N2) and lineages in Nayala and northern EAM
(N3, N4). This trend is well visible in RAG and TRPV markers, on the other hand, the NAD
SYN gene do not show any pattern among these lineages. The haplotype networks of the
southern group (Fig. 9) do not correspond to the species tree. Haplotype network of FGB
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marker mostly corresponds to the maximum clade credibility tree created in StarBEAST (Fig.
7). Two separate clusters distributed eastward (SE lineages) and westward to Lake Malawi
(SW lineages) are clearly visible, and the same, but weaker, pattern can be found in markers

NADSYN and SMO. Nevertheless, the rest of the markers indicate no specific pattern.

The number of clusters in the ddRAD-based co-ancestry matrix differs between the
clustering methods, as expected. While fineRADstructure method found 51 populations of
very recent origin, Infomap clustering shows only two and evidently much older populations,
i.e. the northern (N lineages) and the southern group (SE and SW lineages) (Fig. 10). The
dendrogram made by fineRADstructure shows the identical topology and follows the
delimitation of multilocus analyses of nuclear markers made in BEAST with two exceptions.
Firstly, populations southeastward to Lake Malawi (SE lineages) are mixed up and do not
correspond to the results of STACEY and StarBEAST analyses. Secondly, an individual from
Taita Hills (lineage N1) integrated into a lineage SE1 from southeast of Tanzania (the second
black branch from the top of the dendrogram). However, this outcome represents probably an
error made during the library preparation. A map in a Fig. 11 demonstrates the geographic
distribution of all 51 populations defined in fineRADstructure among sampled localities. For
a greater clarity, neighbour localities closer than 10 km are merged and represented only by
one site. On such space scale, genetic populations are more or less equally distributed with up
to 6 populations per site. To get an idea of the space distribution of two multi-population sites
(Masenge and Zomba Plateau), go to the Supplement (Fig. S3, S4).

Tab. 3: Posterior probabilities of lineage conspecificity in the genus Heliophobius estimated
as proportions of species trees sampled by STACEY, where the lineages were collapsed.

N1 N2 N3 N4 SE1 SE2 SE3 SW2 | SW3
N1 0.99 0.01 0 0 0 0 0 0 0
N2 0.01 0.99 0 0 0 0 0 0 0
N3 0 0 1 0 0 0 0 0 0
N4 0 0 0 1 0 0 0 0 0
SE1 0 0 0 0 0.83 0.17 0 0 0
SE2 0 0 0 0 0.17 0.83 0 0 0
SE3 0 0 0 0 0 0 1 0 0
SW2 |0 0 0 0 0 0 0 0.99 0.01
SW3 |0 0 0 0 0 0 0 0.01 0.99
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Fig. 7: A) The map with sampled localities for six nuclear markers of a silvery mole-rat
coloured according to OTUs. B) The maximum clade credibility tree from StarBEAST
analysis based on six nuclear markers for the genus Heliophobius. The numbers next to nodes
show the posterior probabilities for the specific nodes and terminal nodes are named and
branches coloured according to OTUs in the map.
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Fig. 8: Haplotype networks for the northern cytb lineages of the genus Heliophobius for all
genes separately. Circles depict individual haplotypes, the size of circles corresponds to
number of sequences, lines between circles represents mutual genetic connection, and number
of transverse lines indicate the number of mutations between certain haplotypes.
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genes separately. Circles depict individual haplotypes, the size of circles corresponds to
number of sequences, lines between circles represents mutual genetic connection, and number
of transverse lines indicates the number of mutations between certain haplotypes.
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Fig. 10: Heatmaps of co-ancestry matrix with fineRADstructure and Infomap populations of Heliophobius specimens (each population is marked
by black border). The colour scale is normalized and expresses co-ancestries as proportions rather than counts (higher proportion of similarities
among specimens is marker by “darker” colour). The dendrogram next to the heatmaps was estimated by fineRADstructure and shows higher-

order similarities of its populations. The colours of branches in the dendrogram indicate an affiliation to specific OTUs.
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Fig. 11: The geographic distribution of genetic populations of Heliophobius revealed by
fineRADstructure. Each dot represents a locality. In case that locality was less than 10km to
another, they were merged. The colour of a dot stands for a number of populations in the
locality.

4.2  The genetic diversity of Georychus

The species delimitation analysis STACEY indicates five well supported “species” (Tab. 4).
Two lineages from the most western part of the Western Cape Province (L1, L2) clustered
together with PP=0.59. The rest of OTUs are supported as distinct entities with PP=0.90-1.00.

According to the maximum clade credibility species tree from StarBEAST (Fig. 12),
cytb lineages forming the densest populations in the Western Cape Province (L1+2, L3, L4)
cluster together with PP=0.89, while a monophyly of geographically remote populations in

KwaZulu Natal (Nottingham Road; L5) and Mpumalanga regions (Wakkerstroom; L6) is
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supported with PP=0.9. For easier comparison of these results with haplotype networks, see

the separate gene trees estimated along with the species tree (Fig. S2 in Supplement).

Well-supported delimitation of most lineages into species and high PP for clusters in a
species tree is notable in the visualization of the data using haplotype networks (Fig. 13) for
separate nuclear markers. Most haplotype networks display clear separation of haplotypes
from two small and distinct populations (L5, L6) located northeast to the other haplotypes.
More detailed trend apparent from networks of all markers is grouping of three lineages in the
Western Cape (L1, L2, L3).

In the ddRAD dataset, fineRADstructure method estimated 24 populations while
Infomap only one population (Fig. 14). All OTUs defined as species in a multilocus analysis
of six nuclear markers cluster together also in a dendrogram made by fineRADstructure and
also the topology of dendrogram follows a result of StarBEAST. The individuals from the
Western Cape (lineages L1 and L2) united into a monophyletic group and also the rest
representatives are gathered in the dendrogram according to OTUs. The distribution of 24
populations defined by fineRADstructure is displayed in a map (Fig. 15). The identical space
scale of 10 km as in the case of Heliophobius is applied for merging nearby localities, but all
of them remained without a change. Among sampled sites, populations are equally distributed
with up to 4 populations per site. The space distribution of populations in two multi-population
sites (Wakkestroom and Oudshoorn) is available in the Supplement (Fig. S5, S6).

Tab. 4: Posterior probabilities of lineage conspecificity in the genus Georychus estimated as
proportions of species trees sampled by STACEY, where the lineages were collapsed.

L1 L2 L3 L4 LS L6
L1 0,40 0,59 0.08 0 0 0
L2 0,59 0,39 0.09 0 0 0
L3 0.08 0.09 0.9 0 0 0
L4 0 0 0 1 0 0
LS 0 0 0 0 1 0
L6 0 0 0 0 0 1
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Fig. 12: A) The map with sampled localities with six nuclear markers coloured according to
OTUs. B) The maximum clade credibility tree from StarBEAST analysis based on six nuclear
markers for the genus Georychus. The numbers next to nodes show the posterior probabilities
and terminal nodes are named and branches coloured according to OTUs in the map.
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Fig. 13: Haplotype networks for the genus Georychus for all genes separately. Circles depict
individual haplotypes, the size of circles corresponds to number of sequences, lines between
circles represents mutual genetic connection, and number of transverse lines indicate the
number of mutations between certain haplotypes.
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Fig. 15: The geographic distribution of genetic populations of Georychus delimited by
fineRADstructure. Each dot represents a locality. The colour of a dot stands for a number of
populations in that locality.

4.3 Dating of divergence

An estimation of bathyergids divergence dates (Fig. 16) using a fossilized birth-death model
is based on four genetic markers and wide range of fossil taxa. According to the results, the
diversification of bathyergid lineages began in the late Oligocene when Heterocephalus split
from other genera (25.8 Mya). In the middle Miocene, the Heliophobius clade separated in
13.03 Mya, and clades Bathyergus + Georychus and Cryptomys + Fukomys divided in
10.53 Mya. Splits between a pair of Georychus + Bathyergus happened in 8.69 Mya and in
7.76 Mya between a pair of Cryptomys + Fukomys. The intrageneric diversifications of recent
lineages of genera studied in this thesis occurred during Plio- Pleistocene and started in 4.14
Mya within Heliophobius and in 4.01 Mya within Georychus.
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Fig. 16: The divergence dates of the bathyergid family calculated in fossilized birth-death
model. The estimated times are highlighted for node representing the separation of the basal
Heterocephalus glaber from other bathyergids and for the divergences of main clades within
Heliophobius and Georychus. The numbers and letters behind the species names correspond
to the names of OTUs.
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5 Discussion

5.1 The observed genetic diversity

The Bayesian species delimitation analysis under the multispecies coalescent found nine
genetically isolated populations or gene pools, in case of the genus Heliophobius and five gene
pools in the genus Georychus with a high support in both genera. An estimation based on the
high number of loci acquired in ddRADseq differs according to a used clustering algorithm as
expected. While the fineRADstructure algorithm defined finer structure with 51 and 24
populations within Heliophobius and Georychus respectively, the Infomap algorithm revealed
a significant proportion of the most similar loci even between predefined OTUs. As a result,

two distinct gene pools in Heliophobius and one gene pool in Georychus were estimated.

5.1.1 The genetic diversity of Heliophobius

The first extensive study dealing with the molecular phylogenetic reconstruction of the
Heliophobius argenteocinereus found high genetic structure across its distribution, containing
six main clades (Faulkes et al. 2011). However, the result is based only on the cytb marker,
and it becomes clear that the evolution of mtDNA does not necessarily correspond to the
evolution of the nuclear DNA (e.g. Toews and Brelsford et al. 2012). Moreover, the analysis
of cytb marker with extended sampling sites suggested higher structuring with ten
mitochondrial clades (Bryja et al. 2018b). The study of Faulkes et al. (2011) also contains
additional mistakes. Firstly, two localities (clade 2b) from the northern part of EAM were
incorrectly placed in the map, which resulted in a geographic overlap with the clade from the
southern part of EAM (clade 3), suggesting an occurring of both clades in these localities (and
potential reproductive isolation). Secondly, some sequences from museum samples represent
chimeras originated probably from a contamination during PCR amplifications. Published
sequences from museum samples comprise only of fragments of cytb connected with unknown
nucleotides (N) (unrevealed information). If these fragments were taken as separate sequences,
they clustered independently to other parts of an original sequence, in two cases even with
another bathyergid, a genus Cryptomys (see supplement of Bryja et al. 2018b for further
details). Therefore, two clades defined by Faulkes et al. (2011) south-westwards to the EARS
(clades 1 and 5), containing only sequences from museum specimens, can not be considered
as valid. Nevertheless, it is highly obvious that the population of the silvery mole-rat is

genetically very structured.
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In order to solve the problems with these lineages of Faulkes et al. (2011) we also
assessed phylogenetic placement of newly sequenced museum specimens (Fig. S8), one from
Nyika National Park (Zambia) and four from Katanga region (Dem. Rep. Congo). The
localities of newly sequenced specimens are identical with the sampled localities in Faulkes
et al. (2011). Short cytb sequences were obtained by amplicon sequencing on Illumina
platform. More details about samples and the analysis are in the chapter 7.1 of the Supplement.
Two Illumina barcodes clustered together with other individuals from nearby localities (one
from Nyika NP and one from Katanga region). Three sequences, got from specimens defined
by Faulkes et al. as “H. mottoulei”, created a monophyletic clade together with the Faulkes et
al.’s original sequences. This clade was very divergent and with no clear affinity to any other
sampled lineages. Therefore, it was not included in the analysis, as | could not decide whether
it is a kind of artefact or a genuine lineage with unresolved phylogenetic position. Yet, it is
possible that already published cytb sequences from these specimens are partly correct (as
suggested by Bryja at al. 2018 Suppl. 2), and indeed, there is a separate species of

Heliophobius in the south-eastern part of Dem. Rep. Congo.

The phylogeny based on mtDNA (Faulkes et al. 2011; Bryja et al. 2018b) was also
supported by the multilocus analyses of three nuclear markers (NADSYN, TRPV, DHCR) in
Bryja et al. (2018b) and by additional three nuclear markers (RAG1, SMO, FGB) used in this
thesis. Unfortunately, not all mtDNA lineages from the previously published studies, were
used for genotyping of nuclear markers. The lineage SW1 from Rumphi (northern Malawi) is
represented only by two published cytb sequences from Faulkes et al. (2011), so no tissue was
available for additional nuclear sequencing, either for my thesis or for study of Bryja et al. In
addition, Bryja et al. did not manage to get sufficient data about individuals from a lineage
SE3 in the Gile National Reserve (eastern Mozambique). Nevertheless, the final number of
clustered species depended on the overall assessment. Due to a lower number and variation of
chosen nuclear markers, Bryja et al. (2018b) considered collapsing as valid wherever its PP
was higher than 0.05. Even with that stance, only a pair of SW2 and SW3 formed a unit.
Extended set of markers in my thesis allows to use less conservative approach. As a result, no
pair of candidates collapsed. However, if the same conservative criterion (as in Bryja et al.
study) is employed, there will be eight gene pools with merged SE1 and SE2 lineages.

The genomic dataset (ddRADseq, this study) and microsatellites (Bryja et al. 2018b)
also revealed a significant genetic structuring of silvery mole-rat populations. At the same

time, however, large genetic similarities were found among gene pools delineated with
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mitochondrial and nuclear markers. Yet, the form of a phylogenetic structure varies. While the
ddRAD dataset revealed more or less identical clades and topology as the phylogeny based on
targeted mitochondrial and nuclear markers (Sanger-sequenced mitochondrial and nuclear
markers will be called 'targeted’ as opposed to randomly detected ddRAD loci), the
microsatellite’s populations do not match them exactly. The most important difference is
sharing of microsatellite polymorphism between the main clades (northern, southern).
Whether it represents retention of ancestral polymorphism or recent gene flow in place of
contact zones remains unresolved. The lack of shared polymorphism implies lack of gene flow,
but the microsatellite analysis suggests an opposite. More detailed analyses of ddRADseq data
may reveal local gene flow between two Infomap clusters, which would provide evidence for

incomplete reproductive isolation.

5.1.2 The genetic diversity of Georychus

In contrary to Heliophobius, all hitherto studies focused on the internal relationships of
Georychus capensis are mostly in agreement. Although the first study (Visser et al. 2018)
revealed six clades based on two mitochondrial markers, the follow-up analyses of cytb
(Visser et al. 2019a, b) and three nuclear fragments (Visser et al. 2019a) agreed on the same
five genetic clades. Both studies confirmed the high sequence divergences between these
clades on a cytb dataset, (6.9-12.2 % in a former and 6-12.1 % in a later study) and noticeable
on three nuclear markers (GHR, TTR, Bfibr) ranging from 0.3 to 0.8 %. The multilocus
analysis with six nuclear markers in this thesis gave the same result of five distinct clades.
From the dataset acquired in ddRADseq, a remarkable genetic structure was revealed as well.
However, the similarities among pre-defined clades resulted in collapsing all clades into one
gene pool in case of Infomap clustering method, which should define gene pools on a level of
phylogenetic lineages or species. It is important to note, that trees / dendrograms / networks
obtained in all above mentioned studies together with my findings are of similar topology
regardless methods employed (maximum parsimony, maximum likelihood, Bayesian
analyses, haplotype networks, and co-ancestry matrix). What does differ between the analyses

is the number of clades / gene pools / clusters considered as distinct.

5.1.3 The differences of used approaches in studying genetic diversity

In general, multilocus analyses of Sanger sequences suggested significantly higher genetic
diversity than the Infomap clustering based on ddRADseq data, although both methods aim to
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target population structure at similar resolution. This observation may be explained either by
different approaches used in analyses. Multispecies coalescent (used with the Sanger
sequences) assumes no gene flow between discrete populations, while the nearest-neighbour
approximation of pair-wise genealogical proximity allows for allele sharing at any
phylogenetic scale. In addition, since the sequencing of targeted markers allows us to work
with limited number of loci (units or tens of units), the acquired genetic information is
restricted only to chosen markers. With the high-throughput sequencing, such as ddRADseq,
we can obtain hundreds to hundreds of thousands of loci, which are more or less randomly
distributed through the genome (Peterson et al. 2012). Therefore, the final ddRAD dataset can

bring us more complex information about genetic variability of sequenced individuals.

Another relevant factor possibly affecting results of both methods are differences in the
substitution rates of markers, as it is known to vary across genome and among taxa (Kumar
and Subramanian 2002; Alberts et al. 2002). The Sanger sequencing target specific markers,
and thus their choice is made to fit the purpose of phylogenetic analysis (Patwardhan et al.
2014), in this case of closely related taxa. The strategy is different to ddRAD sequences, where
the goal is to get a realistic picture of differentiation across genomes of high number of
individuals. We do not have any a priori information about mutation rates of ddRAD loci,
which may be highly divergent across the population, but naturally also highly conserved even
across wide phylogenetic groups. All these loci, even invariable ones, bear information about
divergence times and population sizes and if they really represent a random sample of the
genome, they all should be retained in phylogenetic and population genetic analyses. Although
some applications may require modelling of mutation rate variation, the nearest-neighbour
estimate of co-ancestry does not. This could bias results if the invariable loci were
overrepresented in data due to sequencing design and subsequent post-processing. Otherwise,
ddRAD datasets are expected to be very useful for phylogenetic analyses of closely related
species and genera (DaCosta and Sorenson 2016). And truly, several ddRADseq studies
revealed an unexpected cryptic diversity among various taxa (plants: Roy et al. 2017,
invertebrates: Kozlov et al. 2017; Amor et al. preprint; Weiss et al. 2018, and vertebrates:
Rican et al. 2016; Garg et al. 2016; Chattopadhyay et al. 2016). Nevertheless, in case of this
thesis, it is more the delimiting method than the data itself that revealed very fine

(fineRADstructure) or broad (Infomap) genetic diversity.
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5.2 The dating of intraspecific divergences in Heliophobius and Georychus

According to estimates of a fossilised birth-death model based on one mitochondrial and three
nuclear markers, the divergence of the recent lineages of both genera started in the mid-
Pliocene. This estimate is largely in the contradiction with so far published results

(summarized in The causes of intraspecific diversifications of Heliophobius and Georychus

Credible estimates of diversification times are necessary to formulate any phylogeographic
scenario. Because of the wide contradictions in dating of Heliophobius and Georychus
lineages in hitherto studies, different evolutionary scenarios are possible. Nevertheless,
relatively recent (Plio- Pleistocene) divergence dates are supported by multiple evidence.).
While some studies estimated the beginning of diversification of extant lineages to happen in
the Early or Middle Miocene (19 Mya in Heliophobius and 16 Mya in Georychus; Visser et
al. 2019b), much younger estimates shift the same diversifications to the mid-Pliocene (around
4 Mya in both genera; Montgelard et al. 2012; Bryja et al. 2018b; this study).

Estimates by Faulkes et al. (2004; 2011) and Visser et al. (20193, b), giving significantly
older divergences, apply a method of a prior calibration of nodes. Using various fossils and
applying them to different nodes resulted in a wide range of possible time scenarios (with
difference up to 12 Ma). For instance, two studies of Visser et al. (2019a, b) used the same
calibration point 19 Mya, a fossil Proheliophobius. However, in the first study, they probably
set this point to the split of Heliophobius and its sister clade (Fukomys, Cryptomys,
Bathyergus, Georychus), and in the following study to a node representing the basal
divergence of recent Heliophobius's lineages. The approach of a prior calibration is not
generally incorrect itself, nevertheless, in case of bathyergids is rather inadequate, because of
the uncertainty with classification of fossils to recent taxa (in the Introduction). When a nodes
out of Bathyergidae family were used as calibration points (two calibration points within
Apodemini and Gerbillurini; Montgelard et al. 2012), significantly younger divergence date
(~ 3.4 Mya) of populations in the Western Cape (L1-L4) and lineages in KwaZulu Natal (L5)
and Mpumalanga regions (L6) (to simplify the terminology, | will call these two remote
populations south-western and north-eastern, respectively) of Georychus was obtained.

This thesis and a study of Bryja et al. (2018b) applied a fossilised birth-death model
without a prior node calibration provides much recent estimates of diversification in both
genera. It is important to note, that both analyses are based on very similar dataset of genetic

information from recent taxa and information of fossil taxa. Therefore, the results are more or
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less identical. The accuracy of divergence time estimates may be influenced by the fact that
recent lineages are represented by restricted molecular data with respect to sequences from
nDNA markers (as it is available in Tab S2 in the Supplementary mat.). Since the results are
based mainly on sequences of cytb, the estimated divergences can appear older than they truly
are. Nevertheless, these final estimations are substantially younger than those presented in the
studies mentioned above and, additionally, in concordance with the recent fossil and molecular
reconstructions (Sallam et al. 2009; Fang et al. 2014). Plio- Pleistocene origin of recent
bathyergid lineages is in agreement with diversification of many (if not all) other rodent taxa
in the Eastern Africa (Colangelo et al. 2013; Bryja et al. 2014; McDonough et al. 2015; Mikula
et al. 2016; Aghova et al. 2017; Petruzela et al. 2018; Mazoch et al. 2018) as well as in the
Southern Africa (Rambau et al. 2003; Russo et al. 2006; 2010; Edwards et al. 2011). Thus,
very unlikely bathyergid genetic structure have remained unchanged for approx. 15 Ma, while
other rodents underwent a massive radiation about 10 Ma later, during climatic oscillations in

the Plio- Pleistocene.
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Tab. 5: The differences of intrageneric diversification times of two genera Heliophobius and Georychus in published studies and in this thesis (in
million years ago). The confidence intervals are in brackets, if they are available, rounded off to whole numbers. Analyses are based on different
markers: * mitochondrial, 2 nuclear, * a combination of nuclear and mitochondrial markers.

Faulkes etal. | Faulkesetal. | Montgelard et | Bryjaetal. Visser et al. Visser et al. his stud
is stu
(2004) (2011) al. (2012) (2018b) (2019a) (2019b) Y
Heliophobius diversification:
3.7° 4.13
north x south 13-10.8! 15.11 - - 191
(5.1-2.5) (6.1-2.5)
southeast x 2.3% 2.43
7.6-6.31 11.6% - - 141
southwest (3.2-1.4) (3.7-1.3)
Georychus diversification:
south-western x 10.31/ 6.42 43
- - ~3.4¢ - 161
north-eastern (14-7) / (8-5) (5.7-2.5)
Wakkerstroom 6.11/4.12 Lot 2.33
x Nottingham (9-3) / (6-3) (3.5-1.2)
Oudshoorn x 7.51/ 52 -
rest of Cape (11-4) / (6-4)
Struisbaai x 4.8
- - - - 9! -
Cape (7-3)
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5.3 The causes of intraspecific diversifications of Heliophobius and Georychus

Credible estimates of diversification times are necessary to formulate any phylogeographic
scenario. Because of the wide contradictions in dating of Heliophobius and Georychus
lineages in hitherto studies, different evolutionary scenarios are possible. Nevertheless,

relatively recent (Plio- Pleistocene) divergence dates are supported by multiple evidence.

5.3.1 The biogeographical history of both genera

Similar estimates (about 4 Mya) of the beginning of diversifications of extant lineages in both
genera suggest role of one large scale factor. In case of Heliophobius, the species occupying
the East African Rift System (EARS), some events associated with its formation possibly
could have separated the ancestral populations. Although the main tectonic activity, formation
of EARS, and an uplift of Eastern Africa finished already in the Late Miocene, there are
observations of peak rifting, subsidence and sedimentations in several basins during Plio-
Pleistocene (around 1-2 Mya; MacGregor 2015), which could have theoretically affected its
ancestral population. In case of Georychus living in the South Africa, the EARS could not

represent the primary driver for its intrageneric splitting.

More likely, the change or repeated changes in global climate could be responsible for
their diversifications. The middle Pliocene represented a warmer period (roughly around 5-3
Mya) with the higher average global temperatures (+3 °C), reduced Antarctic ice cover and
with that higher level of sea (+10-20 m) compared to present situation. This period was also
characteristic for a more humid climate (Ravelo et al. 2004; deMenocal 2004; Trauth et al
2007). Beginning of initial diversifications could have been also caused by substantial climate
variability periods, interrupting the generally warm age of middle Pliocene. These periods of
frequent changes from very humid to very arid conditions happened in 4.4-4.2 Mya and
afterwards in 2.8-2.5 Mya (Trauth et al. 2007; Potts et al. 2013).

The Heliophobius distribution is characterized generally by mesic conditions with
> 900 mm annual rainfall, but simultaneously by rain seasonality, which brings them the
source of food, geophytes. It inhabits mainly miombo woodlands and avoids humid montane
forests where the geophytes are probably absent. | may thus expect that humid forests during
the warm middle Pliocene could be responsible for its initial split. In Tanzania, the so called

East African “montane circle” may have represented such barrier dividing ancestral
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Heliophobius population to the recent northern and southern lineages. This “montane circle”
covered the Southern and Western Rifts of EARS and the EAM with forest (thus also called
“forest circle”) during wet Pleistocene periods (see supplement of Colangelo et al. 2013 for
further details). This repeated changes of habitats in diverse mountain ranges was proposed to
cause the rich phylogeographic structures in many taxa, such as bats (Fahr et al. 2002; Taylor
et al. 2012), shrews (Demos et al. 2014; Stanley et al. 2015), and rodents (Taylor et al. 2009;
Colangelo et al. 2013; Bryja et al. 2014; Krasova et al. 2019). Another period of substantial
climate variability (2.8-2.5 Mya; Trauth et al. 2007; Potts et al. 2013) could have separated
the ancestor populations of south-eastern and south-western lineages around 2.4 Mya. Very
similarly to the preceding diversification, the forests along the Southern Rift and Lake Malawi

may acted as a dispersal barrier.

As well as Heliophobius, the Georychus occurrence depends on availability of
geophytes. Yet, except for the presence of vleis or rivers, no other habitat preferences are
known, as environmental conditions vary remarkably across its distribution (Visser et al.
2017). The geographically widely distributed fossil records of Georychus (Fig. S7 in the
Supplement; Pickford and Mein 1988 (in Winkler et al. 2010); Avery 1991, 1998, 2001; Klein
etal. 2007) in contrast with current restricted and isolated populations suggest, that the suitable
environmental conditions are restricted at present compared to past. With respect to repeated
changes of climate during Plio- Pleistocene, the Georychus distribution probably underwent
extensive retractions and expansions. Apparently, some climatic fluctuation, probably a
substantial climate variability between 4.4 and 4.2 Mya (Trauth et al. 2007; Potts et al. 2013),

could have separated the Georychus population during arid and cold periods.

Currently, only the representatives of south-western and south-eastern populations
survived. Most probably, the Western Cape served as a stable refugium as it is suggested by
multiple evidence. Firstly, the stable climate prevailed in the Cape region throughout
Quaternary (Cowling et al. 1997). This climatic stability was also proposed as a hypothetical
cause of an extremely high species diversity of plants (Proches et al. 2006). We may speculate
that such suitable conditions were there for a longer period. Secondly, at present, this is the
place with the highest abundance of Georychus indicating habitat suitability for the species
(Visser et al. 2017). Thirdly, local fynbos (according to maps in Cowling et al. 1997) is
characteristic for the highest diversity and abundance of geophytes in the world (Cowling et
al. 1997; Proches et al. 2006), ensuring them sufficient amount of food. Nevertheless, the

question about disjunctive Georychus distribution either today or in the past still remains.
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Since many other rodents, such as Otomys irroratus, Acomys subspinosus, Myomyscus
verreauxii, Rhabdomys pumilio, Gerbiliscus afra, or Acomys subspinosus, are currently
distributed along the southern and south-eastern coast, up to the grasslands of eastern part of
South Africa (Skinner and Chimimba 2005; Monadjem et al. 2015), | assume there is no
apparent geomorphological barrier. Thus, Georychus distributional pattern is probably driven
by not yet revealed habitat requirement or by the competition with another bathyergid,
Cryptomys, which is more widely distributed across South Africa (Monadjem et al. 2015).
Nevertheless, Georychus is probably more successful in more humid areas (north-eastern
population is supplied by high rainfall and Western Cape by see breezes; Bonnardot et al.
2005) with higher abundance of geophytes. Cooperative food search favour social Cryptomys
in less humid areas with less geophytes (Spinks and Plaganyi 1999). Comparable disjunct
distribution has Otomys laminatus (Skinner and Chimimba 2005; Monadjem et al. 2015), but
so far, this rodent has been even less studied than Georychus, thus the real reasons of this
distributional pattern remain unresolved. The additional splitting of lineages, as it is already
mentioned in Visser et al. (2018), could have been supported by a presence of the Breede
River, separating the population in Oudshoorn (L4), or by the Agulhas Plain, which was
periodically flooded during the fluctuation of sea level in Pleistocene and isolated the
population in Struisbaai (L3).

5.3.2 The environmental niche modelling

To understand ecological factors which may contribute to the fragmentations of geographic
distribution of studied mole-rats, an environmental niche modelling (ENM) based on the
presence data, precipitation, maximum and minimum temperatures since the Last Interglacial
(120-140 thousand years ago) to the recent was provided by Ondiej Mikula. Despite
considerably older origin of recent lineages, this modelling can show the reaction of both
bathyergids to equal fluctuations between arid and humid climates in deeper history. More
details about the ENM together with all figures are available in the chapter 7.2 in the
Supplementary material. According to ENM, Georychus (Fig. S11) distribution area was far
more affected than that of Heliophobius (Fig. S9) by climate changes at least during Last
Interglacial and Last Glacial Maximum periods (depicted by green patches in modelled maps).
While the overall area with suitable climatic conditions for Heliophobius remained almost
identical through studied time, the warm and humid Last Interglacial (Dawson 1992) probably

caused extensive expansion and the cold and arid Last Glacial Maximum (Dawson 1992)
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extensive retraction of Georychus distribution. Overall, the ENM suggests that Heliophobius
population was probably more stable through time, which could have led to higher probability
of surviving in new areas after dispersion avents. On the contrary, Georychus distributional
area could have undergone extreme changes through time, and together with the absence of
geomorphological barrier probably resulted in a gene flow events between ancestral
populations, as it is also indicated by significant similarities in their genomes (the revealed

genetic similarities among ddRAD loci).

5.4 Taxonomic implications

My study confirmed the high genetic structure in both bathyergid genera from previous studies
(Faulkes et al. 2011; Bryja et al. 2018b; Visser et al. 2018; 20194, b).

In case of Heliophobius, | suggest two distinct species represented by the northern and
southern lineages. Division of these two species is supported by mtDNA markers (Ingram et
al. 2004; Faulkes et al. 2004; 2011; Bryja et al. 2018b), by six nuclear markers (this study) and
also by Infomap clustering algorithm of ddRAD dataset (this study). The karyotype from
Kenyan population is also slightly different from populations in Malawi and Zambia (2n=60
and 62 respectively; Scharff et al. 2001, Sumbera et al. 2007). The split of both potential
species is dated to around 4 Mya according to a fossilized-birth death analysis, and nowadays
they are separated by Tanganyika Rukwa Malawi segment of EARS and by the EAM. It is
important to note, that there is a potential contact zone between northern and southern lineages
along the EAM. Without any obvious barrier, the present sampling revealed gene flow only
by a microsatellite analysis (Bryja et al. 2018b), but with respect to other evidence, it can
represent the ancestral polymorphism. Very similar situation with no real migration barrier but
distinct genetic clades was found also in other African rodent, such as Aethomys (Mazoch et
al. 2018) or Acomys (Petruzela et al. 2018) which occurs frequently syntopically with
Heliophobius.

The situation in Georychus complex is less clear. Mitochondrial together with nuclear
markers, allozymes, and restriction length polymorphisms suggest two distinct species from
Western Cape and KwaZulu Natal with Mpumalanga (Janecek et al. 1992; Honeycutt et al.
1987, 1991; Nevo et al. 1987; Faulkes et al. 2004; Ingram et al. 2004; Visser et al. 2018; 2019a,
b; this study). The haplotype networks (this study) also show the evident separation of these
two populations. Relatively deep historical splits around 4 Mya of these two potential species
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would also support their delimitation. On the other hand, the significant genetic similarities
among the lineages are visible in a co-ancestry matrix based on ddRAD dataset, and as a result,
the Infomap algorithm detected sampled Georychus as one gene pool. Moreover, no obvious
geomorphological barrier between suggested species implies a possible expansion or
retraction during future climatic changes and an instability of current genetic structure.

Therefore, | propose keeping the current taxonomy with one Georychus species.

Despite molecular methods enabling us to study wide populations and reveal cryptic
diversity, the genetic evidence should be understood only as a part of complex information
about species. At present, we have highly efficient DNA sequencing technologies,
developments in phylogenetic and phylogeographic approaches, access to museum specimens;
we have methods for studying population biology or sexual mating behaviour, modern
equipment for detecting morphological differences (such as computed tomography), and all
this information should be considered in a delimitation of a new species. Applying a
combination of different methods is called an integrative taxonomic approach (Dayrat 2005),
and nowadays undergo a significant boom in a scientific world (Padial et al. 2010; Riedel et
al. 2013). With respect to an integrative taxonomy, the final delimitation of Heliophobius and
Georychus should await other detailed studies comprising more aspects of their biology, for

instance, geometric morphometry of skulls.
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Fig. S1: The maximum clade credibility trees for separate genes from StarBEAST analysis for
the genus Heliophobius. The numbers next to nodes show the posterior probabilities and
terminal nodes are named according to samples (ID of sample_locality OTU). Branches are
coloured according to OTUs.
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Fig. S2: The maximum clade credibility trees for separate genes from StarBEAST analysis for
the genus Georychus. The numbers next to nodes show the posterior probabilities and terminal
nodes are named according to samples (ID of sample_locality OTU). Branches are coloured
according to OTUs.
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Masenge: 4 populations
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Fig. S3: Spatial distribution of fineRADstructure populations of Heliophobius, locality
Masenge (6.38°S, 36.92°E). Sampling sites are shown as grey circles, population labels are
placed wherever the populations were found.
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Zomba Plateau: 6 populations
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Fig. S4: Spatial distribution of fineRADstructure populations of Heliophobius, locality Zomba
Plateau (15.34°S, 35.31°E).
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Wakkerstroom: 3 populations
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Fig. S5: Spatial distribution of fineRADstructure populations of Georychus, locality
Wakkerstroom (27.30°S, 30.36°E).
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Oudshoorn: 4 populations
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Fig. S6: Spatial distribution of fineRADstructure populations of Georychus, locality
Oudshoorn (33.85°S, 22.04°E).
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Fig. S7: The geographic distribution of fossil sites of Georychus. Yellow areas stand for a
present distribution of Georychus capensis (IUCN 2020).

7.1 The assesment of cytb fragments

Short cytb sequences (molecular barcodes designed by Galan et al. 2012) were obtained by
amplicon sequencing on Illumina platform from five museum specimens. One of the
specimens is from Nyika National Park (10.583S, 33.700E; Zambia) and four from three
localities in Katanga region at southeast of Dem. Rep. Congo; Dubie (8.330S, 28.320E),
Kiambi (7.140S, 27.520E), Kisandji Mitwala (8.420S, 27.220E). Their skin clips were
obtained from museums; specimens from Nyika National Park from Livingstone Museum
(Livingstone, Zambia) and specimens from Dem. Rep. Congo from Royal Museum for Central

Africa (Tervuren, Belgium).

Cytochrome b tree was inferred in the Bayesian framework using software MrBayes 3.2.6
(Ronquist et al. 2012). The alignment was partitioned according to codon positions (1+2 vs.
3), for which separate HKY+G nucleotide substitution models were used. Branch lengths were

unconstrained and the tree was rooted using two Fukomys sequences as outgroups (pruned off
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the tree for the visualization). Four independent runs were conducted to check for convergence
and their outputs merged (after discarding of burn-ins). Figure S8 shows the maximum clade
credibility tree representing the combined posterior sample. Only unique haplotypes longer
than 700bp were included, phylogenetic placement of all other available sequences including
two Illumina barcodes was estimated using the evolutionary placement algorithm (Berger et
al. 2011) as implemented in RAXML 8 (Stamatakis 2014).

. TR
B /

@ ®)
O short haplotypes SW3
@ lllumina barcodes .‘.
SW2
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A\ 4
| SE3
SE1
®
- @ | N3
® | N2

Fig. S8: A) A geographical distribution of sampled localities for cytb analysis. B) The
maximum clade credibility tree from Bayesian analysis based on cytb dataset for the genus
Heliophobius. Branch labels show posterior probabilities. The filled and open circles indicate
phylogenetic positions of Illumina barcodes and additional unique but short haplotypes,
respectively. Colours of branches match the OTUs and are identical to sites in the map. Arrows
highlight positions of Illumina barcodes in the map and the tree.
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7.2 MaxEnt:

Species distribution modeling was performed by MaxEnt method (Phillips et al. 2006) as
implemented in R package ‘maxnet’ (Phillips et al. 2017). This method is based on the
maximum entropy principle, i.e. on maximization of uncertainty in predictions, limited only
by constraints imposed by data (Harte & Newman 2014). This foundation makes it suitable
for predicting potential species distributions based on presence-only data. In this case, the data
were georeferenced presence records from this work, published studies and museum
collections. The predictors were average monthly precipitations and maximum and minimum
temperatures as provided at WorldClim website (Hijmans et al. 2005). Both predictor variables
and presence records were sampled at 1/3 degree resolution and refer, therefore, to quadrates
of this size. In its basic form, MaxEnt predicts relative occurrence rates (RORs), which can be
thought as fractions of a hypothetical population of the species living in particular quadrates.
The prediction spreads RORs as evenly as possible over some specified set of background
quadrates, while satisfying constraints imposed presence data. Satisfying the constraints
means keeping similar two density distributions of predictor variables: one at the presence
quadrates and another weighted RORs. The background quadrates covered area with suitable
biomes in the countries where presence of the genus in question was proven or can be assumed.
Biome maps were taken from Olson et al. (2001) and these biomes were considered suitable:
for Georychus "Deserts and xeric shrublands"”, "Mediterranean Forests, woodlands and
scrubs" and "Montane grasslands and shrublands” and for Heliophobius "Montane grasslands

and shrublands" and "Tropical and subtropical grasslands, savannas and shrublands".

To balance flexibility and robustness of the fit, two statistical tools are applied. One is
transformation of predictor variables, while the other is regularization of the fit by application
of LASSO penalty (Tibshirani 1996). Here, the transformation of predictors took advantage
of them being in the form of ordered series, which can be though as climatic curves. Each of
the three curves was spline-transformed by projecting a set of ordered monthly values onto a
natural cubic spline basis built on interval (1,12) with five evenly placed knots (Hastie et al.
2009, pp. 148-151). Thus, each climatic curve was decomposed into five components

replacing original twelve values.

No attempt was made to transform RORs into presence probabilities, but instead, RORs
were divided by their uniform prior value equal to 1/N, where N is the number of background
points. Thus, values > 1 indicate quadrates where available evidence was strong enough to
provide stronger support for presence of the species than would be possible without any data.
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To get an idea about changes in climatic suitability in time, the fitted model was used to
predict RORs also for paleoclimatic layers, namely for monthly temperature and precipitation
values estimated for Mid-Holocene (6 thousand years ago, ka, Gent et al. 2011), Last Glacial
Maximum (22 ka; Gent et al., 2011) and Last Interglacial (120-140 ka; Otto-Bliesner et al.,
2006), all available at the WorldClim website (https://www.worldclim.org).

7.2.1 Results of MaxEnt

Maps (Fig. S9) showing the relative occurrence rates in space during different times
suggest that Heliophobius probably does not prefer climate that was rare through the analysed
time and across its distribution (the wide areas of green patches depicting a probable
occurrence). This trend is also apparent in climatic curves (Fig. S10), as the actual presence
points (green curves) overlap the mean climatic value over the studied area (grey circles of
violin plots). Only from the maximum temperature curve (Fig. S10) is evident, that this
bathyergid occur in areas with lower temperatures than is the mean month value, probably

mainly in higher elevations.

The causes of fragmentation of Georychus's population is probably different to
Heliophobius. As shows the map (Fig. S11), this bathyergid more likely lives in areas with
relatively rare conditions throughout the studied time (restricted green areas). The curves of
climatic conditions (precipitation and maximum temperature in Fig. S12) support the fact, that
Georychus occupies rare areas, as the actual presence points (green curves) do not coincide
with the mean values of the studied area (grey circles of violin plots). Observed considerable
changes of probable distribution areas during the studied time suggest, that this bathyergid
have probably undergone several distributional retractions and expansions with the repeated

changes of climate.
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.

Fig. S9: The predictions of relative occurrence rates of Heliophobius from presence and three
historical times: Mid-Holocene (6 thousand years ago, ka), Last Glacial Maximum (22 ka) and
Last Interglacial (120-140 ka). The colour scale shows the resulting quocient of RORs with
the number of background points (values > 1 are depicted with green shades, < 1 with yellow
shades).
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Fig. S10: The curves depicting the precipitation, maximum and minimum temperatures during
the year. The temperatures (y-axis) are tenfold the real value (300 means 30°C). Violin plots
show distribution of values over all background points, the open circles are background-wide
means, green curves are the actual climatic curves observed at the presence points, and red

curves join background-wide means weighted by the predicted suitability.
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Fig. S11: The predictions of relative occurrence rates of Georychus from presence and three
historical times: Mid-Holocene (6 thousand years ago, ka), Last Glacial Maximum (22 ka) and
Last Interglacial (120-140 ka). The colour scale shows the resulting quocient of RORs with
the number of background points (values > 1 are depicted with green shades, < 1 with yellow
shades).
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Georychus: precipitation
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Fig. S12: The curves depicting the precipitation, maximum and minimum temperatures during
the year. The temperatures (y-axis) are tenfold the real value (300 means 30°C). Violin plots
show distribution of values over all background points, the open circles are background-wide
means, green curves are the actual climatic curves observed at the presence points, and red
curves join background-wide means weighted by the predicted suitability.
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Tab. S1: List of all specimens used for this study.

ID ddsii‘D Seslggfar DNCOAnfﬁgo/]cpl) Ii(r:l)é;t;e Country Locality Latitude Longitude | Alt (m) Habitat
Heliophobius argenteocinereus:

530022 Y 5.08 sw3 | zambia Chipata 13,6445 | 32,6447 | 1138 NA

JS114 Y 7.35 SW3 Zambia Kacholola -14,7618 30,5965 900 cultivated area
KE585 Y Y 133 N1 Kenya Taita Hills WS -3,4767 38,3423 1592 cultivated area
MOx137 Y 4.6 SW2 Malawi Blantyre -15,7861 35,0058 1051 grassland
M5x086 Y 335 SW2 Malawi Zomba Plateau -15,3411 35,2801 1540 NA
M5x102 Y 20.8 SW2 Malawi Zomba Plateau -15,3411 35,2801 1540 NA
M5x105 Y 42.1 SW2 Malawi Mulanje -16,0402 35,5153 640 cultivated area
M5x117 Y 7.97 SW2 Malawi Mulanje -16,0402 35,5153 640 cultivated area
M5x143 Y 36.7 SW2 Malawi Mulanje -16,0402 35,5153 640 cultivated area
M5x147 Y Y 9.25 SW2 Malawi Domasi -15,3085 35,3933 780 cultivated area
M5x149 Y 42.1 SW2 Malawi Domasi -15,3085 35,3933 780 cultivated area
M5x172 Y 22.3 SW2 Malawi Malosa -15,2603 35,3274 1660 NA
M5x173 Y 14.9 SW2 Malawi Malosa -15,2603 35,3274 1660 NA
M5x184 Y 4.93 SW2 Malawi Zomba Plateau -15,3411 35,2801 1540 NA
M5x196 Y 24.8 SW2 Malawi Mpalanganga estate -15,4468 35,2607 960 miombo woodland
M8x0008 Y 26.7 SW2 Malawi Mulanje Mts FR -15,8681 35,7028 1666 miombo woodland
M8x0015 Y 148 SW2 Malawi Mulanje Mts FR -15,8681 35,7028 1753 miombo woodland
M8x0041 Y 26 SW2 Malawi Mulanje Mts FR -15,8489 35,7049 1016 cultivated area
M8x0049 Y 139 SW2 Malawi Mulanje Mts FR -15,8489 35,7049 1016 cultivated area
M8x0051 Y 10.2 SW2 Malawi Mulanje Mts FR -15,8489 35,7049 1016 cultivated area
M8x0052 Y 157 SW2 Malawi Mulanje Mts FR -15,8489 35,7049 1016 cultivated area
M8x0057 Y 134 SW2 Malawi Mulanje Mts FR -15,8489 35,7049 1016 cultivated area
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M8x0181 Y 18.9 SW3 Malawi Ntchisi -13,3814 34,0031 1440 cultivated area
M8x0183 Y 228 SW3 Malawi Ntchisi -13,3814 34,0031 1440 cultivated area
M8x0185 Y 6.47 SW3 Malawi Ntchisi -13,3814 34,0031 1440 cultivated area
M8x0235 Y 392 SW3 Malawi Ntchisi -13,4267 33,9239 1625 cultivated area
M8x0236 Y 28.6 SW3 Malawi Ntchisi -13,4267 33,9239 1625 cultivated area
M8x3002 Y 96.9 SW3 Malawi Nyika NP -10,5662 33,7901 2350 grassland
M8x3003 Y 175 SW3 Malawi Nyika NP -10,5662 33,7901 2350 grassland
M8x3004 Y 69.5 SW3 Malawi Nyika NP -10,5662 33,7901 2350 grassland
M8x3006 Y 132 SW3 Malawi Nyika NP -10,4964 33,8878 2088 dambo
M8x3037 Y 291 SW3 Malawi Nyika NP -10,4959 33,8862 2099 grassland
M8x3085 Y 12.4 SW2 Malawi Mpalanganga estate -15,4468 35,2607 960 miombo woodland
M8x3140 Y 14.3 SE2 Malawi Mandimba Estate -14,4216 35,6047 811 cultivated area
M8x3141 Y 113 SE2 Malawi Chowe -14,4180 35,3791 920 miombo woodland
M8x3142 Y 8.07 SE2 Malawi Chowe -14,4180 35,3791 920 miombo woodland
MOz127 Y 225 SW2 | Mozambique Mt Mabu -16,3670 36,4134 383 cultivated area?
MOZ128 Y 44.2 SW2 | Mozambique Mt Mabu -16,3670 36,4134 383 cultivated area?
MOZ129 Y 8.68 SW2 Mozambique Mt Mabu -16,3670 36,4134 383 cultivated area?
MOZ130 Y 8.72 SW2 | Mozambique Mt Mabu -16,3670 36,4134 383 cultivated area?
MOZ159 Y 9.52 SW2 Mozambique Mt Mabu -16,3670 36,4134 383 cultivated area?
MOZ204 Y 18.6 SE3 Mozambique Gile NR -16,7396 38,8266 32 cultivated area
MOZ206 Y 46.3 SE3 Mozambique Gile NR -16,7396 38,8266 32 cultivated area
MOZ207 Y 16 SE3 Mozambique Gile NR -16,7396 38,8266 32 cultivated area
MOZ208 Y 5.37 SE3 Mozambique Gile NR -16,7396 38,8266 32 cultivated area
MOZ209 Y 6.83 SE3 Mozambique Gile NR -16,7396 38,8266 32 cultivated area
MOZ305 Y 11.1 SE2 Mozambique Mt Jesi -12,9064 35,1619 1366 cultivated area
MOZ306 Y 6.1 SE2 Mozambique Mt Jesi -12,9064 35,1619 1366 cultivated area
T8x358 Y 62.9 N4 Tanzania Usambara Mts -5,0295 38,6033 1187 village
T8x359 Y 35.3 N4 Tanzania Usambara Mts -5,0295 38,6033 1187 grassland
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T8x381 Y 105 N4 Tanzania Usambara Mts -5,0437 38,6142 968 cultivated area
T8x382 Y Y 363 N4 Tanzania Usambara Mts -5,0437 38,6142 968 cultivated area
T8x384 Y 348 N4 Tanzania Usambara Mts -5,0437 38,6142 968 cultivated area
T8x392 Y 10.4 N4 Tanzania Usambara Mts -5,2499 38,6555 299 cultivated area
T8x393 Y 6.37 SE1 Tanzania Kipera -6,9801 37,5516 618 cultivated area
T8x394 Y Y 217 SE1 Tanzania Kipera -6,9397 37,5350 561 cultivated area
T8x395 Y 133 SE1 Tanzania Kipera -6,9801 37,5516 618 cultivated area
T8x404 Y Y 10.1 SE1 Tanzania Msanga -10,9025 39,2073 439 miombo mixed with cultivated area
T8x405 Y 160 SE1 Tanzania Mkowela -10,9218 37,9453 362 cultivated area
T8x406 Y 170 SE1 Tanzania Mkowela -10,9218 37,9453 362 cultivated area
T8x407 Y 77.4 SE1 Tanzania Mtonya -10,8798 37,7054 399 cultivated area
T8x408 Y 103 SE1 Tanzania Mtonya -10,8798 37,7054 399 cultivated area
T8x409 Y 11.3 SE1 Tanzania Mtonya -10,8798 37,7054 399 cultivated area
T8x438 Y Y 8.85 SE2 Tanzania Lihale -10,7975 35,1674 913 miombo
T8x439 Y 138 SE2 Tanzania Lihale -10,8073 35,1353 995 miombo
T8x440 Y 29.1 SE2 Tanzania Lihale -10,8073 35,1353 995 miombo
T8x449 Y Y 116 N2 Tanzania Ntendo -7,9047 31,5364 1846 cultivated area
T8x457 Y Y 11.8 N3 Tanzania Nayala -8,9384 33,1825 1307 NA
T8x458 Y Y 148 N3 Tanzania Nayala -8,9384 33,1825 1307 NA
T8x459 Y Y 8.99 N3 Tanzania Nayala -8,9384 33,1825 1307 NA
T8x460 Y 52.4 N3 Tanzania Nayala -8,9384 33,1825 1307 NA
T8x461 Y 20.8 N3 Tanzania Nayala -8,9384 33,1825 1307 NA
T8x462 Y 46.1 N3 Tanzania Nayala -8,9384 33,1825 1307 NA
T8x546 Y 32.6 SE1 Tanzania Ulangambi FR, Lulanzi -8,0066 35,9144 2053 grassland
T8x547 Y 32.9 SE1 Tanzania Ulangambi FR, Lulanzi -8,0066 35,9144 2053 grassland
T8x548 Y 26.5 SE1 Tanzania Morogoro -6,9363 37,5256 560 NA
TZ27501 Y 54.1 N4 Tanzania Handeni -5,4373 38,0459 750 miombo with cultivated area
TZ27800 Y 33.8 N4 Tanzania Kireguru -5,4660 37,6142 848 cultivated area

89




TZ27975 Y 27.5 N4 Tanzania Masenge (Ukaguru Mts) -6,3950 36,9166 1879 NA

TZ27976 Y 21.8 N4 Tanzania Masenge (Ukaguru Mts) -6,3640 36,9291 1780 NA

TZ28024 Y 30.2 N4 Tanzania Masenge (Ukaguru Mts) -6,3640 36,9291 1780 NA

TZ28025 Y 188 N4 Tanzania Masenge (Ukaguru Mts) -6,3640 36,9291 1780 NA

TZ28026 Y 8.6 N4 Tanzania Masenge (Ukaguru Mts) -6,3640 36,9291 1780 NA

TZ28027 Y 26.3 N4 Tanzania Masenge (Ukaguru Mts) -6,3950 36,9166 1879 NA

TZ28028 Y 19.3 N4 Tanzania Masenge (Ukaguru Mts) -6,3950 36,9166 1879 NA

TZ28029 Y 55 N4 Tanzania Masenge (Ukaguru Mts) -6,3950 36,9166 1879 NA

TZ28032 Y 24.2 N4 Tanzania Masenge (Ukaguru Mts) -6,3950 36,9166 1879 NA

TZ28034 Y 22.6 N4 Tanzania Masenge (Ukaguru Mts) -6,3950 36,9166 1879 NA

TZ28035 Y 30.7 N4 Tanzania Masenge (Ukaguru Mts) -6,3950 36,9166 1879 NA

TZ28036 Y 20.9 N4 Tanzania Masenge (Ukaguru Mts) -6,3950 36,9166 1879 NA

TZ28170 Y 68.8 N4 Tanzania Kireguru -5,4660 37,6142 848 cultivated area
TZ29665 Y 8.23 N4 Tanzania Kimbe -5,7974 37,6361 698 edge of cultivated area
TZ29669 Y 33.2 N4 Tanzania Kimbe -5,7974 37,6361 698 edge of cultivated area
TZ29683 Y 28.1 N4 Tanzania Kimbe -5,7974 37,6361 698 edge of cultivated area
TZ29696 Y 23.5 N4 Tanzania Kimbe -5,7974 37,6361 698 edge of cultivated area
TZ30036 Y 20.5 SE1 Tanzania Mikumi -7,4125 36,9767 521 grassy edges of cultivated area
TZ30037 Y 10.1 SE1 Tanzania Mikumi -7,4125 36,9767 521 grassy edges of cultivated area
TZ30038 Y 61.4 SE1 Tanzania Mikumi -7,4125 36,9767 521 grassy edges of cultivated area
TZ30039 Y 36.4 SE1 Tanzania Mikumi -7,4125 36,9767 521 grassy edges of cultivated area
Z7x43 Y 429 SW3 Zambia Kacholola -14,7618 30,5965 900 NA

Z7x48 Y 159 SW3 Zambia Kacholola -14,7618 30,5965 900 NA

Georychus capensis:

A06 Y 10.7 2+1 South Africa Moorreesburg 33 281-23333 18,58218 820 grazed area near vlei

A40 Y 42.8 2+1 South Africa Moorreesburg 33 290_38333 18,57278 817 grazed area near vlei

A43 Y 17.4 2+1 South Africa Moorreesburg 33 302_81667 18,5632 817 grazed area near vlei
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CA2 Y 21.2 2 South Africa Cape Town 34,00191667 18,48348 735 lawn near vlei

CA3 Y 134 2 South Africa Cape Town 34.00221667 18,48328 735 lawn near vlei

CA5 Y 10.7 2 South Africa Cape Town 34,00228333 18,48298 735 lawn near vlei
CCK14 Y 13.0 1 South Africa Swellendam 3404338333 20,41707 591 grazed area near river
CCK16 Y 7.58 1 South Africa Swellendam 3404421667 20,41755 592 grazed area near river
CCK19 Y 37.1 1 South Africa Swellendam 34,04278333 20,4183 592 grazed area near river
CD12 Y 10.9 1 South Africa Citrusdal 3250451667 19,00978 735 grazed area near vlei and river
CD15 Y 6.3 1 South Africa Citrusdal -32,59515 19,01125 736 grazed area near vlei and river
CD5 Y 15.2 1 South Africa Citrusdal -32,5941 19,01053 735 grazed area near Vvlei and river
CFA21 Y 7.61 1 South Africa Wolseley 3340758333 19,20092 590 grazed area near Vvlei
CFA4 Y 19.9 1 South Africa Wolseley -33,4067 19,20182 799 grazed area near Vvlei
CFAS8 Y 23.8 1 South Africa Wolseley 3340566667 19,20338 799 grazed area near Vvlei
CG11 221 4 South Africa Oudshoorn 33,84903333 22,04002 584 grazed area near vlei and river
CG12 13.3 4 South Africa Oudshoorn -33,8494 22,03762 584 grazed area near vlei and river
CG14 37.7 4 South Africa Oudshoorn 3384931667 22,03795 584 grazed area near vlei and river
CG5 Y 24.1 4 South Africa Oudshoorn 3384828333 22,03915 581 grazed area near vlei and river
CG7 Y 22.9 4 South Africa Oudshoorn 3384906667 22,03982 580 grazed area near vlei and river
CJ13 Y 7.21 2 South Africa Paarl 3373813333 18,97367 591 rugby field near river
CJ16 Y 5.17 2 South Africa Paarl -33,73795 18,97387 591 rugby field near river

Cl4 Y 10.7 2 South Africa Paarl 18,97423 799 rugby field near river

33,73873333
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CS10 Y 18.4 3 South Africa Struisbaai 3468768333 20,00038 736 grazed area near vlei
CS15 Y 26.6 3 South Africa Struisbaai -34,68765 20,00077 736 grazed area near vlei
CS20 Y 27.7 3 South Africa Struishaai -34,6866 20,00087 735 grazed area near vlei
CS3 Y 8.6 3 South Africa Struishaai 3468681667 19,99973 736 grazed area near vlei
CSh5 Y 26.4 3 South Africa Struishaai -34,68615 19,99897 736 grazed area near vlei
CT09 Y 114 1 South Africa Ceres 33,19256667 19,24487 891 grazed area near vlei and river
CT13 Y 6 1 South Africa Ceres -33,1951 19,24743 904 grazed area near vlei and river
CT18 Y 19.5 1 South Africa Ceres -33,1949 19,24968 900 grazed area near vlei and river
CW10 Y 225 2 South Africa Worcester 3365078333 19,51808 591 grazed area near vlei
Cwi1l Y 34.3 2 South Africa Worcester -33,65975 19,51795 590 grazed area near vlei
CWeé Y 31 2 South Africa Worcester -33,66035 19,51858 590 grazed area near vlei
Dal Y 135 2 South Africa Darling 33.40063333 18,40133 800 grazed area near vlei
Nrd3 Y 11.9 5 South Africa Nottingham Road 20 47971667 29,86325 1807 grazed area near vlei
Wks1 Y 27.9 6 South Africa Wakkerstroom 2729806667 30,26262 1948 grazed area near vlei
Wks15 Y 18.9 6 South Africa Wakkerstroom 2729933333 30,26378 2003 grazed area near Vvlei
Wks16 Y 14.4 6 South Africa Wakkerstroom 2729901667 30,26373 2002 grazed area near Vvlei
Wks4 Y 17.3 6 South Africa Wakkerstroom 2729788333 30,26363 1990 grazed area near Vvlei
Wks9 Y 22.4 6 South Africa Wakkerstroom 2729891667 30,26465 2005 grazed area near Vvlei
Z12 Y 21.8 South Africa Darling -33,40358 18,42966 151 grazed area near Vvlei
Z6 Y 12.1 South Africa Darling -33,40303 18,42951 153 grazed area near vlei
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Tab. S2: Fossils and molecular data used in the fossilized birth-death dating (GenBank accession numbers of the sequences). Fossil data are based

on Table S4 of Bryja et al. (2018). Molecular data were downloaded from GenBank; accession numbers of the sequences are in the table.

Mya
Species (before Phylogenetic placement Reference CYTB GHR IRBP VWF
present)

Fossil data:

. monophyletic with . i ) i )
Paraphiomys 24 Thryonomys and Petromus Winkler et al., 2010
Paraulacodus 14 sister to Thryonomys Winkler et al., 2010 - - - -
Thryonomys 6 sister to extant Thryonomys Manthi, 2007 - - - -
Petromus 6 sister to extant Petromus Mein ar;gOPéckford, - - - -
Bathyergoides 23 Bathyergidae Mein agcég?:ckford, - - - -
Efeldomys 20 Bathyergidae Mein aggoFélckford - - - -
Geofossor 20 Bathyergidae Mein agcég?:ckford, - - - -
Microfossor 20 Bathyergidae Mein agg(gckford - - - -
Proheliophobius 20 Bathyergidae Mein ag((:i)cl):’:;ckford, - - - -
Richardus 15 Bathyergidae Lavocat, 1988 - - - -
Gypsorhychus 5 Bathyergidae Broom, 1948 - - - -
Bathyergus hendei 5 sister to extant Bathyergus Denys, 1998 - - - -

. monophyletic with Cryptomys i ) ) )

Cryptomys broomi 5 and Fukomys Denys, 1998
Heterocephalus 4,3 sister to extant Heterocephalus Denys, 2011 - - - -
Molecular data:
Bathyergus janetta - - - MH186532 | MH186276 - -
Bathyergus suillus A - - - AF012242 | FM162080 | AJ427251 | AJ238384

93




Bathyergus suillus D KJ866575 | MH186316 - -
Cryptomys hottentotus AF012240 | FJ855202 - AJ251132
Cryptomys natalensis MH186544 | MH186346 - -
Cryptomys nimrodi AF012237 - - -
Fukomys amatus EF043468 - - -
Fukomys anselli AF012233 - - -
Fukomys bocagei AF012229 - - -
Fukomys damarensis AY425857 | FN984748 | FN984749 | FN984751
Fukomys livingstoni KX905192 - - -
Fukomys mechowii EF043452 - - -
Fukomys zechi KX905198 - - -
Georychus capensis 2 MG496777 | MH186377 - -
Georychus capensis 5 MG496905 | MH186368 - -
Georychus capensis 6 MG496908 | MH186366 -

Heliophobius argenteocinereus N MG911074 | FJ855204 - AJ251133
Heliophobius argenteocinereus SE MG911071 - - -
Heliophobius argenteocinereus SW MG911051 - - -
Heterocephalus glaber AF155870 | AF332034 | AM407925 | AJ251134
Petromus typicus MH186591 | FM162079 | AJ427244 | AJ251144
Thryonomys swinderianus S KJ742647 - - -
Thryonomys swinderianus W KJ193480 | AF332035 | AJ427243 | AJ224674
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