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27.1
Introduction

African mole-rats are obligatory subterranean hystricognath rodents en-
demic to the Afrotropical region. The family contains solitary, social and
two evolutionary divergent eusocial taxa, the naked mole-rat (Hetero-
cephalus glaber) and the Damaraland mole-rat (Fukomys damarensis; Jarvis
1981; Jarvis and Bennett 1993; Bennett and Faulkes 2000) (but see Burda
et al. 2000 who consider also other species of the genus Fukomys to
be eusocial). This social diversity has lead to a great deal of recent re-
search interest in the group, although many holotypes had been described
by the late nineteenth century (reviewed by Ellerman et al. 1940, 1953).
In this chapter it is our intention to review what is known about the phy-
logenetic relationships in Bathyergidae, with particular emphasis on the
central African clade (Cryptomys/Fukomys) and present the evidence that
shows how taxonomic differentiation has been influenced by past climatic
and geomorphological factors. We realise that factors other than the his-
torical geographic setting affect evolution in these subterranean rodents,
including evolutionary constraints set by population demography on re-
productive isolating mechanisms and enhancement of divergence through
hybridisation (Golding and Strobeck 1983; Harrison 1993; Ruedi et al.
1997; Grant and Grant 1997; Steinberg and Patton 2000). At this stage, how-
ever, demographic studies and the role of hybridisation as an evolutionary
mechanism have not received explicit attention in bathyergids. Data on
chromosomal diversification in Fukomys, however, suggest that this genus
at least may bear the stamp of reticulation events (Van Daele et al. 2004).
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27.2
Intergeneric Relationships

Bathyergids have been the subject of numerous phylogenetic studies incor-
porating data from morphology (Wood 1985), allozyme data (Nevo et al.
1987; Filippucci et al. 1994, 1997; Janecek et al. 1992), mitochondrial restric-
tion fragment analysis (Honeycutt et al. 1987), nuclear Transthyretin (TTR)
sequence data (Walton et al. 2000), the nuclear von Willebrand Factor gene
(Huchon and Douzery 2001), mitochondrial 12S rRNA (12S) (Honeycutt
et al. 1987; Allard and Honeycutt 1992; Nedbal et al. 1994) and mitochon-
drial cytochrome b (cyt b) sequence data (Faulkes et al. 1997). Systematic
overviews of the Bathyergidae by Jarvis and Bennett (1990) and Honeycutt
et al. (1991) provided the basis for more recent studies on intergeneric
and intrageneric relationships (Faulkes et al. 2004; Ingram et al. 2004).
The Bathyergidae are the most species rich of the four monophyletic fam-
ilies that constitute the Phiomorpha (the African clade of Hystricomorph
rodents; Nedbal et al. 1994). At the subfamilial level, groupings based on
morphology are not corroborated by molecular evidence (Walton et al.
2000). The consensus now is that the family Bathyergidae consists of six
extant genera (Kock et al. 2006), the highest number among subterranean
rodents: Heterocephalus, Heliophobius, Bathyergus Georychus, Cryptomys
and Fukomys (Fig. 27.1). Molecular genetic data unambiguously support
this treatment at the generic level. All recent studies indicate that the eu-
social mole-rat Heterocephalus glaber is sister to a group comprising all
other genera in the family. At the next dichotomy, Heliophobius forms a sis-
ter lineage to the remaining genera. Following Faulkes et al. (2004) and
Ingram et al. (2004) Georychus and Bathyergus group in a monophyletic
clade, but the relationships with Cryptomys and Fukomys remain poorly
resolved. Several studies have observed that Cryptomys sensu lato actu-
ally comprised two divergent clades and recommended the recognition
of two separate genera (Nevo et al. 1987; Honeycutt et al. 1991; Janecek
et al. 1992; Filippucci et al. 1994, 1997; Faulkes et al. 1997, 2004; Walton
et al. 2000; Ingram et al. 2004). It is now generally accepted that Crypto-
mys sensu lato should be split into Cryptomys and the new genus Fukomys
based on the reciprocal monophyly in both nuclear and mitochondrial
analyses, the high level of sequence divergence between the two taxa and
differential patterns of chromosomal evolution. The available data suggest
that intrageneric variability, particularly in Fukomys, is higher then hith-
erto accepted and many new species await description (Van Daele et al.
2004). Morphological synapomorphies allow a straightforward diagno-
sis of Heterocephalus, Bathyergus, Georychus and Heliophobius. However,
Cryptomys and Fukomys cannot be clearly separated on morphological and
traditional morphometric criteria. Preliminary geometrical morphomet-
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Fukomys 2n =40-78 Fig.27.1. Phylogenetic relationships
{ of African mole-rats

Cryptomys 2n = 54

Georychus 2n = 54
Bathyergus 2n = 56
Heliophobius 2n = 60 - 62
Heterocephalus 2n = 60

rical data indicate subtle differences in skull morphology between the two
genera (Van Daele et al. 2006; Van Daele, Corkery and Murtas, unpublished
data).

27.3
Biogeography of the Bathyergidae

Recent molecular phylogenies that have inferred a molecular clock, have
consistently suggested an ancient (Eocene) origin for the Bathyergidae
(e.g. Huchon and Douzery 2001). Unfortunately, fossil-bearing strata of
the Eocene/Oligocene are extremely rare in Africa (Lavocat 1978), and fos-
sil bathyergids first appear later on in the more common early Miocene
deposits. Of the extant genera, Heterocephalus is the first to appear in the
fossil record and the temporal association of Heterocephalus fossils with ex-
tinct bathyergid ancestors supports the early divergence of Heterocephalus
within the family that is suggested by molecular phylogenies (for a recent
review of fossil bathyergids see Faulkes et al. 2004).

The availability of robust molecular phylogenies now enables us to infer
the potential phylogeographic influences that underlie the adaptive radi-
ation of the Bathyergidae. Molecular phylogenies of the Bathyergidae are
rooted in East Africa with Heterocephalus and Heliophobius being the ear-
liest divergences (Fig. 27.2a). Molecular clock-based timing of the major
divergences within the family suggest that the initial cladogenesis of the
Bathyergidae was sufficiently early to be independent of the rifting and vol-
canism that characterise this part of Africa today, and a general radiation
appears to have occurred from East Africa into southern and south-central
Africa. Divergence of the basal lineages in the Bathyergidae, Heterocephalus
(40—-48 mya) and Heliophobius (32—40 mya) may have been constrained
northwards by the Ethiopian highlands, but was relatively unimpeded
south and west (Fig. 27.2b). It has been suggested (Honeycutt et al. 1991)
that these early Bathyergids may have spread via a corridor of fluctuat-
ing aridity linking east and southwest Africa (Van Zinderen Bakker 1967).
This arid corridor has been implicated in the distribution of both modern
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Fig.27.2a-f. Phylogeographic trends in the Bathyergidae inferred from analysis of mito-
chondrial 12S rRNA and cytochrome b sequence differences: a initial divergence of the
Heterocephalus (Het.) lineage from the common ancestor of the family in East Africa;
b radiation of Heliophobius (Hel.) and movement from East Africa into Southern Africa,
with some populations crossing the Rift Valley (*); ¢ Bathyergus (Ba.) and Georychus (Ge.)
lineages diverge in South Africa; d Cryptomys (Cr.) diverges into two clades, one radiating
predominantly in South Africa (1), and Fukomys spreading north into Southern, Central
and West Africa (2); e formation of Lake Tanganyika; f later diversification of Fukomys
clade in South-central Africa leaving disjunct populations in Central and West Africa (data
adapted from Faulkes et al. 2004)
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and Early Miocene fossil faunas (Van Couvering and Van Couvering 1976).
During this time, large-scale physical and climatic changes were also occur-
ring in this part of Africa as a result of continental drift, leading to increased
volcanism and the gradual formation of the African Rift Valley. These vol-
canic uplands and deep valleys, some of which eventually formed the great
lakes of Africa, constitute a physical barrier for subterranean rodents.
In addition, it is likely that the climatic and vegetative changes that indi-
rectly resulted from the rifting process were of importance in determining
the distribution and social evolution of the Bathyergidae. For example,
estimates of the divergence of Georychus/Bathyergus from their common
ancestor with Cryptomys/Fukomys (20—26 mya; Fig. 27.2c) coincide with
the beginning of volcanism in the Kenya rift, and this may have favoured
the expansion of these lineages into southern Africa, rather than to the
north and west. At the same time, aridification of the Saharo-Arabian belt
was beginning, and this would have further restricted the Bathyergidae to
sub-Saharan Africa. The first fossil bathyergids are known from this pe-
riod (Early Miocene) in both East Africa and Namibia, confirming these
molecular-based estimates that southern Africa was also being colonized
at this time. During the later Early and Middle Miocene the Cryptomys
genus diverged into its two subclades (Cryptomys/Fukomys; at 12—17 mya;
Fig. 27.2d). Again, this coincides with a critical period when rifting was
progressing in the Kenya rift and also just beginning in the Western rift.
While the Cryptomys clade appears to have speciated almost exclusively
in South Africa, the Fukomys clade underwent a more extensive radiation,
particularly in Zambia and Central Africa (Fig. 27.2e), resulting in a wide di-
versity of genetically divergent chromosomal forms (see below). This initial
spread of Fukomys hasleft extant, but disjunct populations in central Africa
as far west as Ghana (F. zechi), Nigeria (F. foxi) and Nigeria/Sudan/Uganda
(F. ochraceocinereus). These species at the northern periphery of the bathy-
ergid range form a basal clade in the Fukomys genus (Ingram et al. 2004;
C.G. Faulkes and N.C. Bennett, unpublished data), and may represent relic
populations from the initial radiation of Fukomys, isolated by the formation
of tropical rainforest in the Congo Basin. If molecular timings are correct,
then the initial radiation of Fukomys is coincident with the onset of volcanic
activity in the adjacent Western rift. It is possible that the resulting environ-
mental challenges brought about as climate and vegetation changed, may
have influenced patterns of speciation and social elaboration. This period
has previously been reported as a time of faunal turnover (Van Couvering
and Van Couvering 1976). Further volcanism and formation of the East
Africa rift during the Miocene appears to have almost completely isolated
the populations of Heterocephalus and Heliophobius to the east, and re-
stricted Cryptomys/Fukomys to the west of the Rift. Exceptions to this are
a few populations of Fukomys whytei in western Tanzania, and Heliopho-
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bius found in Malawi, D.R. Congo and Zambia. The latter appear to have
diverged before local rifting restricted their movement (Fig. 27.2f; Faulkes
et al. 2004).

27.4
Overview of the Six Genera

Bathyergids exhibit considerable geographically structured morphologi-
cal and genetical variation (see, e.g. Faulkes et al. 2004). In the past this
fact triggered the description of many species and subspecies of bathy-
ergids. Although this is not the place to revive the entire discussion about
species concepts, it seems that the alternative species concepts cannot be
neatly applied to bathyergids and subterranean rodents in general (see, e.g.
Lessa 2000). By trying to box dynamic evolutionary processes in a static
framework, we will inevitably be oversimplifying the complex relation-
ships within certain taxa (e.g. Fukomys). We take the view that species
limits should be established using multiple evidence, which takes into ac-
count variation at the molecular, cytogenetical and organismal levels. This
section therefore highlights known polymorphism and divergence as ob-
served in morphological, chromosomal, and molecular analyses to hint at
both the validity of named forms and the possibility of finding additional,
unrecognized forms among African mole-rats.

27.4.1
The Eusocial Heterocephalus Riippell, 1842

Heterocephalus forms a monotypic genus. Despite genetic differences of
10.6% in cyt b between populations at the extremes of its range (Faulkes
etal. 1997) and life history characteristics that seem to make Heterocephalus
prone to speciation, Heterocephalus shows no morphological variation nor
variation in chromosome number (2n = 60; George 1979; Capanna and
Merani 1980).

27.4.2
The Three Solitary Genera

Heliophobius Peters, 1846

Currently only H. argenteocinereus is recognised as a valid species in this
genus. Karyotypic variation (2n = 60—62; George 1979; Scharff et al. 2001),
high levels of cyt b sequence divergence (up to 13.3%; Faulkes et al. 2004)
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and 128§ sequence divergence (7.3%; Ingram et al. 2004) and morphological
differences suggest that Heliophobius is actually polytypic.

Bathyergus llliger, 1811

Two species are currently recognized with different karyotypes (Nevo et al.
1986): B. suillus (2n = 56) and B. janetta (2n = 54). However two recent
independent studies have suggested that both species have a 2n = 54
(C.G. Faulkes, unpublished data; J. Deuve and T.]. Robinson, unpublished
data). Faulkes et al. 2004 reported relatively low levels of cyt b sequence
divergence (up to 5.6%) and suggested the existence of a hybrid zone
in an area where the species are sympatric. While Ingram et al. (2004)
were unable to resolve interspecific relationships they suggested Bathyergus
suillus might be more variable, warranting recognition of additional taxa.

Georychus llliger, 1811

Although the accepted view is that Georychus just comprises one species:
G. capensis, allozyme data (Nevo et al. 1987), mitochondrial RFLP data
(Honeycutt et al. 1987) and high levels of mitochondrial sequence diver-
gence (cytb: up to 13.7%; Faulkes et al. 2004; Ingram et al. 2004) all suggest
the possibility of two species.

27.5

Diversification in Social Mole-rats of the Genera
Cryptomys Gray, 1864 and Fukomys (Kock, Ingram,
Frabotta, Honeycutt and Burda 2006)

Cryptomys sensu lato

Cryptomys sensu lato forms stable colonies with one reproductive female,
one or more reproductive males and several non-reproductive animals that
help with the care for the off-spring and maintenance of the colony. They
are found in a variety of habitats, all of which are characterised by the
presence of geophytes (staple food). Roots, bulbs and corms are harvested
along extensive, anastomosing tunnel systems. The reproductive skew and
other life history characteristics as well as differences in habitat are at the
basis of intra- and intercolonial polymorphism in quantifiable traits (Ro-
sevear 1969; Honeycutt et al. 1987; Burda et al. 1999; Bennett and Faulkes
2000; Janse Van Rensburg et al. 2004).

Therefore, it is no surprise that classifications of Cryptomys sensu lato
based on morphological data (often subtle differences in a size variable,
pelage colour or the extent of the headspot) show several inconsisten-
cies. Accordingly there has been a great discrepancy in the number of
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Fig.27.3. Distribution map of
Fukomys (hatched) and Cryptomys
(grey). The main distribution

of extant Fukomys is closely
associated with mesic savannas
North and South of the tropical
rain forest belt

species recognised by different authors (Allen 1939; Ellerman et al. 1940;
Roberts 1951; Ansell 1978; De Graaff 1981; Nowak 1991; Wilson and Reeder
2005).

Cryptomys sensu stricto is a South African radiation while Fukomys (syn-
onym Coetomys; Kock et al. 2006) is widely distributed throughout the
mesic and arid Savannahs (Fig. 27.3). The two genera show remarkably
different evolutionary pathways. On the one hand Cryptomys sensu stricto
is chromosomally conservative while showing deep DNA sequence diver-
gences. Fukomys on the other hand, being chromosomally hypervariable,
shows varying levels of sequence divergence (Van Daele et al., accepted; cf.
below).

Cryptomys Gray, 1864

Cryptomys is a polytypic genus with at least six species. While the avail-
able data indicate it is chromosomally conservative (2n = 54; Nevo et al.
1986; Faulkes et al. 2004), the species richness of the group is supported
by recent genetic studies. Ingram et al. (2004) recovered five monophyletic
lineages, which they assigned to C. hottentotus, C. natalensis, C. nimrodi,
C. holosericeus and C. anomalus, the latter from Pretoria. However, Faulkes
et al. (2004) found two highly divergent populations around Pretoria, sep-
arated by only 30 km (using a subspecific nomenclature for all taxa, the
Pretoria samples were assigned to C. hottentotus pretoriae and C.h. ma-
hali). Several formally described races have not been thoroughly studied
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and therefore diversity could be much higher (Roberts 1951). However, one
should take great care in assigning specimens or naming species as it has
been hampered by the existence of many synonyms (there are 34 synonyms
available for Southern African races of the C. hottentotus “superspecies”
(De Graaff 1981) and vague type locality descriptions. Therefore a topo-
typical approach is required to avoid further confusion in the complicated
taxonomy of this group.

Fukomys (Kock, Ingram, Frabotta, Honeycutt and Burda 2006)
Honeycuttetal. (1991) recognised six species: C. foxi (Thomas 1911) C. zechi
(Matschie 1900) and C. ochraceocinereus (Heuglin 1864), which are dis-
tributed in the Sudanian savannahs and Cryptomys bocagei (De Winton
1897), C. damarensis (Ogilby 1838) and C. mechowii (Peters 1881) from the
Zambezian region. Allozyme and karyological studies suggested the spe-
cific status of C. darlingi (Aguilar 1993), C. amatus (Macholdn et al. 1998),
C. kafuensis (Filippucci et al. 1994; Burda et al. 1999), C. anselli (Filippucci
et al. 1994; Burda et al. 1999) and C. whytei (Chitaukali et al. 2001). Sub-
sequently 11 new karyotypes were described from Zambia (Faulkes et al.
1997; Kawalika et al. 2001; Van Daele et al. 2004). Various other popula-
tions from the Zambezian region are known to be karyotypically different
(PAAG Van Daele, unpublished data). Several of these may represent bio-
logical species. This is corroborated by studies showing considerable levels
of allozyme divergence (Filippucci et al. 1994, 1997) and sequence diversity
(Faulkes et al. 2004; Ingram et al. 2004; Van Daele et al., accepted).

Molecular sequence data show that a Sudanian clade is sister to six Zam-
bezian clades (op. cit.). For the Sudanian clade, chromosomal (21 = 66/70;
Williams et al. 1983) and sequence data (Ingram et al. 2004) are scarce but
suggest that at least the three named forms deserve specific status. Fukomys
distributed in the Zambezian phytochorion show extreme chromosomal
variability (2n = 40-78), while levels of mitochondrial sequence diver-
gence within and between subclades may vary considerably as detailed in
Van Daele et al., accepted (Fig. 27.4). Remarkably the South Zambian phy-
logroup (micklemi clade: Fig. 27.4) containing E. micklemi, F. anselli, F. ka-
fuensis and five other taxa with different karyotypes only show an average
of 1.4% cyt b sequence divergence, similar to the widely distributed South-
western Zambezian damarensis clade (five known karyotypes; 1% cyt b
sequence difference). As opposed to these low levels of sequence divergence
in the more arid parts of the Zambezian phytochorion, there appear to be
high levels of genetic divergence between phylogroups from mesic regions
(e.g. in the whytei clade).

Van Daele et al. (2004) noted that the distribution of the different kary-
otypical races correlates well with the extant river system configuration.
They hypothesized that geomorphological changes and in particular river



366 P. A. A. G. Van Daele et al.

yerg §u|IIqu'

Cryp

— <«——— bocagei 2n = 58 (1)

ﬂi& P mechowii 2n = 40 - 44 (2)

whytei 2n = 46 - 64 (5)

darlingi 2n =54 (1)

> damarensis 2n =74 - 78 (5)

e

micklemi 2n = 42 - 68 (12)

0.1 L

Fig.27.4. Phylogenetic relationships of Fukomys haplotypes: Cyt b maximum-likelihood
phylogeny under TIM+I+I" model of evolution. Phylogenetic relationships of Fukomys
haplotypes reveal six distinct subclades. The numbers in brackets refer to the number of
known chromosomal races. The scale bar indicates the number of substitutions per site
(data adapted from Van Daele et al., accepted)

system dynamics in recent geological times (from the Neogene on) have
played an important role in the chromosomal diversification and would
have provided ample opportunities for speciation (including vicariance and
allopatric processes) to occur. The phylogeographic history of Zambezian
Fukomys would then have been driven by the joining and fragmentation
of precursors of extant rivers driven by crustal flexion (both down warp-
ing and uplifting) and associated climatic shifts. This is corroborated to
a large extend by estimates of divergence dates (Van Daele et al., accepted;
Fig. 27.5).
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27.6
Prospects (for Phylogenetic Studies and Beyond)

In addition to further molecular phylogenetic sequence analysis, morpho-
metrical, ethological and detailed chromosomal studies using differential
staining techniques are required to create a robust phylogenetic framework
for examining intrageneric relationships and the identification of cryptic
species. Differential patterns of chromosomal and molecular genetic evo-
lution and speciation should be further explored using a multidisciplinary
approach, starting with a topotypical sampling strategy. In an interesting
overview of future directions of research on subterranean rodents, Lessa
(2000) stresses that a phylogenetic framework is not only an important
prerequisite for understanding macroevolutionary processes but also pro-
vides the necessary context to discuss the structure and function and the
relative importance of adaptation. We believe that in particular Fukomys
provides an evolutionary model that could yield fruitful results in the fu-
ture, ultimately enriching evolutionary theory. Further DNA sequencing
implies a better knowledge of gene structure, but it is an understanding of
gene function that will enhance molecular genetic insight into evolutionary
processes of speciation and adaptation. Using, e.g. microarray technology,
Fukomyswill undoubtedly be instrumental in the exploration of differential
ageing patterns (Dammann and Burda 2006). Exemplatory at the organis-
mal level are studies which have explored how morphometrical variation
maps on phylogenetic trees. Preliminary data obtained from a geometric
morphometrical analysis of the ventral side of the cranium of a number
of closely related chromosomal races belonging to the E micklemi phy-
logroup suggest that during raciation small localized shape changes (shape
changes of so-called non-uniform origin; Zelditch et al. 2004) could mod-
ify the integration of structures with shifts in functionality. As expected,
these shape changes do not seem to follow the cladogenetic sequence of
events as depicted by a cyt b phylogeny (Van Daele et al. 2006). This
fact could be further exploited to understand how either plastic responses
to immediate ecological conditions (cf. Patton and Brylski 1987) and/or
changes in shape associated with digging and chewing modes (reviews by
Lessa 1990; Stein 2000) appear time and again in the evolution of subter-
ranean lineages. Transposed on a phylogenetic framework morphometrical
changes per se and other morphological characters (that may map better
on phylogenetic trees) could help to elucidate the sequence and nature of
morphological adaptation within the constraints set by the subterranean
environment.
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Fig.27.5. Phylogeographic trends in Zambezian Fukomys estimated from Cyt b sequence
differences using nonparametric rate smoothing and penalized likelihood methods as im-
plemented in r8s (Sanderson 1997, 2002) (data adapted from Van Daele et al., accepted).
The general distribution of the extant Fukomys clades would have been determined in
the Holocene, when the riversystem configuration became similar to today’s situation.
(Drainage system evolution in South-Central Africa. Figure modified after Du Toit (1933),
Moore and Larkin (2001) and Cotterill (2003). M Paleo-lake Makgadikgadi; B Lake Bang-
weulu; OKZ Ovamboland - Kalahari - Zimbabwe axis of crustal flexuring and OB Oka-
vango - Bangweulu axis of crustal flexuring)
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Fig.27.5. Legend.

Divergence time estimates suggest a Pliocene origin of Zambezian Fukomys. The
common ancestor of Fukomys would have colonized the lower latitudes dispersing
along shifting vegetation belts during the late Miocene. As the Sudanian lineage
(North of the tropical rainforest belt) became gradually isolated from the Zam-
bezian lineage, the latter radiated in the Zambezian savanna belt.

A first divergence occurred in the Early Pliocene, eventually giving rise to the basal
Zambezian clade including F. bocagei, which dispersed throughout Angola.

The common ancestor of the other Zambezian clades would have had ample
opportunity during the Pliocene to disperse along the watershed between the
precursors of the headwaters of the Zambezi and Zaire Rivers.

4 ¥
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Fig.27.5. Legend. (continued)

During the Late Pliocene the giant mole-rat or F. mechowii lineage split from

the lineage containing the smaller mole-rats, which diverged in a northern and %
southern lineage. %

The Pleistocene is characterized by several consecutive radiation bursts, driven

by the dynamic interaction of a fluctuating climate with associated geo-
morphological and vegetational changes. Coincident with reconfigurations of *
the major riversystem during the Pleistocene all major lineages of small
mole-rats emerged. While the radiation of the northern lineage seems to

be coupled to reconfigurations of the headwaters of the Luapula river dur-

ing the Early Pleistocene, the divergence time estimates of the radiation of

the southern clades correlates with the formation of the Kafue and Zam-

bezi rivers in the South-Central Zambezian region during the Late Pleistocene.

E damarensis, being the most derived taxon, seems to have diverged from the ﬁ'::b
F. micklemi clade after the final formation of the Zambezi, radiating around the

shores of Paleo-lake Makgadikgadi.
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