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Molecular evidence indicates the Scarabaeini have origins dating back to at least the mid-upper
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Miocene (8-18 Million years ago). During this time its members underwent a rapid phase of
radiation followed by long periods of divergence. Flightlessness evolved in several lineages
along with the polyphyletic evolution of behavioural adaptations associated with food
specialization and relocation including pushing, dragging and carrying, or combinations of these
techniques. Members of the Scarabaeus subgenus Sceliages Westwood have evolved extreme
necrophagous behaviour of feeding and breeding exclusively on millipedes. Whilst necrophagy
is an opportunist strategy utilised by many scarabaeines, only S. (Sceliages) beetles have become
obligate specialists. Adaptations reported in this study include a positive chemotaxic response to
the quinone-based allomones secreted by distressed or injured millipedes. These beetles do not
construct food balls and roll them backwards in typical Scarabaeini fashion. Rather, whole or
portions of millipedes are pushed away from potential competitors, buried and subsequently
dismembered to access the internal tissues for food and reproduction. Phylogenetically, all
analyses strongly supported the monophyly of Sceliages taxa within Scarabaeus S. L. , thereby
providing justification of the proposed subgeneric classification of its members. Congruent
trends recovered from simultaneous analyses of the morphological and molecular data thus

provided a means to review the systematics of the tribe.
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To date, only morphological character sets have been used in phylogenetic studies to infer inter-

and/or intra-generic relationships among members of the Scarabaeini (Mostert and Scholtz,
1986; Barbero ef al., 1998; Harrison and Philips, 2003). These studies were based on relatively
small amounts of data that may have generated inaccurate or biased phylogenetic reconstructions
(see Hillis, 1998; Grandcolas ef al., 2001). A recent study of Scarabaeinae (Philips et al., 2004)
was based on large morphological data sets comprising more than 200 characters in an attempt to
improve phylogenetic signal and generate more robust hypotheses. Both studies support
congruence in the polyphyletic evolution of ball-rolling and feeding behaviours deviating from
coprophagy. However, a high degree of character homoplasy is reported in the scarabaeines,
likely the product of nonheritable information brought about by environmental influences (Hillis,

1987).

Molecules and Morphology

The advent of Polymerase Chain Reaction (PCR; Saiki ef al., 1988) marked a proliferation in the
use of sequenced regions within mitochondrial DNA (see Simon et al., 1994), and more recently,
nuclear ribosomal DNA in insect molecular systematics (see Caterino, Cho and Sperling, 2000).
Within the former of these classes, the Cytochrome Oxidase subunit I (COI) and COIl markers
have historically proven useful in providing sufficient phylogenetic signal in estimating
relationships corresponding to interspecific levels of recent divergence within Coleoptera (e.g.
Emerson and Wallis, 1995; Langor and Sperling, 1997; Kobayashi e al., 1998; Cognato and
Sperling, 2000} including within the Scarabaeinae (Villalba et al., 2002). In contrast, the highly
conserved 3' region of the large ribosomal subunit (16S) of mitochondrial DNA has proven more
effective at addressing deep levels of divergence evident among distantly related taxa (DeSalle,
1992; Derr et al., 1992) Similarly, 18S nuclear ribosomal RNA has also been useful for resolving

basal relationships in higher level phylogenetic studies (Chalwatzis et al., 1996; Caterino et al.,
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description of one species and give details of the remarkable biology of members of the genus

feeding on Diplopoda.

The second chapter is accepted and in press at Systematic Entomology at time of binding. It
forms the principal phylogenetic analysis for the tribe based in a suite of 246 adult
morphological and behavioural characters. Several hypotheses are rigidly tested and discussed in
relation to the evolution of flightlessness, ball-rolling, and feeding specialization. A new
classification proposes the maintainance of only 2 genera, Scarabaeus and Pachylomerus and 3
sub-genera i.e. Scarabaeus S. Str., Scarabaeolus and Pachysoma. Of the remaining genera,
Kheper and Sceliages are demoted to sub-genera and Drepanopodus is synonymised with

Scarabaeus.

The third chapter is submitted to Molecular Phylogenetics and Evolution in February, 2004, This
chapter introduces a molecular component to the tribal phylogeny by sequencing portions the
COIl and 16S rRNA mitochondrial genes as likely candidates for simultaneous analyses with and
without morphological data to resolve as many of the relationships as possible between the close
and not so closely related exemplars of the Scarabaeini. In doing so, the authors associated with
this paper hope to compare the molecular evolution and phylogenetic utility of these two genes
and assess the level of congruence these analyses hold with the morphology-based hypotheses
presented in chapter two, and the relatedness between the Scarabaeini and the morphologically
similar eucraniines. The molecular phylogenies are then used to assess the proposed tribal

classification presented in the second chapter.
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Diagnosis

Sc. difficilis can be diagnosed using the angulation of the protibiae (the medial facet of the
protibia is slightly angled inwards from between the third external denticle to half-way to the
second external denticle. Protibial width is even from the base to parallel with the third external
denticle where the width broadens slightly to the apex), and the protruding extension of the baso-

ventral corner of the virgular sclerite handle.

Re-description

Length 10-18 mm.

Pronotum: lateral margins evenly rounded. Thickness of lateral margin narrow and even.

Elytra: surface smooth with flat to slightly raised, minute granulations (more apparent in teneral
adults). Stria markedly developed (more apparent in teneral adults) comprising a longitudinal

pair of micro-carina. Minimal to no longitudinal groove bordered by micro-carinae.

Sternites: surface of mesobasisternum coarsely shagreened, large crescent-shaped punctations,
densely arranged and often linked, radiating anterior-laterally from centre of mesosternal

process. Punctations generally armed with single very short brown/black setae.

Legs: medial facet of protibia slightly angled inwards from between third external denticle to
half-way to second external denticle (Figs 37-41). Even protibial width from base to parallel with
third external denticle where width broadens slightly to apex. Protibial angulation and start of
angulation more subtle in females (Figs 38, 40, 41). Mesofemora armed with three (Fig. 53) to

four (Fig. 52) rows of long thick black/brown setae on posterior facet. Most rows approximately
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Sceliages granulatus, sp. nov.

(Figs 1, 6,7, 24, 25-28, 46, 80)
Material Examined
Type specimens. See comments

Holotype: ¢, labelled “Botswana: Kang, 35 Km SE, millipede-baited pitfall trap; 23 January

1978, A.L.V. Davis” (23°46'S 22°51'E), in SANC.

Paratypes: 37,19, same data as holotype, in SANC; 14, 29 labelled “Botswana: Sekoma, 26
Km E, millipede-baited pitfall trap, 24-25 January 1978, A.L.V. Davis” (24°24'S 23°53'E), 158

in UPSA, 29 in SANC.

Non-type specimens. 3d, 29. SOUTH AFRICA: 1J labelled ‘Northern Cape Province;
Olifantshoek, 45 Km SW, 28 February 1973, Bornemissza and Temby’ (27°56'S 22°44'F) in
SANC; 19 labelled ‘Vryburg’ (26°57'S 24°44'E) in SAMC; 27, 19Q labelled ‘South Africa:
“Cape Province”, Kimberley 28°44'S 24°46'E, October - November, 1980, S. Erasmus’, in

SANC

Diagnosis

Sc. granulatus shares a similar overall appearance with small teneral adults of Se. difficilis
except for the following differences present in Sc. granulatus: an obvious indumentum covering

the elytra. Granulations on elytra more obvious and pronounced. Striae on the elytra are more

pronounced. Pronotum lateral margins are obtusely rounded (similar to Sc. gagates).
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museum curators responsible for issuing loan material; Richard Newberry (North West Parks
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and Tourism Board) and Magda Goosen (Rustenberg Nature Reserve) for permitting research of
Sc. hippias in the Rustenberg Nature Reserve; Andre Olwage for the habitus illustration of Sc.
granulatus and Pam Prowse for inking the illustrations. This research was funded by National

Research Foundation of South Africa and the University of Pretoria.
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Pachylomerus Bertoloni, 1849

Definitive support for the monophyly of genus is indicated by 36 apomorphic character states
including an absence of a definitive anterior ventral carina located distally on the profemora
(101/2) which is unique to the genus (Fig. 153.02). Support for the basal placement of P.
femoralis in a phylogenetic study of the flightless Scarabaeint by Harrison & Philips (2003) is
based on the four controverted characters as follows: a small distinct projection on the anterior
edge of the pronotum; coarse serrations on the lateral edge between the external protibial

denticles; a single, well-developed mesotibial spur; and partial basal sclerotisation of the inner

ligular lobes armed with tufted setation on the apices.

Table 1. Proposed classification of the Scarabaeini (Coleoptera: Scarabaeidae). 1, described as subgenus by
Balthasar (1965); 2, synonymised by Holm and Scholtz (1979); 3, synonymised by Mostert and Holm (1982); 4,
synonymised by Mostert and Scholiz (1986}, 5, subgeneric status proposed by Harrison ef al. (2002).

Current recognised  Genera Proposed/maintained Proposed/maintained

genera of the to be maintained  subgenera of synonymy with

Scarabaeini Scarabaeus sensu lato  Scarabaeus sensu stricto

Drepanopodus Scarabaeus S. L. Kheper stat. nov. Drepanopodus syn. nov.

Kheper Pachylomerus Sceliages stat. nov.

Pachylomerus Madateuchus’

Sceliages Scarabaeus Mnematidium®

Scarabaeus Scarabaeolus' Mnematium®
Pachysoma® Neateuchus®

Neomnematium’

Mostert & Scholtz (1986) list several apomorphies to justify the validity of the genus
Pachylomerus including sexual dimorphism, reduced tarsal claws, a broad sculptured pronotum
and a highly evolved aedaegus. They also recognise four plesiomorphic states of the tribe
retained by the genus; an ovate and slightly concave basal lamella of the antennal club,
externally serrated protibia, two tarsal claws and closely set elytral carina. Moreover, Mostert &

Scholtz (1986) indicate a number of derived characters Pachylomerus shares with the genus
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Kheper thereby suggesting they are reasonably close phylogenetically and morphologically and
are the more highly evolved lineages of the tribe. All but one tree (not shown) in our study
supports Pachylomerus as sister to all other taxa in the tribe. As recognition of the former does

not violate monophyly of the latter, Pachylomerus is maintained/recognised as a genus.

Kheper Janssens, 1940

Only 2 out of 20 characters supporting the Kheper clade are unique (Figs 153.02-03). The distal
apex of the mesotibia is armed with a spur that is completely fused, becoming a tibial extension
(103/2) which is flush with the ventral margins of the mesotibia (125/1). The creation of the
genus by Janssens (1940) was based largely on the presence of one tarsal claw, an apomorphic
state also shared by the genus, Drepanopodus. The separation of Kheper from Drepanopodus
and Scarabaeus S. L. survived 2 demotions to subgenera by Balthasar (1963) and Halffter &
Matthews (1966). Mostert & Scholtz (1986) highlighted several autapomorphies supporting the
phylogenetic distinction of Kheper from Scarabaeus S. L. and therefore its validity as a genus.
These characters included: no serrations between or proximal to the external protibial denticles,
of which the most proximal of the 4 is reduced; a single fixed tarsal claw; inflected meso- and
metatibial spurs; and laterally expanded apical hooks of the aedaegus parameres. Our character
states 111/2 and 112/2, in combination, support the lack of serrations along the entire length of
the external protibial margin as an autapomorphy for the genus. Both S. [Neopachysoma] spp
and S. [Neateuchus] proboscideus lack serrations between the external protibial denticles but are
armed with serrations proximal to the dentation. Scarabaeus westwoodi lacks setation proximal
to the dentation but is armed with hairs between the denticles. Acording to our study, the
remaining characters listed by Mostert & Scholtz (1986) are not exclusive to the genus Kheper.
Both studies by Mostert & Scholtz (1986) and Harrison & Philips (2003) depict Kheper as a
highly derived lineage of Scarabaeus S. L. closely related to Pachylomerus and Scarabaeus

sacer L., respectively. Our results suggest the genus is also a derived lineage of Scarabaeus S. L.,
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& Holm (1982), and although not examined in this study, are unlikely to effect the topological
placement of the flightless Scarabaeus S. Str. Their classification as synonyms of Scarabaeus is

therefore uncontested.

Scarabaeus (Pachysoma MacLeay, 1821)

The node supporting S. (Pachysoma) S. L. shares 22 synapomorphic characters with the
remaining members of the tribe including morphologically congruent and no doubt convergent
L. arachnoides. Four character states present i the mandibles (53/2), epipharynx (67/2), neck
sclerites (76/1) and mesonotum (172/0) are unique to the clade (Fig. 153.09). Members of S.
(Pachysoma) S. L. clade are differentiated from the E. arachnoides by 7 homoplasious
apomorphies (Fig. 153.10) and is the only clade in the phylogeny whose members possess a
single lateral plate on each prothoracic apodeme (90/2). In contrast to a paraphyletic origin of S.
(Pachysoma) S. L. suspected by Holm & Scholtz (1979), all trees generated in this study clearly
support the clade as monophyletically derived from ancestral Scarabaeus S. L. lineages.
Harrison & Philips (2003) report a similar likely origin of the subgenus. The unique biology and
foraging behaviour discussed by Scholtz (1989) provide further support for the uniqueness these
scarabaeines. Within the subgenus, species of synonymised Neopachysoma (e.g. S. denticollis
and S. rodriguesi) form a monophyletic sub-clade and are consistently derived from S§.
(Pachysoma) S. Str. lineages in all trees examined. Sixteen apomorphies, including 2 that are
unique to Neopachysoma also receive strong decay support (Figs 1, 2, 153.10). Recognition of
Neopachysoma as a genus would therefore make S. (Pachsoma) S. Str. paraphyletic. We
therefore retain the synonymy but note that it is a distinct lineage within the subgenus
Pachysoma S. L. In concordance with the review of the subgenus by Harrison ef al. (2002), we

support the recognition of Pachysoma S. L. as a subgenus of Scarabaeus S. L.
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A consistent link between the fully winged and brachypterous lineages is represented by the
North African S. [Mnematidium] multidentatus. This fully winged species, whose biology is
apparently similar in all respects to that of true Scarabaeus species (Balthasar, 1963), shares a
number of morphological similarities with species in the flightless clade, particularly with other
S. [Mnematium] spp. These include derived characters associated with walking such as the
circular, marginal circumference of the procoxal cavity (86/1) and closely set mesocoxae {
(197/2)) present in all flightless Scarabaeini. Two hypotheses for the evolution of S.
[Mnematidium] multidentatus are presented. Firstly, this species may posses a flightless
polymorphic condition resulting from reduced wing muscles as suspected in the North American
Geotrupidae genus, Peltotrupes (Olsen er al., 1954; Howden, 1955). Secondly, S.
[Mnematidium] multidentatus may resort to a flightless phase at some point in adult life enabling
greater reproductive potential. Newly emerged adult females may be capable of flight but lose it
permanently upon location of a mate and/or food resource by histolysing flight musculature.
Indeed, Roff (1990) and Scholtz (2000} report that many insects histolyse their wing muscles
which allows for increased egg production. For instance, fully winged females of the dynastine
Oryctes rhinoceros L. and the lucanid Lucanus cervus L. “trade-in” flight in favour of
reproduction by autolysing thoracic muscles in autumn and replacing them with fat-body cells
(Smith, 1964). Moreover, Scholtz and Caveney (1992) report wing muscle histolysis in the
southern African desert trogid, Omorgus asperulatus (Harold) during the utilisation of a large

mammal carcase for reproduction.

Eucraniini sister to Scarabaeini?

The Eucraniini are restricted to xeric, sandy areas of Argentina. The tribe contains 18 flightless
species in the genera, Eucranium Brullé, Glyphoderus Westwood and Anomiopsoides

Blackwelder, and a single flighted species in the genus Ennearabdus Van Lansberge (Zunino et
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is known of their biologies and relatively few are available for molecular or morphological-based

study,
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Appendix 2. Morphological characters and their states with reference to anatomical drawings
(Figures 6-152).

Head plates

10.

Clypeal teeth: (0) two; (1) four; (2) none.

Shape of medial teeth of clypeus: (0) blunt and rounded; (1) narrow triangular shape
(tooth width < 2/3 length); (2) wide triangular shape (tooth width = length); (3) teeth
absent.

Position of medial clypeal teeth (cf. lateral clypeus teeth/anterior margin of clypeus): (0)
not projecting anterior of marginal curvature of clypeus; (1) markedly projecting anterior
of marginal curvature of clypeus.

Clypeal curvature (at plane) between distal edges of geno-clypeal suture (in dorso-
frontal view): (0) flat; (1) slightly convex; (2) convection forming projection, carina, etc;
(3) concave.

Emargination between medial clypeal teeth relative to lateral emarginations between
medial and lateral clypeal teeth: (0) anteriorly positioned to a line drawn between base of
both lateral emarginations (Fig. 6); (1) even with line (Fig. 7); (2) posteriorly positioned
to line (Fig. 8).

Shape between medial clypeus teeth: (0) no emargination; (1) emargination U-shaped; (2)
emargination V-shaped; (3) emargination a slight notch.

Ventral transverse margin of clypeus with: (0) no protuberances; (1) carina present; (2)
carina present with one or more tooth-like projections; (3) carina absent. One or more
tooth-like projections present

Ventral surface of clypeal teeth: (0) no protuberances; (1) simple longitudinal carinae
present; (2) each longitudinal carina forming a tooth-like projection distad; (3)
longitudinal carinae absent. Tooth-like projection distad.

Lateral margins of clypeal epistoma: (0) forming an obvious tooth-like projection; (1)
plate-like with anterior-lateral angle forming reduced tooth-like projection; (2)
rectangular plate without projection.

Geno-clypeal suture: (0) markedly defined; (1) not so.

Anterio-lateral margin of genal epistoma: (0) distinct from clypeus forming an obvious
notch-like emargination (Fig. 9); (1) forming a slight notch-like emargination(Fig. 10);
(2) completely indistinct forming approximately a continual margin with clypeus (Fig.
11).
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28. Seventh antennomere (basal lamella of club): (0) cup-shaped, rounded; (1) slightly leaf-
shaped, relatively elongate, flattened; (2) Intermediate form: oval leaf-shaped, slightly
rounded.

Mouth parts

Labium

29. Mentum anterior margin: (0) slightly emarginate; (1) markedly emarginate; (2) straight.

30. Mentum surface: (0) flat and simple; (1) contoured with mounds and depressions; (2)
convex and simple.

31.  Mentum pubescence/setation: (0) mainly restricted to anterior region (projecting
forwards); (1) mainly unrestricted, covering most of ventral surface; (2) mainly restricted
to anterior and lateral regions (absent medially).

32.  Labial palps (basal palpomere): (0) fat in width from base to apex (Fig. 23); (1) thin in
width from base to apex (Fig. 24).

33.  Labial palps (middle palpomere). (0) positioned perpendicularly on lateral edge of (to)
basal palpomere and directed inwards (Fig. 23); (1) not so (Fig. 24).

34.  Labial palps (apical palpomere): (0) markedly reduced in size compared to middle and
basal palpomeres and appearing as a small “nmipple;” (1) slightly reduced in size
compared to with middle and basal palpomeres.

35. Labial palps: (0) markedly developed and much larger in size to dorsal paraglossal
processes; (1) reduced and similar in size to dorsal paraglossal processes.

36. Baso-medial paraglossal torma: (0) slight to no interruption by glossa (Fig. 25); (1)
forms a deep cradle-like emargination to house the glossa (Fig. 26).

37. Glossa (dorsal view): (0) markedly developed anterior protrusion; (1) not so.

38.  Posterior margin of baso-medial paraglossal torma: (0) very slight to no emargination;
(1) markedly pronounced emargination; (2) intermediate emargination.

39.  Dorsal paraglossal processes with anterior medial margins: (0) oblique basally and
angulate apically (Fig. 27); (1) oblique and straight (Fig. 28); (2) basally perpendicular to
glossa and approximately right-angled apically (Fig. 29).

40, Dorsal paraglossal process: (0) markedly developed, elongate; (1) not so

41. Ventral paraglossal process: (0) markedly pronounced lobes (sclerotised or not so); (1)
reduced and primarily serving as rigid spine for ventral paraglossal process and basal
comb setae.

42, Setal arrangement on medial margin of ventral paraglossal process: (0) comb-like setae

forming a continuous band along entire margin (Fig. 30); (1) one to two comb-like
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91. Lateral plates of prothoracic apodemes (0) relatively even in size; (1) outer plate larger
than inner plate; (2) one of the two lateral plates absent; (3) inner plate larger than outer
plate.

92.  Angulation of outer lateral plates relative to central chitinous supports of the prothoracic
apodemes (when viewed through posterior prothoracic foraman). (0) greater than 45°
(Fig. 67); (1) slightly angled above horizontal (Fig. 68); (2) horizontal (Fig. 69).

Forelegs

93.  Edge of coxal depression (dorso- lateral view) (Fig. 70): (0) forming an abrupt ridge or
carina much like an “Adam’s apple”; (1) forming a very slight ridge or carina; (2)
intermediate form between (1) and (2).

94. Baso-lateral “ankle” of coxa (Fig. 71): (0) possessing an obvious spike-like protrusion;
(1) possessing a knobbed, rounded protrusion; (2) lacking any protrusion.

95. Trochanter: (0) with a distinct “heel-like” carina or ridge which may/may not be serrated
or forming a spike-like protrusion; (1) not so.

96. Trochanter: (0) posterior facet possessing serrations or one to several spike-like
protrusions; (1) not so.

97. Baso-anterior ventral corner of the femora: () possessing a spike-like protrusion; (1) not
SO. v

98. Shape of femora: (0) fat and laterally enlafged; (1) enlarged basally, not so distally (much
like a chicken drum-stick); (2) approximately parallel-sided and even thickness through
length of femora; (3) evenly tapered (slight bulge on ventral surface).

99. Dorso-posterior edge of femora: (0) serrated/toothed; (1) smooth.

100.  Dorsal carina of femora leading basally from tibia/femora articulation (Fig. 73): (0)
markedly toothed; (1) smooth; (2) finely serrated (often giving rise to setae).

101.  Dorso-anterior edge/carina running distally from the “heel” terminating medio-ventrally
on anterior facet beneath 99 (Fig. 72). (0) smooth; (1) toothed or serrated through
majority of its length; (2) toothed or serrated basally, fading to smooth distally.

102.  Distal anterior ventral edge or carina of femora: (0) toothed or serrated; (1) smooth; (2)
absent or merging medially with 100; (3) smooth with single tooth.

103.  Relationship between 99 and 100 (Fig. 72). (0) distinct and separate; (1) indistinct,

virtually joined medially forming a single edge or carina; (2) converge medially then
separate as distinct carinae along majority of femora; (3) converge medially with 99

terminating at this convergence.
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175,  Lateral corners at union with posterior transverse ridge/carina and scutellum: (0)
rounded; (1) angulate (approximately 90°).

176.  Posterior transverse ridgelcarina: (0) carina complete/unbroken with its emargination
evenly rounded into 2 lobes divided by longitudinal mesothoracic suture (1) carina
complete/unbroken with its emargination angled at longitudinal mesothoracic suture; (2)
carina incomplete forming 2 separate lobes with emargination restricted to anterior
medial region of each lobe unjoined at longitudinal mesothoracic suture.

177.  Scutellum apex: (0) projecting upwards; (1) not so.

178, Length of scutellum (measured from apical tip of scutellum to transverse line drawn
along most posterior point of transverse ridge/carina, compared with length of scutum
measured from this line to anterior terminus of longitudinal mesothoracic suture). (0)
scutellum < ¥2 length of scutum; (1) scutellum between V2 and % length of scutum; (2)
scutelium > length of scutum; (3) scutellum length equal to scutum length.

179.  Prescutum: (0) markedly developed; (1) reduced.

180.  Prescutum: (0) directed anteriorly beyond apicies of phragmal arms; (1) approximately
equal to apicies of phragmal arms; (2) sub-equal to apicies of phragmal arms.

181.  Lateral margins of prescutum (anterior-ventral view): (0) approximately straight; (1)
markedly tapering; (2) evenly rounded; (3) vestigial or absent.

182.  Emargination of anterior ventral margin of prescutum: (0) shallow, narrow; (1) shallow,
broad; (2) deep, broad; (3) convex/round, with minimal to no emargination; (4) deep,
narrow.

183.  Anterior ventral margin of prescutum at union with longitudinal mesothoracic process
(ventral view): (0) slightly decurved posteriorly (Fig. 115); (1) markedly decurved
posteriorly (Fig. 116): (2) not decurved (Fig. 117).

184,  Scutellar process (ventral view): (0) markedly developed; (1) reduced to absent.

185.  Lateral process (axillary chord; ventral view): (0) markedly developed; (1) reduced to
absent.

Metanotum

186.  Prescurum: (0) developed; (1) reduced.

187.  Prescutal membrane between dorso-lateral margins of prescutum and ventro-lateral
margins of scutum: (0) undivided, approximately even width through its length (Fig.
102); (1) undivided, constricted (Fig. 103); (2) divided (Fig. 104).

188.  Scutum: (0) developed; (1) reduced to vestigial.
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Tablel. Representative ingroup and outgroup (in bold) taxa used in this study.

COl 168
analysis analysis
DNA (Genbank (Genbank
Collection Preserv®  accession accession  Morph'  Combined
Taxa Locality method number) number)  analysis  analysis
Circellium bacchus Fabr. E Cape, SA EtOH  AF499750  AF499690 v 4
Heliocopris hamadryas (Fabr.) NW Prov., SA EtOH  AF499751  AF499691 v v
Eucranium arachnoides Brullé Mendoza, Arg. EtOH AF499752  AF499692 v v
Anomiopsoides heteroclytus (Blanchard)  La Rioja, Arg. EtOH AF499753  AF499693
S. [Drepanopodus] proximus (Péringuey) ~ Namib Des., Nam.  EtOH  AF499754  AF499694 v/ v
S. (Kheper) lamarcki (M’Leay) Gauteng, SA EiOH 4
S. (Kheper) nigroaeneus (Boheman) Gauteng, SA EtOH AF499755  AF499695 v v
S. (Kheper) subaeneus (Harold) N Prov., SA EtOH  AF499756  AF499696 v v
S. [Mnematidium] mudtidentatus (Klug) Palestine Pinned 4
S. [Mnematium] ritchiei M’'Leay Tripoli, Libya Pinned v
S, {Mnematium] silenus Gray Sanai Pen., Egypt Pinned v
S. [Neateuchus] proboscideus (Guérin) Namaqualand, SA EtOH AF499757  AF499697 v v
S. [Neopachysoma] denticollis (Péringuey) ~ Namib Des.,, Nam.  EtOH v
S. [Neopachysoma] rodriguesi Ferreira Namib Des., Nam.  EtOH Sole et al. v
Unpubl. Seq.
S. (Pachysoma) bennigseni Felsche Namib Des., Nam.  EtOH AF499758  AF499698 v v
S. (Pachysoma) hippocrates M’ Leay Namaqualand, SA  EtOH AF499759  AF499699 v 4
Pachylomerus femoralis Kirby Gauteng, SA EtOH AF499760  AF499700 v 4
S. (Scarabaeolus) bohemani Harold Gauteng, SA EtOH  AF499761  AF499701 v v
S. (Scarabaeolus) flavicornis (Boheman) NW Prov., SA EtOH AF499762  AF499702 v v
S. (Scarabaeolus) rubripennis (Boheman) Namib Des., Nam.  EtOH AF499763  AF499703 v v
S. (Scarabaeolus) scholizi Mostert & Holm  Chalbi Des. Som. Pinned v
S. galenus (Westwood) Kruger NP, SA EtOH AF499764  AF499704 4 v
S. goryi Castelnau Kruger NP, SA EtOH  AF499765  AF499705 v v
S. rugosus (Hausman) W Cape, SA EtOH AF499766  AF499706 v v
S. rusticus (Boheman) NW Prov., SA EtOH AF499767  AF499707 4 v
S. satyrus  (Boheman) N Cape, SA EtOH AF499768  AF499708 4 v
S. westwoodi Harold Sani Pass, Lesotho  EtOH  AF499769  AF499709 v 4
S. zambesianus Péringuey N Prov., SA EtOH  AF499770  AF499710 v v
S. (Sceliages) adamastor (Serville) W Cape, SA EtOH  AF499771  AF499711 v v
S. (Sceliages) brittoni zur Strassen Namaqualand, SA EtOH AF499772  AF499712 4 v
S. (Sceliages) hippias Westwood NW Prov., SA EtOH AF499773  AF499713 v v

NOTE. Key to abbreviations: Desert (Des); Province (Prov.); National Park (NP); Argentina (Arg.); Namibia
(Nam.);  Somalia (Som.); South Africa (SA). In the taxa column, S. is an abbreviation for the genus
Scarabaeus.

PCR amplification and DNA Sequencing

Primer sequences used for amplification of DNA fragments were obtained from Simon et al.
(1994). Initial COI sequences comprising 1296 nucleotide bases were obtained by amplifying
C1-J-1718 (5' GGAGGATTTGGAAATTGATTAGTTCC 3") in conjunction with the tRNA-
Leucine (UUR) primer TL2-N-3014 (5" TCCAATGCACTAATCTGCCATATTA 3%. Over-
lapping sequences were generated with C1-J-1718 in combination with C1-N-2329 (§'

ACTGTAAATATATGATGAGCTCA 3’ with the A in position 12 from the 5' end substituted
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with largely overlapping reads from both heavy and light strands. All complete sequences were
submitted to GenBank (Table 1). We failed to obtain sufficient repeatable fragments of both the
COI and 16S genes for the pinned specimens and they were therefore not used in the
phylogenetic analyses of molecular and combined data sets. These species, however, were
included in the morphological tree (Fig. 1A) of Forgie, Philips and Scholtz (unpubl.) and served
to provide us with an estimate of their relatedness to other members of the tribe and their

topological placement in the trees generated in this study.
Alignment and Phylogenetic Analysis

Alignment of COI and 16S rRNA sequences was done using the default parameters of Clustal X
(Gibson er al., 1994) taking the theoretical considerations of Gatesy er al. (1993) into account.
Any ambiguous base(s) appearing in the aligned sequences were checked against several
specimens showing nucleotide congruency in the same codon position(s) as viewed in Sequence

Navigator. Gaps were coded as missing characters.

In order to gain the best estimates of phylogeny, simultaneous analyses of the data sets
individually and in combination (i.e. Morphology + CO1, Morph. + 16S, CO1 + 16§, Morph. +
CO1 + 16S) were carried out (Nixon and Carpenter, 1996). All analyses were performed using
PAUP* 4.0b10 (Swofford, 1999). Both the eucraniines, FEucranium arachnoides and
Anomiopsoides heteroclytus, were included in theoutgroup to ascertain their relationship to
Scarabaeus subgenus Pachysoma sensu lato (S. L. : incl. Neopachysoma [Syn.]) lineages.
Unweighted parsimony analyses were based on heuristic and branch-and-bound search options
with 100 random additions of sequences and tree-bisection-reconnection (TBR) swapping unless
otherwise stated. Neighbour-Joining analyses (NJ; Saitou and Nei, 1987) of the molecular data
sets used a randomised input order for the taxa (see Farris, 1995) and employed distances

corrected with HKY85 (Hasegawa et al., 1995) which adjusts for.variance in transition:
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Fig. 1. Morphological Trees based on 216 morphological and 3 biological characters of the
Scarabaeini (Coleoptera Scarabaeidae). (A) Single PIWE (Goloboff 1997) tree (CI=0.24,
RI=0.49, Length =1673) from Forgie ef al. (in press) following less strong weighting against
homoplasious  characters with concavity index = 4, Unique  synapomorphies
(Bold)/homoplasious synapomorphies provided below nodes. Flightless taxa (dashed branches).
Nocturnal taxa (N). Modes of food relocation: ‘rolling” e; Tunnelling, 4; Pushing, ¥; Dragging,
¢; Carrying, &; Unknown, 7. (B) Single MP tree recovered by heuristic search (CI=0.29,
RI=0.51, Length =1336). All characters are unweighted. Bootstrap values above 50% support
are given at nodes.
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Arrows indicates node from which rapid divergence of the majority of lineages occurs. CO1 NI trees shows predictably longer branches with greater accumulation of
character changes over time than the 16S sequence data for the same taxa.
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Morphological Analysis and Characteristics

Unweighted parsimony analysis of 219 characters in the morphological data set with 3
uninformative characters removed, generated a single tree 1336 steps in length (Fig. 1B; Cl=
0.29, RI= 0.51). The majority of the relationships were unresolved. An over abundance of
character homoplasy is evident in the morphological data (Fig. 1A). Even under the most
stringent weighting (concavity indices 1 and 2) against homoplasious characters using PIWE
(Parsimony Implied Weights; Goloboff, 1997), complete resolution of the resulting topologies

(results not shown) was not achieved by Forgie, Philips and Scholtz (unpubl.).
COI mt DNA Analysis and Characteristics

A 1197 bp region of the mtDNA COI gene from 23 ingroup taxa and 2 outgroup taxa (C.
bacchus and H. hamadryas) contained 480 variable characters (Appendix la) including 378 that
were phylogenetically informative. The majority of phylogenetic information occurred at the 3
codon position accounting for the vast majority (71%) of the variability followed by 1°* and
highly conserved 2™ codon positions (22% and 7% respectively), as seen for example in recent
insect studies using COI (e.g. Emerson and Wallis, 1995; Langor and Sperling, 1997; Funk,
1999; Mardulyn and Whitfield, 1999; Cognato and Sperling, 2000, Villalba er al., 2002), Mean
base composition across all lineages showed an excess of A (31.7%) and T (39.6%) over C
(14.8%) and G (13.9%) in our COI data corresponding to a similar A+T bias occurring at the 3
codon position recorded in several of the studies cited above including Liu and Beckenbach,

(1992) and Juan et al. (1995).

Unweighted parsimony analysis generated a single tree (CI = 0.30, RI = 0.34) with a length of
1917 steps (Fig. 2A). Reweighting 1%, 2" and 3™ codon positions according to site variability

also resulted in a single tree (CI = 0.34, RI = 0.37, length = 2904) sharing several topological
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Mean sequence divergences between ingroup taxa with relationships supported by bootstrap
analysis particularly in NJ and ML trees ranged from 4.0-15.3% in COI and 1.2-7.5% in 16S
data. This, in conjunction with high A-T richness and multiple substitutions in the most variable
sites of the molecular data, suggests saturation of substitutions occurs in taxa with sequence
divergence values above the mean range of each data set (i.e. above 15.3% in COI and 7.5% in
16S). Mean divergences within the ingroup subgenera varied between 6.2 % (COI):1.9% (16S5)
(Sceliages), 8.9%:3.9% (Scarabaeolus), 12.4%:7.5% (Kheper) and 15%:8.4% (Pachysoma) S. L.
Among the closely related taxa within each subgenus, the overall divergence was relatively low,
homoplasy was therefore low, hence, the noisc:signal ratio was in favour of truly howwlugous
base substitutions. Highest divergence values occurred between ingroup and outgroup taxa yet
the basal node differentiating the scarabaeines from the outgroup taxa in both trees received
strong bootstrap support. Resolution, at least in the COI data, was likely to be gained from the

highly conserved sites as reported by Mardulyn and Whitfield (1999).

Several studies have provided molecular clock calibrations for insect mt DNA ranging from
approximately 0.98-2.3% divergence per million years to estimate phylogenetic time frames
(DeSalle er al., 1987 (2.0%); Brower, 1994 (2.3%); Priiser and Mossakowski, 1998 (0.98-2.3%)).
Based on this range, our data suggests the Scarabaeini appeared around 8-19 Mya. The current
school of thought suggests the Scarabaeini may have evolved around the same time as other
Scarabaeines during the Eocene epoch (37-54 Mya) of the Cenozoic (Crowson 1981; Cambefort
1991a; Scholtz and Chown 1995). Our molecular data suggest this tribe is more recently derived
than previously speculated. Clay covered brood balls and nests recovered from the Chadian
Pliocene Australopithecine levels (Duringer er al., 2000) suggest brood ball construction and
nesting behaviour practiced by many of the Scarabaeini were well established at least 3-3.5
million years ago. According to our estimates, this advanced level of reproductive behaviour had

at least 4 million years to evolve in the tribe.
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Combined Data Analysis and Characteristics

A partition homogeneity test of the three data sets supported their combinability (P = 0.001).
Analysis of each combination recovered a single most parsimonious tree (Fig. 4). Analysis of the
molecular data sets either simultaneously (Figs 4A; CI = 0.30, RI = 0.39, length = 3.173 and 4B;
CI = 0.33, Rl = 0.45, length = 1.680) or together (Fig 4D; CI = 0.30, RI = 0.39, length = 3.413)
with the morphological data yielded topologies reflecting an over proportional impact by the
latter (but see Hillis, 1987). This may stem from a greater weight given to individual
homoplasious morphological characters than saturated molecular characters supporting nodes at
a number of hierarchical levels. The majority of topologies recovered from separate COl and 16S
analyses were largely conflicting and poorly supported apart from relationships between closely
related taxa (see discussions below). The tree recovered from the combined molecular data (Fig.
4C; CI= 0.33, RI= 0.37, length = 2,200) bears little to no improvement in topological robustness
and prompts us to question their effectiveness in further resolving morphologically based
Scarabaeini phylogeny. Given that our molecular data sets markedly differ in rates of
evolutionary change (see Brown et al., 1982; DeSalle et al., 1987; Knight and Mindell, 1993),
the pooling of these heterogeneous data may yield incorrect topologies (Bull et al., 1993) that are
poorly supported (Brower and DeSalle, 1994), thus, providing us with less confident estimations
of relationships. Nonetheless, inclusion of the molecular with morphological data recovered a
single “total evidence” tree (Fig.4D; 683 PIC’s) that contained some groupings compatible with
certain elements of the preferred weighted morphological tree by Forgie, Philips and Scholtz

(Fig. 1A, unpubl.).

Saturation

The mean empirical Scarabaeini TL'TV scores calculated in PAUP for all COI and 16s tRNA

characters were 1.29 and 1.00 respectively. In contrast, the overall transversions exceeded
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16S variable characters (continued):

Taxon/Node

22222222222222222222222222222223333333333333333333333344444444444444
00000111111111222223566677889990001112222233344556899911111233444555
45678012356789023483901246040892897890234901519476526501237425289089

Circellium bacchus
Heliocopris hamadryas
Eucranium arachnoides
Anomoipsodes heteroclytus
S. [Drepanopodus] proximus
8. (Kheper) nigronaeneus

S. (Kheper) subaeneus

8. [Neateuchus] proboscideus
S. (Pachysomu )} bennigseni
S. (Pachysoma) hippocrates
Pachylomerus femoralis

S. (Scarabaeolus) bohemani
8. (Scarabaeolus) flavicornis
S. (Scarabaeolus) rubripennis
S. galenus

S. goryi

S, rugosus

S. rusticus

S. satyrus

S. westwood 1

S. zambesianus

S. (Sceliages) adamastor

S. (Sceliages) brittoni

S. {(Sceliages) hippias

GATCAATTAATAAACGARACGATTTTTAGTTATTTCCTCTCCAAATCTGTGGCAAAT -AACGAAATAC
TCTCTATTCTAAAATAAAACGAATCTTAATTATTTTTTTTCCCGTACTATGGCATAT ~-AACAATAACC
TTTCAAAAAATCAAANTTAACGTTTTTTAATTATTTCTTTTCGAGTACTATGGCAAACATACGARATAC
TTTCGAATAATTAAAGTAATGTTTTTTGATTATTTCTTTTCTCGTACTATGACAAGCATATGAAATAC
TTTCAAATATTATATAAAATTATTTTTAATTATTTCTTCCCCAATATTATGGCGAATGTATGTAATAC
ATCCAAATATTAATATAAATAATATTTAATTATTTATTTCTCAATTTTAGGACAAAA-TACGATATCC
TTCTAATTATTAAATTAAATATATTTTAATAATTTATTTCTCAATTTTAGGACAATT ~AATGATATCC
TTTCAAATAATATAGGGAATAATCTTTAAATATCTATTCCCCAATATTATGGCGAGTATTCGTAATCC
TTTTAAACAATACTTATTATAGTTTTTAATATTTTTTTTCCCAATATTATGACGAATATGTGTAATAC
TTTTAAATAATATATATAATAATTTTTAAAAATTTCTTCCCCAATATTATGACATATATACGAAATAC
TTTTAAATACTATATAAMATAGTTTTTAATTATTTCTTCCCCAATATTATAGTGAA - ~~ATGTGATAC
TTTTAAATAATATATAAAATAATTTTTAATTATTTTTCCCCCAATATTATGACGAATATATGTACTAC
TTTCAAATARAATATAAAATAATTTTTAATTATTCTTTCTCCAACATTATCGACGAATATATGTTATAC
TTTCAAATATTATATARAATAATT TTTAATTATTTCCCCTCCAATATTATCACGAATATATGTAATAC
ATATAATTATTATATAAATTATTTTATTATTATTTCTCCCCCAAAATTATCACGAATATATGTAATAC
TCCCAAATAAAAAATAAAATAATTTTTAGTTATTTCTTCCCCAATGTTATCGCGAAT~-TACGTAAGCG
TTTTATACTATATATAAAATATATTTTAATAATTTCTCCCCCAATATTATGACGATTATATGAAATAC
TTTTAGATTAAATATAAAATAATTTTTAATTATTTCTCCCCCAATATTATGGCGTAT-TACGAACTAC
TTTCAAATAATATACGAAATAATTTTTAGTGATTTCTTCCCCAATATTATGGCGAGAATACGTTATCC
TTTTAAATAATATATAAAATAATCTTTAATTATTTCTCCCCCAATATTATGACGATA~-TACGAAATAC
TTTCAAATAATATAGGGAATAATTTTTAAATATCTATTCCCCAATATTATGGCGAGTATCCGTAATCC
TTTTAAATAAAATATTAAATAATTTATAATAACTTTTTCCTCAATATTATCGACGAAT -TATGTAATAC
TTTTAAATAAAATATTAAATAATTTACAATTACTTTTTTCCCAATATCATGACGATT-AATGTAATAC
TTTTAAATAAATTATAAAATAACTTATAATAACTTTTTCCTCAATATTATGACGAAT ~-AACGTAATAC

206



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
W VYUNIBESITHI YA PRETORIA




UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

W UNIVERSITEIT VAN PRETORIA

\
disarticulated? A leverage action using the clypeal teeth and protibial external denticles is
inferred (Villalobos et al., 1998) but has not been witnessed. We hope that these questions will

stimulate further study on the biology of Sceliages.

Further attention needs to be directed towards the biology of the flightless Scarabaeini,
Mnematium ritchiei, M. silenus and Neomnematium sevoistra. Sampling of these flightless taxa
is necessary to gain molecular perspective on the levels of divergence between these lineages and
those of South Western Africa, and whether or not there is molecular support for the monophyly

of flightlessness.

Additionally, it would be interesting to further test relationships between the “ball-rolling”
Scarabaeini that never or rarely horizontally relocate food resources (Halffter and Halffter, 1989)
and those that do so exclusively. Both Pachylomerus femoralis and Scarabaeus galenus
represent links between rolling and tunnelling by exploiting both behavioural strategies whilst

equipped with true telecoprid morphologies
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