UNIVERSITEIT YAN PRETORIA
UNIVERSITY OF PRETORIA
@’ VUNIBESITHI YA PRETORIA




IVERSITEIT VAN PRETOR
VERSITY OF PRETOR
IBE R

UN 1A
UNIVE | A
Wamd” YUNIBESITHI YA PRETORIA




UNIVERSITEIT YAN PRETORIA
UNIVERSITY OF PRETORIA
@’ VUNIBESITHI YA PRETORIA




UNIVERSITEIT YAN PRETORIA
UNIVERSITY OF PRETORIA
@’ VUNIBESITHI YA PRETORIA




UNIVERSITEIT YAN PRETORIA
UNIVERSITY OF PRETORIA
@’ VUNIBESITHI YA PRETORIA




IVERSITEIT VAN PRETOR
VERSITY OF PRETOR
IBE R

UN 1A
UNIVE | A
Wamd” YUNIBESITHI YA PRETORIA




s

B.a UNIVERSITEIT YAN PRETORIA
0 UNIVERSITY OF PRETORIA
Qe

YUNIBESITHI YA PRETORIA

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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¥Fig. 5. Phylograms of Scarabaeini COI and 168 sRNA mitochomdrial genes based on Neighbour Joining analysis. Bootstrap values above 50% support are given at nodes.
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
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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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