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Abstract
Scarabaeoid beetles display a distinctive lamellate antenna carrying olfactory sensillae which show various trends of surface enlargement, including the increased number of the terminal lamellate antennomeres. The presence of >3 lamellae (‘plurilamellate’ antennae) in
some groups has been used in the classiﬁcation of chafers (Melolonthinae) and in particular in the tribe Sericini. However, this character
may not be phylogenetically conservative. Here we present a phylogenetic analysis based on partial 28S rRNA, cytochrome oxidase I
(cox1) and 16S rRNA (rrnL) for 183 species of Scarabaeidae, representing all traditionally recognized subfamilies, with particular focus
on Sericini. Alignments of length-variable sequences were obtained applying various alignment algorithms and parameter settings. Tree
topologies from the combined analysis were very similar when rrnL alignment was based on the progressive alignment algorithm
MAFFT, MUSCLE, and less so Clustal, but diﬀered greatly when using the probabilistic PRANK and the ‘local’ alignment procedure
BlastAlign, while alignment conditions for the smaller 28S rRNA had little impact on the combined analysis. Preferred conditions were
chosen based on an extensive analysis of character congruence between markers and recovery of well established taxonomic groups.
Combined analyses on the best alignments using parsimony, maximum likelihood and Bayesian inference generally supported the traditional classiﬁcation, including the monophyly of Scarabaeidae, with Glaphyridae as its sister, the monophyly of Cetoniinae, and
the monophyly of most tribes included. Various levels of support were also obtained in favor of a proposed sister relationship of Sericini
with Ablaberini, their close relationships to a melolonthine clade consisting of several tribes with exclusively Southern Hemisphere distribution, and the monophyly of Old World Sericini. In contrast, the generic level relationships were not consistent with the existing taxonomy. The large genera Neoserica, Microserica, and Maladera each split in several distantly related branches. The segment number of
the antennal club when optimized onto the preferred tree revealed that plurilamellate antennae originated repeatedly (9–10 times in Sericini, plus multiple origins in other Melolonthinae). This invalidates the use of this trait in the generic classiﬁcation. The number of lamellae is likely to be relevant to mate recognition, as it aﬀects the spatial organization and number of olfactory sensillae. The high level of
homoplasy in antennal characters may indicate a causal link between the morphological diversity of the antennae and the great species
richness of Sericini and related melolonthines.
Ó 2008 Elsevier Inc. All rights reserved.
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Species diversiﬁcation
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The Scarabaeidae Pleurosticti (Erichson, 1847) are a
well characterized group of some 25,000 described species
of beetles (Scholtz and Grebennikov, 2005) which includes
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more than two thirds of all species in the superfamily Scarabaeoidea (=Lamellicornia). They are deﬁned by a distinct synapomorphy, the placement of the abdominal
spiracles on the upper portion of the sternites (e.g. Balthasar, 1963; Ritcher, 1969). The Pleurosticti are usually subdivided into four major subfamilies, including Dynastinae,
Rutelinae, Melolonthinae, and Cetoniinae, plus several
small groups. All are phytophagous; the adults usually feed
on leaves, ﬂowers and pollen, while the larvae feed primarily on living roots, soil humus or decaying wood. The tribe
Sericini is a particularly diverse group with some 3500 species in about 200 genera. Like other members of the Melolonthinae, they feed on leaves of angiosperm plants as
adults and on roots in the larval stages. They occur predominantly in the Old World, while only ﬁve genera are
known in the Neotropics (Evans and Smith, 2007) and they
are absent entirely from the Australian region. Sericines are
inconspicuous and morphologically uniform. Their homogeneity and the resulting taxonomic diﬃculties have limited
studies of their distribution, ecology, and morphology (e.g.
Scholtz and Chown, 1995; Ahrens, 2006a).
An important synapomorphy of all scarabaeoid beetles,
including the Pleurosticti, is the distinctive lamellate
antenna consisting of several leaf-like terminal segments
(Browne and Scholtz, 1999). These lamellae are the location of olfactory sensillae (Meinecke, 1975; Leal et al.,
1998) required for the detection of feeding sources as well
as mate ﬁnding and recognition (Reinecke et al., 2006).
While most lineages of Scarabaeoidea possess a short
antennal club composed of three antennomeres, here
referred to as ‘trilamellate’, a large group of pleurostict
scarabs shows various modiﬁcations and enlargement of
this structure. The two major trends are modiﬁcation of
the common funicular (spherical or cylindrical) antennomeres into lamellate (layered) antennomeres, in particular
in the males, and the increased number of lamellate antennomeres from the modal three, to between four and seven.
This increased number of lamellae can be referred to as
‘plurilamellate’, following Burmeister’s (1855) German
term ‘mehrgliedrig’ [=with more (than 3) segments]. The
number of antennomeres composing the club in the male
sex is the most easily recognizable diagnostic feature, and
the current classiﬁcation of Sericini at the genus-level is largely based on these antennal characters. For example, sets
of species have been separated into two diﬀerent genera
because the antennal club was composed of three vs. four
antennomeres (Reitter, 1896; Brenske, 1897). However,
variation in number as well as size and shape of clavicular
antennomeres are also seen in other pleurosticts, rendering
these traits homoplastic. This fact may raise doubts about
the validity of antennal characters as a major trait for the
generic classiﬁcation of Sericini. Yet, the phylogenetic context of antennal traits can not be established conclusively,
as relationships within Sericini remain poorly known
(Ahrens, 2006a). This also hampers the eﬀorts to examine
the evolutionary biology of chemical communication and
their eﬀect on species diversiﬁcation, in particular in how

they relate to the diversiﬁcation of antennal club
characters.
Here we address relationships in Sericini using partial
sequences from two mitochondrial genes, cytochrome oxidase subunit I (cox1) and the large subunit rRNA (rrnL),
and one nuclear gene, the large subunit rRNA (28S). The
latter two markers were highly variable in length, due to
the broad taxon sampling that we used to explore relationships of Sericini with other scarab lineages, introducing
uncertainty for the phylogenetic analysis. The diﬀerence
in evolutionary dynamics of mitochondrial and nuclear
rRNA genes would suggest diﬀerences in sensitivity to
the choice of alignment parameters (e.g. Vogler and Pearson, 1996; Terry and Whiting, 2005). Procedures based
on the ‘progressive’ alignment algorithm of Gotoh
(1982), as implemented in ClustalX 1.83 (Thompson
et al., 1997) remain very popular, despite shortcomings
(Gardner et al., 2005). More recent programs are based
on a similar principal strategy of progressive incorporation
of sequences into the alignment but optimizing these in various ways for the ﬁnal alignment outputs. These procedures
are now available in programs such as MAFFT (Katoh
et al., 2002, 2005), MUSCLE (Edgar, 2004a,b) and
PRANK (Löytynoja and Goldman, 2005). Clustal settings
have also been widely tested and settings optimized for
rRNA genes have been suggested (Wilm et al., 2006). This
leaves a bewildering range of algorithms and settings to
choose from.
Very few studies make use of this range of alignment
procedures to test the reliability of a tree. There is little
doubt that alignment parameters and choice of methods
not only aﬀect the alignment itself, but also the tree topology (Morrison and Ellis, 1997), and regions suﬀering from
the greatest variability in alignment also are those that produce the greatest diﬀerences in topologies (Wong et al.,
2008). The selection of alignment parameters therefore is
probably the most critical step in phylogenetic reconstructions. While the advent of new or improved methods therefore will greatly help in obtaining better tree estimates from
alignment-variable sequences, we need to quantify the
eﬀect of their application on tree topologies and any bias
resulting from the selection of particular methods.
To decide which alignment parameters and procedures
are preferable, the criterion of congruence can be applied,
based on the notion that an alignment should be an optimal description of homology (i.e. synapomorphy). Testing
initial hypotheses of alignment for their congruence with
other information, the preferred alignments are those that
optimize overall homology, including data from morphological studies or other gene regions (sensitivity analysis
of Wheeler, 1995). This principle was implemented here
by testing the congruence between the two length-variable
regions, rrnL and 28S. We also used a method for ‘local’
alignments based on the BLAST algorithm which rely on
the recovery of small segments of sequence recognized
among terminals, providing an alternative procedure for
homology assignment against which to test the progressive

D. Ahrens, A.P. Vogler / Molecular Phylogenetics and Evolution 47 (2008) 783–798

alignment procedures. These comparisons can be formalized using measures of similarity of trees, to test the relative
eﬀect of algorithm choice and alignment parameters on the
tree topology. Based on trees obtained from the preferred
alignments, we ﬁnally focus on the origins of various modiﬁcation in shape and number of the clubbed antennomeres, as an independent assessment of the generic
classiﬁcation of Sericini.

2. Materials and methods
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FF and DD (Monaghan et al., 2007) (For primer
sequences see Supplementary Table 5). Sequencing was
performed on both strands using BigDye v. 2.1 and an
ABI3730 automated sequencer. Sequences were assembled and edited using the STARS program (M.-S. Chan
and N. Ventress, University of Oxford, 2001). For many
sequences, ca. 100 bp on each end of sequencing chromatograms were edited manually using Sequencher v.
4.5 (Genecodes Corp., Ann Arbor, MI, USA) or BioEdit
(Hall, 1999). All sequences used in the present study
have been submitted to GenBank (Supplementary
Table 1).

2.1. Taxon sampling, DNA extraction, and DNA sequencing
A representative sample of Sericini and a less complete
sample of other Melolonthinae were collected from Neotropical, Palearctic, Afrotropical, Oriental, and Australasian regions (Table 1) including all principal lineages
(subfamilies) of Scarabaeidae. Additionally, two species
of Hybosoridae as well as two species of the presumed
primitive (Browne and Scholtz, 1999) Glaphyridae were
included. All trees were rooted with Hybosorus illigeri.
DNA was extracted using Qiagen DNeasy columns or Promega WizardSV extraction plates from thoracal leg muscle
tissue. Following DNA extraction, beetles were dry
mounted. Vouchers will be deposited in the D. Ahrens
collection.
Two mitochondrial and one nuclear gene regions were
ampliﬁed and sequenced. These included cytochrome oxidase subunit 1 (cox1) and 16S ribosomal RNA (rrnL)
with the adjacent regions NAD dehydrogenase subunit
1 (nad1) and tRNA leucine (trnLeu). Hereafter we use
rrnL to refer to this region. PCR and sequencing was
performed using primers Pat and Jerry for cox1 and
16Sar and ND1A for rrnL (Simon et al., 1994). For a
few specimens only a shorter fragment could be obtained
using the primer pairs 16SB2 or 16Sb2 (Monaghan et al.,
2007). A fragment of nuclear 28S rRNA containing the
variable domains D3–D6 was ampliﬁed using primers

2.2. Phylogenetic analysis using multiple alignment
Ten alignments were produced for each of the two
length-variable markers, referred to as AL1–AL10. The
resulting alignments were then tested for congruence in
combined analyses in all possible combinations (Vogler
and Pearson, 1996). Progressive alignment procedures
were conducted in ClustalX 1.83 (Thompson et al.,
1997) under default gap opening penalties (Go) of 15
and extension penalties (Ge) of 6.66 (AL1) and under
an optimized setting suggested by Wilm et al. (2006) with
a gap opening penalty of 22.5 and extension penalty of
0.83 (AL2). Further, we used related methods providing
secondary reﬁnement including MAFFT version 5.8
(Katoh et al., 2002, 2005) (AL3) and MUSCLE version
3.6 (Edgar, 2004a,b) (AL4), or probabilistic modeling
of indels, as implemented in PRANK (Löytynoja and
Goldman, 2005) (AL5). Finally, we used a method for
‘local’ alignments based on the BLAST algorithm which
rely on the recovery of small segments of sequence recognized among terminals (BlastAlign, Web Interface Version 0.1; Belshaw and Katzourakis, 2005) (AL6).
Additionally, we used a set of gap opening and extension
penalties for ClustalX (AL7–AL10) (see Table 1 for exact

Table 1
Alignments generated and tree statistics from parsimony analysis
Algorithm

AL1
AL2
AL3
AL4
AL5
AL6
AL7
AL8
AL9
AL10

ClustalX
ClustalX
MAFFT
MUSCLE
PRANK
BlastAlign
ClustalX
ClustalX
ClustalX
ClustalX

Parameters

15/6.66 (default)
22.5/0.83
Automatic; (default)
Default
Default
Default
25/6.66
20/6.66
10/6.66
6.66/6.66

rrnL

28S

ALL

GC

PIC

TL

CI

RI

ALL

GC

PIC

TL

CI

RI

860
861
875
903
1232
986
852
856
865
878

190
194
152
516
589
549
170
173
198
216

450
459
451
513
687
544
444
448
456
466

8546
8634
8496
9882
9149
8383
8643
8596
8519
8506

0.14
0.14
0.14
0.14
0.19
0.15
0.12
0.13
0.13
0.13

0.56
0.54
0.49
0.44
0.65
0.62
0.56
0.56
0.56
0.57

828
812
818
821
855
719
810
810
812
813

162
154
149
152
202
144
148
152
154
156

99
101
99
99
113
114
111
118
106
102

893
916
891
899
940
1389
938
954
894
885

0.29
0.29
0.29
0.28
0.31
0.34
0.31
0.32
0.31
0.31

0.76
0.78
0.75
0.74
0.76
0.73
0.77
0.77
0.77
0.77

Ten diﬀerent alignments (AL1–10) were produced with the alignment algorithms and parameter settings (gap opening cost/gap extension cost) given
separately for the length-variable markers. The table lists the total alignment length (ALL; in bp), the number of gapped characters (GC), parsimonyinformative characters (PIC), tree length (TL), consistency index (CI) (excluding uninformative characters) and retention index (RI). All gaps were treated
as 5th character state.
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settings) to test the eﬀect of varying the parameters for a
single algorithmic procedure.
The resulting alignments were subjected to parsimony
tree searches using TNT (Goloboﬀ et al., 2004) with 10
ratchet iterations, 10 cycles of tree drifting and three
rounds of tree fusing for each of 200 random addition
sequences. Gaps were treated as a ﬁfth character state, to
optimize length variation on the phylogenetic tree in the
same manner as the variation in nucleotides (Ogden and
Rosenberg, 2007; Simmons et al., 2007). Bremer support
was calculated for a subset of nodes on the resulting tree
by constraining single nodes for non-monophyly and
repeating TNT searches. Congruence of trees was assessed
using the Incongruence Length Diﬀerence (ILD) (Mickevich and Farris, 1981) and the Rescaled ILD (RILD;
Wheeler and Hayashi, 1998) applied here to the 3-partitions (cox1, rrnL, 28S) which provides a measure of incongruence between partitions relative to the maximum total
homoplasy (incongruence) in the data set. Furthermore,
we applied the Meta-Retention Index (MRI; Wheeler
et al., 2006) which measures the extra cost from combining
the data relative to the total level of homoplasy, but allowing data partitions to be split in various ways, independently of a priori assumptions about functional portions.
Finally, we explored the congruence among trees establishing taxonomic consistency (TC) based on the recovery of
14 selected groups (tribes and subfamilies; see Supplementary Tables 2–4) that are well established in the traditional
classiﬁcation. This measure gives the percentage of these
groups that are recovered as monophyletic in a given
analysis.
Model-based phylogenetic analysis was performed on
the complete data set of the preferred alignment combination. Maximum Likelihood (ML; Felsenstein, 1973)
searches were performed in PhyML (Guindon and Gascuel, 2003) using a GTR model (as selected by Modeltest
using standard AIC; Posada and Crandall, 1998; Akaike,
1974) with all parameters estimated from the data and four
substitution rate categories. Bayesian analysis was conducted using parallel MrBayes 3.1.2 (Ronquist and Huelsenbeck, 2003; Altekar et al., 2004) running on the CBSU
Web Computing Resources (http://cbsuapps.tc.cornell.edu/mrbayes.aspx). Bayesian MCMC analyses (Yang
and Rannala, 1997) were performed with unpartitioned
and partitioned data (Nylander et al., 2004; Brandley
et al., 2005). Data were partitioned by separating the combined matrix into the three gene loci cox1, rrnL, and 28S
(part3), and further separating the cox1 into 3-partitions
for each codon position (part5), while the rRNA markers
were each separated into conservative length-invariable
and highly variable length-variable partitions (part7). Tracer 1.3 (Rambaut and Drummond, 2003) was used to
graphically determine stationarity and convergence of runs.
The Bayes factor (Nylander et al., 2004) was calculated in
order to determine the most appropriate partitioning strategy. Once the preferred scheme for partitioning had been
established, in-depth analyses were conducted for 6  106

generations, using the ML tree of the preferred alignment
as a user starting tree and two runs of three heated and
one cold Markov chains (heating of 0.05). Chains were
sampled every 100 generations and 1.5  106 generations
were discarded as burn-in based on the average standard
deviation of split frequencies as well as by plotting ln L
against generation time.
Comparisons of tree topologies obtained from diﬀerent
alignments were made using the d statistic (Estabrook
et al., 1985; Goddard et al. 1994) as implemented in PAUP*
(Swoﬀord, 2002). This procedure extracts all resolved quartets of terminals in each of two trees and establishes the
number of quartets common to both trees. The similarity
of tree topologies among multiple trees was summarized
by a Neighbor Joining analysis on the resulting tree distances from all pairwise comparisons. To test the robustness of various alternative hypothesis of character
optimization, we used the Shimodaira–Hasegawa (SH) test
(Shimodaira and Hasegawa, 1999; Goldman et al., 2000) as
implemented in PAUP*, comparing the parsimony trees
obtained on the preferred alignment with trees constrained
for one to four independent origins of plurilamellate antennae among the Sericini. The parsimony optimization of the
number of clavicular antennomeres was produced for the
phylogenetic hypotheses from the diﬀerent tree building
methods with MacClade 3.04 (Maddison and Maddison
1998) under accelerated optimization (ACCTRAN).
3. Results
3.1. Choice of alignment parameters and tree building
The length of sequences for the part of the rrnL varied
from 794 to 837 bp and those of 28S from 682 to 791 bp
(795 and 686 bp in the outgroup, respectively). Using the
full taxon set (n = 183), alignments for the rrnL and 28S
genes were generated under various alignment procedures
as well as diﬀerent parameter values for gap opening and
extension (Clustal only; Table 1). The resulting ten diﬀerent
alignments (AL1–AL10) obtained with PRANK, MUSCLE, and BLAST had signiﬁcantly (p = 0.05) greater number of parsimony-informative characters in rrnL than any
of the CLUSTAL alignments, but such diﬀerences were
not evident for the 28S marker (Table 1). Both length-variable markers were combined in all possible 100 permutations (e.g. alignment AL1/3 combines the alignments for
28S obtained under settings AL1 and for rrnL under settings AL3). Parsimony searches on these matrices, combined with the length constant cox1 fragment (826 bp,
408 parsimony-informative characters), returned three
and four overall shortest trees of 22136 steps for alignment
combinations AL3/3 and AL10/3, respectively (Supplementary Table 3). The alignment combinations were then
used to evaluate character congruence among the partitions (Supplementary Table 3). The alignment combination
with highest character congruence diﬀered greatly depending on the measure used (ILD, RILD, MRI; Supplemen-
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tary Table 3). The least amount of incongruence was
obtained for AL4/4 when assessed using the ILD, AL4/7
based on the RILD, and AL8/5 based on the MRI.
Taxonomic consistency (TC) of tree topology with
selected ‘known’ monophyletic groups was also assessed
for each of these alignment combinations (Supplementary
Tables 2 and 4). Among the 14 possible groups, a maximum of 13 (93%) was obtained for a range of alignment
combinations under parsimony. Whereas eight groups were
recovered for all combinations (Supplementary Table 2),
some were encountered only in a minority of trees but none
of these groups were rejected in every combination (Supplementary Table 2). The highest TC of 0.93 was obtained
for six alignment combinations (AL10/4, AL2/4, AL7/3,
AL7/4, AL9/3, AL9/4). The correlation of character congruence and TC was strong (1-RILD = 0.8345;
ILD = 0.8354; MRI = 0.6945, all with p0.05 < 0.0001),
and in particular for the set of alignments that resulted in
trees with high TC (P0.81) (Fig. 1). Therefore, we chose
an overall preferred alignment according to the highest
combined value of character congruence and taxonomic
congruence (here evaluated as TC). Among the three metrics of character congruence explored, we chose 1-RILD
because it provides a length metric of incongruence that
is normalized for the maximum incongruence, and therefore more suited to compare diﬀerent alignments which
may greatly diﬀer in their absolute tree length (compromising the ILD and MRI). The best alignment judged by the
product of TC  1-RILD was obtained with alignment
parameters AL9/3 (Fig. 1; Supplementary Table 3). This
alignment contained 990 parsimony-informative characters, and resulted in two shortest trees of 22146 steps (CI
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including all characters = 0.10; RI = 0.43). This tree was
among the shortest trees obtained from any alignment
combination, and represents a small group of alignments
that performed well in terms of overall tree length and
overall congruence (Fig. 2). However, even this ‘overall
preferred’ alignment indicated signiﬁcant incongruence of
the rrnL partition with the two others (28S, cox1) as
revealed by the partition homogeneity test implemented
in PAUP* (p = 0.02 and 0.01, respectively; while for 28S
vs. cox1, p = 0.85). Equally, TC also remained below the
possible maximum, although all 14 test nodes were conﬁrmed under some (but not all) of the alignment parameters and therefore should be considered as monophyletic
groups conﬁrmed by the molecular analysis. We used the
AL9/3 alignment as the best choice from our exploration
of the parameter space.
We also performed ML analyses for various alignment
combinations, including those with the best and the worst
combined value of character and taxonomic consistency
(under parsimony), to test for the preferred alignment under
model-based criteria using TC and the likelihood scores
(Supplementary Table 3). Generally, the likelihood analyses
performed much better compared to parsimony based on the
same alignment when assessed using TC, i.e. more of the well
established nodes were recovered (Supplementary Table 4).
We can not discern whether this improvement was caused
by the optimality criterion (parsimony vs. likelihood) or
the diﬀerence in gap coding, as gaps were not treated as character states in our likelihood or Bayesian analyses. For the
preferred alignment from the character congruence exercise
(AL9/3) the ML tree had the same TC as under parsimony
and a likelihood estimate of ln L = 86157.16.

Fig. 1. Plot of character congruence (measured by 1-RILD) against taxonomic consistency (TC; only >50% shown) for various alignment combinations of
28S and rrnL partitions (see Supplementary Table 3). Note that the application of uniform alignment procedures to both data partitions (black diamonds)
results in inferior congruence values.
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Fig. 2. Overall congruence [the product of taxonomic consistency and character congruence; (TC)  (1-RILD)] as a function of tree length.

Bayesian analysis was performed by applying models of
character variation separately to functional data partitions
that are presumably aﬀected by diﬀerent dynamics of
sequence evolution. Based on the preferred alignment combination, we used a GTR+I+C model with 1-, 3-, 5-, and 7partitions (see Section 2). The MCMC chain reached the
stationary phase after about 100,000 generations, but the
ﬁnal trees after 3.5  106 generations showed high average
standard deviation split frequency for the 5-partition and
the 7-partition analysis (>0.04) compared to those of the
1- and 3-partition data (<0.028). The 7-partition analysis
still showed numerous polytomies in the consensus-tree at
nodes that were fully resolved in the other runs. Therefore
we repeated the Bayesian analysis with a user deﬁned starting tree from the ML analysis of the preferred alignment,
continuing the chain to 6  106 generations. This resulted
in further minor improvements (but non-signiﬁcant in an
SH test) of the likelihood estimate, and produced the best
tree overall when using Bayes factors to assess model
ﬁt. Applying criteria for the signiﬁcance of threshold levels for the strength of support (Kass and Raftery, 1995)
Bayes factors provide ‘positive’ evidence against the 5partition data and ‘strong’ evidence against the unpartitioned and 3-partition data, while the unpartitioned data
showed the worst ﬁt (Table 2). The tree topology of the
7-partition analysis from the preferred alignment (AL9/3)
diﬀered slightly from those obtained with parsimony
from the same alignment. However, comparisons of trees
obtained given this alignment with diﬀerent tree building
methods, the diﬀerences in ML values between the parsimony trees, the ML tree and the MrBayes tree (part 7)
were not signiﬁcant in pairwise SH tests (Table 3), suggesting that parsimony and model-based analyses do
not contradict each other.

To establish which alignment parameters had the greatest eﬀect on the tree topologies, we performed comparison
of all 100 trees using a NJ analysis on the d values (Estabrook et al., 1985) of all pairwise combinations of trees.
This revealed that the space of tree topologies was highly
structured according to the alignment procedure applied
to the rrnL gene, whereby trees obtained with particular
algorithms and parameter sets (only tested for Clustal)
grouped closely together (Fig. 3; Supplementary Fig. 1).
The most divergent of these groups of trees were obtained
from alignments constructed with PRANK and BlastAlign,
whereas trees from MUSCLE and MAFFT alignments
were intermixed in a single group. The preferred tree
(AL9/3) is embedded in this group of trees where it is part
of a broader cluster of trees with low divergences from each
other. Trees from the Clustal alignment obtained under the
default and the improved (Wilm et al., 2006) parameter values grouped closely together, but were separated from
those obtained under three other parameters values. In
contrast to the strong structuring according to the rrnL
alignment, parameters applied to the 28S alignment did
not follow any recognizable pattern (Supplementary
Fig. 1).
3.2. Tree topology and taxonomic implications
The tree topologies based on the preferred alignment
AL9/3 obtained from parsimony (Fig. 4), ML (Fig. 5)
and Bayesian inference (Fig. 6) showed great similarity in
major features but with slightly diﬀerent extent and position of some monophyletic groups. The preferred Bayesian
and parsimony trees generally supported the traditional
classiﬁcation, including the monophyly of Scarabaeidae
(node 3) (Browne and Scholtz, 1999), with Glaphyridae
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Table 2
Comparison of estimated model likelihoods (loge f(X|Mi)) under diﬀerent data partition models (parts 1–7) in the Bayesian analysis
Partition models compared (M1/M0)
Part
Part
Part
Part
Part
Part

3/part
5/part
5/part
7/part
7/part
7/part

Model likelihood

1
1
3
1
3
5

Bayes factor

loge f(X|M1)

loge f(X|M0)

83304.77
82340.01
82340.01
82127.27
82127.27
82127.27

86208.19
86208.19
83304.77
86208.19
83304.77
82340.01

2loge B10
6.926
7.175
5.969
7.222
6.142
4.656

Two times the log of the Bayes factor (B10) indicates the increase in model ﬁt in 7-partition models compared to simpler models (2loge B10 = 2–6 positive;
2loge B10 = 6–10 strong; from M0 to M1).

Table 3
Comparison (SH test) of the trees obtained with the diﬀerent tree building
procedures under parsimony or model-based approaches using an
unpartitioned GTR+I+C model
Tree
TNT tree1
TNT tree2
ML tree
MrBayes tree

ln L
123220.16262
123230.20863
123318.10686
123484.79715

Diﬀ

ln L

(Best)
10.04601
97.94423
264.63452

p
—
0.722
0.367
0.051

The diﬀerence in likelihood (Diﬀ ln L) is calculated by comparing the
best tree (TNT tree 1) to each of the others.

Fig. 3. Unrooted Neighbor Joining tree-based on d statistics of pairwise
tree comparisons between parsimony trees from all 100 alignment
combinations (28S/rrnL; Table 1, Supplementary Tables 2 and 3) in this
study. Diﬀerent coloring corresponds to the alignment algorithm and
parameters used for the rrnL alignment. The ‘preferred’ alignment is
indicated by an arrow, *indicates a single outlier (AL6/4) from the
MAFFT and MUSCLE cluster. An enlarged image with fully labeled
terminals is given in Supplementary Fig. 1.

(node 1) as its sister, the monophyly of Cetoniinae (node 4;
BS = 2, pp = 51%), and the monophyly of most tribes
(Fig. 6). In accordance with morphological work (Browne
and Scholtz, 1998) we also consistently obtained the highly

supported sister relationship of pleurostict scarabs and the
‘dung scarabs’ (Scarabaeinae + Aphodiinae) (node 3;
pp = 100%, BS = 10), and the monophyly of Scarabaeinae
(true dung beetles) (node 2; BS = 1, pp = 95%). Within the
Pleurosticti, Anomalini + Adoretini + Dynastinae were
sister to the Cetoniinae (including Valgini) (node 5), albeit
with low support (BS = 2, pp = 55%). The Valgini were
paraphyletic in both model-based analyses while monophyletic under parsimony (BS = 5). The paraphyly of Rutelinae with respect to Dynastinae, as already hypothesized
(Smith et al., 2006; Ahrens et al., 2007), was conﬁrmed with
the present data set. Conﬁrming Smith et al. (2006), the
Dynastinae were sister of the ruteline tribe Adoretini in
the parsimony and unpartitioned ML analysis, albeit
poorly supported (BS = 2, 20% bootstrap in the ML tree).
In the Bayesian tree Dynastinae themselves were paraphyletic, with Cheiroplatys latipes being sister to the remaining
Dynastinae + Anomalini (with pp = 74%). The relationships of major melolonthine lineages diﬀered substantially
under the various tree searching techniques. While under
ML there was weak support for monophyly of Melolonthinae as sister of (Anomalini + Adoretini + Dynastinae + Cetoniinae) (node 1; Fig. 5), Melolonthinae was
paraphyletic in the parsimony analysis and polyphyletic
in the Bayesian tree. Low branch support also aﬀected
the identiﬁcation of the sister group to Sericini. A morphological analysis (Ahrens, 2006a) has shown evidence for
Sericini to be sister to Ablaberini, but here we found this
relationship only under Bayesian inference (Fig. 6, node
7), while under parsimony the Sericini was not even recovered as monophyletic due to the distant position of the
Neotropical genus Astaena (Fig. 4). In both model-based
approaches Sericini had close relationships to a melolonthine clade (Fig. 5, node 2; Fig. 6, node 6) with exclusively
Southern Hemisphere distribution composed of tribes Heteronychini, Liparetrini, Maechidiini, Phyllotocini, and
Scitalini. The Australian Phyllotocini that has been classiﬁed as a subtribe (Phyllotocina) of Sericini (Machatschke,
1959; Smith, 2006) represented here by one Phyllotocus species was widely separated from Sericini conﬁrming a recent
morphology-based analysis (Ahrens, 2006a). The support
for a sister relationship of that clade with the Ablaberini +
Sericini in the Bayesian analysis was extremely high (pos-
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Fig. 4. Strict consensus of the two most parsimonious trees obtained from the preferred alignment. Bootstrap resampling values above 50% are shown
above branches, Bremer support below branches.

terior probability = 100%) but was very low in the unpartitioned ML analysis (bootstrap support = 4%).
The topology of basal nodes (marked by black circles in
Fig. 6) among the Old World Sericini (node 8; it also
includes a single group, Serica, with representatives in the

Nearctic) was almost identical under all three tree search
approaches, and topologies were generally also consistent
with recent morphological data (Ahrens, 2006a). The
monophyly of Old World Sericini was well supported by
high branch support in the model-based tree searches

D. Ahrens, A.P. Vogler / Molecular Phylogenetics and Evolution 47 (2008) 783–798

Fig. 5. Maximum likelihood tree obtained from the preferred alignment, with bootstrap values shown above branches.
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Fig. 6. Majority-rule consensus-tree from Bayesian analysis. The tree summarizes 10,000 topologies of the last 5  106 generations (of a total of 6  106)
using a user deﬁned starting tree (ML tree of AL9/3). Above the branches are given the posterior probabilities of the node. For symbols see the text.
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(low support in the parsimony analysis). Within the latter,
a lineage of about 150 species including the genus Triodontella and allies from the Mediterranean and the Afrotropics
(Fig. 6; node 9) was sister to the vast majority of Sericini
(>3000 species). Similar to the morphology-based analysis
the most basal node in this group deﬁnes the eastern Mediterranean Omaloplia + Hellaserica. In the more derived
clades, some groups (nodes marked with an asterisk in
Fig. 6) were retrieved as monophyletic in all analyses and
were well supported in the Bayesian analysis, although
relationships among these groups diﬀered slightly in various searches. Among the remainder of Sericini, several
large genera that are well established in the traditional taxonomy were polyphyletic, including the genera Neoserica,
Microserica, Serica, and Maladera.
3.3. Origin of plurilamellate antennae in Sericini
Character transformations in segment number of the
antennal club were optimized onto the topology of the single best Bayesian tree using parsimony (Fig. 7). Pattern
from fast and slow optimizations did not diﬀer, except that
there were fewer nodes with equivocal character optimizations under DELTRAN settings. According to this reconstruction, antennae with more than three lamellae
(plurilamellate) originated independently 10 times within
the Sericini alone (Fig. 7, gray box). For the ML topology,
nine independent origins were estimated, while the two
most parsimonious trees required nine or 10 transitions,
respectively, including one loss of the trait. Within the
remaining Melolonthinae, a further nine independent gains
(or eight gains plus one loss) of the plurilamellate clubs
were evident. Tree searches constrained for a single origin
of plurilamellate clubs within Sericini were signiﬁcantly
worse in an SH test (Table 4), thus contradicting a single
origin of plurilamellate clubs. Other scenarios with constraints of a twofold, threefold, or fourfold origin of plurilamellate antennae in Sericini were also worse than the
unconstrained tree but less disfavored in the SH test, i.e.
more similar to the null hypothesis (Table 4).
4. Discussion
4.1. Number of antennomeres and their diagnostic value
Despite their huge species diversity, phylogenetic analyses of phytophagous scarab species are still in their infancy
(Browne and Scholtz, 1998; Ahrens, 2006a; Smith et al.,
2006). The number of antennal lamellae is an easily scored
character distinguishing groups that are diﬃcult to separate otherwise. Especially in the Sericini with their notorious morphological homogeneity, the constitution of the
antennal club is among the most important diagnostic features since the works of Reitter (1896) and Brenske (1897).
The number of joints in the antennal club has subsequently
been used for the genus-level classiﬁcation in most melolonthine lineages, and recently also for cladistic analyses

Fig. 7. The number of antennomeres composing the antennal club
optimized using MacClade on the single Bayesian tree with the highest
likelihood scores.
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Table 4
Comparison of tree topologies from parsimony searches constrained for
diﬀerent numbers of origins of plurilamellate antenna
Number of origins

p-Mean
SD
TL
n Trees

1

2a

2b

3

4

Cn

0.033
0.00424
22212
1

0.1921
0.0292
22183
5

0.1591
0.01301
22199
3

0.1575
0.01496
22186
3

0.3095
0.01909
22176
2

—
—
22146
2

Constraints were devised by enforcing one, two, three, or four monophyletic plurilamellate group(s) within Sericini. The table presents the
results of SH tests for the trees including p-values and its standard deviation from the constrained searches compared to the unconstrained
topology (Cn). In cases where the constrained searches produced multiple
topologies, we selected those trees which produced plurilamellate groups
that were the most similar to the unconstrained tree. For the twofold
origin two scenarios for relationships among the plurilamellate clades have
been tested (2a and b). Additionally, the parsimony tree length and the
number of equally shortest trees are given.

(e.g. Sanmartin and Martin-Piera, 2003; Ahrens, 2006b). A
further problem of the genus-level classiﬁcation of sericines
is that it was elaborated step by step from geographically
limited surveys (e.g. Reitter, 1896; Nomura, 1973, 1974),
with the result that characters were not examined on a global scale. Moreover, many taxonomists were using a typological classiﬁcation from combinations of characters (not
distinguishing apomorphies from plesiomorphies) to diagnose genera. This resulted in many endemic ‘genera’ each
with a very small number of species, and a genus concept
that was not applied uniformly in diﬀerent geographic
areas, e.g. in American, European or Asian taxa. Hence,
genera of Sericini tended to be deﬁned based on obvious
morphological apomorphies, such as a particular kind of
pilosity (e.g. in Pachyserica), a pronotal margin (e.g. Anomalophylla), asymmetric protarsal claws in males, a metatibia
or metafemur with serrated longitudinal ridge (e.g. Lasioserica, Nipponoserica), or a certain number (>3) of clavicular antennomeres. This also led to the deﬁnition of genera
based on autapomorphies of single species, with the result
that almost 30% of generic names in Sericini refer to monospeciﬁc groups.
Conversely, species lacking such particular features were
aggregated into huge groups based on presumably plesiomorphic features. It is therefore not surprising that many
well established genera, including Neoserica, Microserica,
and Maladera, appear polyphyletic in our analysis and
each break up into four widely separated clades. Maladera
includes almost 600 inconspicuous species with a trilamellate antennal club mostly associated with ‘broad’ legs,
while Neoserica (sensu lato; see Ahrens, 2003, 2004, for a
recent reassessment of this group) is an aggregate of some
200 large-bodied species also with mostly broad legs, but
with the clavicular antennomeres in males varying from
four to seven (three to six in females). Microserica, with
currently ca. 170 named species, is distinguished from
Neoserica only by smaller body size (Brenske, 1897). The
molecular analysis indicates that these taxon concepts need

to be revised without recourse to highly homoplastic or
sexually dimorphic characters such as the number of clavicular lamellae. A classiﬁcation based on numbers of club
antennomeres is particularly problematic if it is used for
the study of evolutionary trends, including the question
about the involvement of antennal traits in species diversity
and in the diversiﬁcation of other morphological and physiological characteristics that might mediate these processes,
because such classiﬁcation does not provide the basis for an
independent assessment of these traits.
4.2. Choice of preferred alignment
We used several ‘new’ methods for generating primary
alignments, assuming that they would widen or reﬁne the
parameter space. We found that these alignments diﬀered
substantially in their overall structure, including the number of parsimony-informative characters and gapped positions. In particular, the probabilistic alignment procedure
implemented in PRANK stood out for its ‘gappier’ alignment, while MUSCLE and BlastAlign also produced alignments with inferred indels more spread out across the
matrix (high number of sites with gap characters states)
than the Clustal and in particular the MAFFT alignments
(Table 2). However, the topological diﬀerences of trees
obtained from these alignments do not necessarily reﬂect
the diﬀerences among the alignments on which the tree
searches are based. A striking feature of the comparisons
was the strong clustering of similar trees obtained with a
particular algorithm (or parameter set) and the apparent
divergence from other clusters obtained under diﬀerent
conditions (Fig. 3; Supplementary Fig. 1). This demonstrates that the newly available methods indeed diversify
the space of accessible homology assignments, but further
adds to the problem that the choice of the algorithm makes
a substantial contribution to the ﬁnal outcome of the phylogenetic analysis. Three algorithms used here are derived
from the same basic procedure of progressive addition of
sequences to the alignment based on a similarity score,
but with diﬀerent procedures for reﬁnement. The MAFFT
and MUSCLE procedures are based on a similar iterative
alignment step that recalculates the guide tree prior to
realignment, which is also reﬂected in the similarity of
the resulting trees. Both methods are the most similar to
the Clustal algorithm from which they are derived. Hence
it is comforting that this class of methods produces trees
that group together but are separated from the two other
methods, PRANK and BlastAlign. The former employs a
model-based alignment that predicts structural elements
and attempts the correct calculations of indels. In contrast,
BlastAlign is a so-called local alignment whereby small
fragments of high similarity (sequence identity) are lined
up against a single ‘most representative sequence’ in the
data set (Belshaw and Katzourakis, 2005; Hunt and Vogler, 2008). These methods then provide a range of primary
alignments and derived trees to cover a wide space of
possibilities.
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Objective measures to select among the alignment algorithms and parameter settings were based using Wheeler’s
(1995) ‘sensitivity analysis’ and implemented by testing
for maximum congruence between the length-variable rrnL
and 28S regions (and the length-invariable cox1). Measures
of congruence have proliferated in recent years, but unfortunately the results of these tests are frequently contradictory (Aagesen et al., 2005; Pons and Vogler, 2006),
therefore further complicating the choice of preferred trees.
This was conﬁrmed here, as the preferred (least incongruent) alignments were slightly diﬀerent in terms of character
congruence under two of the three methods (ILD, RILD)
while they diﬀered more widely in the third metric
(MRI). Character based congruence measures are preferable because they can measure conﬂicting signal directly
(Giribet and Wheeler, 1999), but here we found the taxonomic consistency test useful to decide principally which
measure of character conﬂict to apply. This test favored
the RILD and ILD equally, but we preferred the former
because it is a measure of character conﬂict relative to
the total amount of possible conﬂict in each data set and
therefore more suited to comparing diﬀerent alignment to
each other. Using these criteria, the MAFFT and MUSCLE alignments (AL3 and AL4) provided the highest congruence values for rrnL, in combination with Clustal
(various settings), PRANK and MAFFT in the 28S
alignment.
These settings also performed quite well for taxonomic
consistency. The selection of the overall preferred alignment was made from the combined taxonomic and character congruence parameters whereby our particular
weighting scheme favored the TC parameter (Supplementary Tables 2 and 4). Again, the MAFFT and MUSCLE
(AL3 and AL4) alignments of rrnL had highest congruence, in combination with the Clustal alignments of the
28S marker (under various parameter settings in Clustal).
The PRANK alignment overall performed poorly, in particular for rrnL, which is surprising because this methodology attempts to distinguish indels and deletions and
therefore produces a largely tree-based alignment which
should help the phylogenetic congruence. Finally, the
Blast-based method performed particularly poorly and
consistently scored lowest for rrnL, although results were
more mixed with 28S. The latter is very important for
assessing the eﬀect of removal of length-variable data; the
BlastAlign procedure removes ‘unalignable’ sequences (no
similarity to any other sequence in the data set under the
speciﬁed parameters) but does this on a taxon-by-taxon
basis rather than removing entire columns (see Gatesy
et al., 1993; Castresana, 2000). A possible explanation for
this drop in performance may be the loss of data overall
and hence reduced strength of the phylogenetic signal
(about 8% of primary data were removed in the BlastAlign
output for rrnL; data not shown), rather than achieving the
removal of mis-aligned bases. The remaining bases were
widely spread out, as indicated from the large extent of
the alignment matrix (Table 2), which possibly gives too
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much weight to indels which are coded here as a 5th character state.
Tests for congruence among data sets as a criterion for
judging the quality of an alignment are now widely used,
ever since the theory of classical tests of homology was
extended to the correspondences of nucleotide residues in
sequence alignment (De Pinna, 1991; Wheeler, 1995; Brower and Schawaroch, 1996). Whereas the approach is most
defensible in tree alignment (Sankoﬀ, 1975; Wheeler,
1996), it can equally be applied to other alignment procedures to test the congruence of partitions (Vogler and Pearson, 1996; Terry and Whiting, 2005). Here the approach
was taken further to expand the limited alignment space
accessible to Clustal which may be improved upon with
newer, diverse alignment methods. Using alignments generated with diﬀerent procedures therefore may produce better
overall alignments, and may also be a way of testing the
relative performance of these recent methods (Terry and
Whiting, 2005). Our ﬁndings suggest that using a combination of diﬀerent alignment procedures and parameters for
various length-variable loci may have a positive impact to
improve character congruence (Fig. 1). These diﬀerences
in performance of various alignment procedures may be
attributed to the fact that loci frequently evolve at diﬀerent
rates, and may also depend of the speciﬁc taxon sampling
that inﬂuences the way in which indels are reconstructed
and hence their number and extent in an alignment (Simmons and Freudenstein, 2003; Pons and Vogler, 2006). In
the current case the 28S gene has only minimal inﬂuence
on trees from the combined alignment due to its smaller
size (approximately 1/5 of the number of informative characters compared to rrnL) and lower tree support (despite a
higher CI/RI) (Table 1). Yet, as we use it for measures of
congruence in selecting among the rrnL alignment parameters, the 28S partitions does also have a major eﬀect on
the phylogenetic conclusions, independently of its absolute
contribution to the combined analysis (although the eﬀect
is moderated by the inclusion of cox1 in calculating the
character congruence, and by using character congruence
together with taxonomic consistency).
4.3. Extended number of antennal lamellae and their role in
an evolutionary context
Our results indicate that among melolonthines and especially among the tribe Sericini additional lamellae have
originated several times independently. Reversals (reduction of plurilamellate to trilamellate antennae) seem rare
according to character optimization on the trees obtained
here. Lamellate antennae with >3 segments are limited to
the pleurostict scarabs only (exception: Pleocomidae),
and although they do appear throughout this group,
including a few unsampled lineages of melolonthines (e.g.
Sanmartin and Martin-Piera, 2003) and even in one genus
of Trichiini (Cetoniinae), the major groups are suﬃciently
well known to conﬁrm the extra lamellae to be the derived
state. There is evidence from a clade of Microserica where
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shifts from 4 to 5 segmented clubs are also reversed, and
these reversals may also occur in related groups not yet
included here (Ahrens, 2001a,b, 2002). In a few examples
an infraspeciﬁc polymorphism of 4 and 5 segmented clubs
was found (see below), suggesting that the number of
lamellae is aﬀected by considerable plasticity.
The repeated origin of extended number of lamellate
antennomeres as the primary location of olfactory sensillae
(Meinecke, 1975) and pheromone binding proteins (Leal
et al., 1998; Nikonov et al., 2002) leaves the intriguing
question about the adaptive signiﬁcance of these structures.
Pleurostict scarabs have developed a complex chemical
communication system (Leal, 1998, 1999; Romero-López
et al., 2004). Species-speciﬁc mate recognition is a two-step
olfactory process (Reinecke et al., 2006; Ruther et al., 2000)
by which males ﬁrst detect kairomones released from the
host plants upon herbivore feeding, followed by a reaction
to pheromones produced by the female. Sexual dimorphism in the number of sensillae which may be up to 10
times higher in males is the strongest evidence for the
involvement of sensillae in olfactory mate ﬁnding (e.g.
Romero-López et al., 2004; Tanaka et al., 2006). The
greater number of sensillae is achieved by an increased density or by increased surface area (length) of the antennomeres (Allsopp, 1990). An even greater increase should
be achieved with the augmentation of the number of lamellae in the antennal club and probably permits a greater spatial resolution of the odorant molecules in the air stream
(Loudon and Koehl, 2000; Loudon and Davis, 2005; Koehl, 2006).
Resources of presumed ancestral feeding style of scarabaeids (saprophagy or mycetophagy) (Scholtz and Chown,
1995) occur in a largely two-dimensional matrix (soil, tree
trunks, etc., including dung for coprophagous scarabs),
whereas the switch to feeding on live parts of shrubs and
trees extends the feeding source into a huge three-dimensional space. While the largely unspeciﬁc feeding on leaves
in many groups would not have posed diﬃculties to detect
food supply, this causes great problems for mate ﬁnding. It
is therefore conceivable that the ecological shift triggered
the origin of an elaborate system of chemical communication and the optimization of olfactory organs via an augmentation of sensors on the increased surface of antennal
lamellae (Allsopp, 1990; Romero-López et al., 2004;
Tanaka et al., 2006).
Given their presumed selective advantage, why do not
all pleurosticts have plurilamellate antennae? Interestingly, in the two major groups specialized on ﬂowers
or woody parts (Cetoniinae and Dynastinae, respectively)
plurilamellate clubs are very rare. However, speculations
about which parameters favor the extra lamellae, including the possible eﬀect of habitat, feeding resource, pheromone chemical composition, diel activity patterns,
community composition, and other environmental or
behavioral factors on the density of antennal sensillae
would be premature, as counts of sensillae are not yet
widely available. Besides species level comparisons, it

may also be useful to address this question by comparing local variation at the population level, as preliminary
evidence already suggests infraspeciﬁc variation in the
length of antennal club in some Sericini (Ahrens, 1995,
2001a; Ahrens and Sabatinelli, 1996) which could in part
be driven by environmental conditions, for example in
species poor communities at higher altitudes where beetles tend to have a shorter club and smaller eyes. Finally,
information about taxonomic distribution of diﬀerent
types of sensillae (Meinecke, 1975; Romero-López
et al., 2004; Tanaka et al., 2006) and their receptor proteins and receptor sensitivity (Nikonov et al., 2002), will
put these morphological traits in a functional context.
In conclusion, the mate recognition system that relies
greatly on chemical communication may also be implicated
in the evolution of the great species richness of pleurostict
scarabs. As the group is almost entirely dependent on
angiosperms, the evolutionary success of the hosts may
be causally linked to the beetles’ diversiﬁcation (Scholtz
and Chown, 1995). However, an important peculiarity
for pleurosticts is that most species are highly polyphagous.
This makes them unlikely to undergo adaptive radiations
on particular host lineages which is usually thought to
mediate species diversiﬁcation of herbivores. Instead,
diversiﬁcation may be driven by the particular utilization
of the plant resource which requires an elaborate system
for mate recognition. Attraction to plant kairomones
released in response to feeding damage, in combination
with the pheromones produced by the females, might result
in local aggregations in a patchy landscape reinforced by
species-speciﬁc recognition mechanisms which may ultimately result in population separation and species formation. It remains unclear what role the variation in
number of antennal lamellae could play in this recognition
system, beyond the simple increase in sensitivity and possible greater selectivity. However, the high level of homoplasy in this trait, apparently greatly underestimated
because it has been used as a convenient trait for classiﬁcation, is an expression of the species-speciﬁc variation in
antennal characters and may be indication of a causal link
of changes in antennal traits with the origination of new
species.
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