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ABSTRACT
This dissertation focuses on the systematics of the Paussinae, a lineage of approximately
775 beetle species all of which produce explosive defensive chemicals and many which
are obligate associates of ants (myrmecophiles). This dissertation includes six discrete
studies, which taken together span the spectrum of systematic research. It includes
taxonomic projects on both larval and adult paussines. It also includes phylogenetic
investigations, based on DNA sequence data and morphological data, that address the
evolutionary relationships among the major lineages within Paussinae as well as the
evolutionary position of the Paussinae within the beetle suborder Adephaga. The inferred
trees are used to study character evolution of physiological and behavioral traits of these
organisms in a phylogenetic framework. This work sets the stage for a lifetime of work
on this fascinating group.
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CHAPTER 1.
INTRODUCTION
1.1. Review of the literature
1.1.1. Systematics
Systematics can be divided into two subfields, taxonomy and phylogenetics.
Taxonomy is the science of discovering, describing and naming organisms, as well as
classifying organisms in systems that reflect evolutionary relationship. Phylogenetics
is the science of inferring the evolutionary history of organisms, and comparing
associated trees to address questions of co-speciation and biogeography, and
exploring character evolution and character correlation to address questions of
adaptation and natural selection.
Both taxonomy and phylogenetics have greatly benefited from advances in
Information Management Technology in recent years. For example, taxonomy has
greatly benefited from technological advances in terms of the use of molecular
sequence data to delineate species boundaries, AutoMontage photography, and the
ability to publish an unlimited number of color photos on World Wide Web.
Electronic publications in terms of online journals as well as databases such as the
Tree of Life Web Project make taxonomic work broadly accessible to workers around
the world.
Technological advances have also greatly benefited the field of phylogenetics. The
refinement of the maximum likelihood method and Bayesian estimation of
phylogeny, improvements in models of evolution, increased computing power, and
the development of software programs have led to the beginning of a revolution in the
way evolutionary questions can be addressed with molecular sequence data.
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1.1.2. Paussinae
Paussines are members of the family Carabidae, one of the six largest beetle families
and the largest family in the coleopteran suborder Adephaga. Paussines, like other
carabids, are nocturnal arthropod predators that use defensive chemicals to avoid
predation. Paussinae contains approximately 775 described species classified in 39
genera and four tribes: the Paussini, Protopaussini, Ozaenini, and Metriini. The
center of species diversity in the tribe Paussini (562 species, 19 genera) is in the Old
World tropics. Extant species in the tribe Protopaussini (7 species, 1 genus) are
restricted to the Oriental Region although a Miocene species is known from
Dominican amber (Nagel 1997). Species in the tribe Ozaenini (138 species, 13
genera) are found in all tropical areas although the Neotropics contain the richest
fauna. The tribe Metriini consists of two species in one genus found only in
temperate North America.
All known Paussinae species share an unusual and unique larval trait, suggesting that
this group is monophyletic (Bousquet 1986). The ninth abdominal segment is
enlarged and fused with the tergum of the eighth segment; this fusion displaces the
urogomphi and the tenth segment into a vertical plane, or terminal disk. Studies of
larval behavior of some species in the tribe Ozaenini have shown that the terminal
disk can fold and it is used to capture insect prey (Di Giulio and Vigna Taglianti
2001).
Previous paussine systematists have either operated via gestalt (Luna de Carvalho
1987) or narrative Hennigian argumentation (Darlington 1950, Nagel 1979, 1987) and
therefore the Paussinae has never been the subject of a rigorous, modern phylogenetic
analysis. However the literature contains some general ideas about tribal
relationships. In general, Metriini is considered to be the sister group of the
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remaining members of the family, Ozaenini is thought to be paraphyletic by some
(Ball and McCleve 1990; Beutel 1992, 1995; Nagel 1997) and monophyletic by
others (Vigna Taglianti et al. 1998), Paussini is thought to be monophyletic and the
sister group of some clade of Ozaenini, and Protopaussini is thought to be either the
sister group of the Paussini (Nagel 1997) or a clade within the Ozaenini (Basilewsky
1953, 1962; Nagel 1987).
Over half of the species in the subfamily Paussinae are obligate associates of ants.
Ants are not only the leading terrestrial invertebrate predators/consumers but they are
also possibly the numerically dominant family of insects (Hölldobler and Wilson
1990). According to Grimaldi et al. (1997), the oldest definitive ant fossil dates from
95 MYA, and it appears that most of the radiations of ants that spawned the nearly
11,000 living species occurred 40-50 MYA. For at least the last 40-50 million years
ants have certainly played a significant role in the evolution of modern terrestrial
biotic communities. Given that ant colonies are highly structured and closed
societies, it is perhaps surprising that insects from a variety of orders have managed
to break the code that normally keeps non-conspecifics out of the nest.
Members of the tribe Metriini are not suspected of being directly associated with ants;
however, little is known about their behavior. Ozaenini species are predators on other
insects including ants and there has been speculation in the literature that some
ozaenines might lay their eggs in ant nests, but only species in one genus, Physea, are
known with certainty to be myrmecophilous. Although nothing is known about the
life history of Protopaussini species, they are suspected of being myrmecophilous
because they have prothoracic trichomes. Trichomes are modified hairs that are
associated with glands that secrete substances that the ants consume. The chemical
composition of this substance is unknown, but it is assumed to play an important role
in the establishment of these beetle-ant relationships. In contrast, all members of the
tribe Paussini are thought to be myrmecophilous. Paussini species lay their eggs in
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ant nests, and the ants raise the beetle larvae and pupae. Within this tribe there are
two main adult body types correlated with lifestyle: the defiant-type and the
symphilic-type (Nagel 1979). Defiant-type species are tank-like with smooth convex
surfaces and compact, collapsing leg articles that protect them from ant attacks. They
are thought to be highly evolved predators that subsist on stolen ant brood. Defianttype species are classified in the Paussini subtribes Carabidomemnina, Ceratperina,
and Homopterina. Symphilic species are classified in the derived, specious subtribe
Paussina. Symphilic species have less protective bodies and they have a wide variety
of trichomes. In these species trichomes are commonly found on the antennae and
prothorax, but they are also sometimes found on the head, elytra and pygidium.
Despite the fact that symphilic paussines are brood predators, some behaviors of the
host ant indicate that these beetles are not simply tolerated guests of the ant colonies,
but may be valued by the ants in some way. For example, worker ants grab the adult
paussines by their antennae and transport them to new nests during migrations. There
are also paussines that seem to have secondarily lost trichomes and become defiant
once again. Members of the Paussini subtribes Heteropaussina, Pentaplatarthrina,
Platyrhopalina and Ceratoderina, possess some symphilic and some defiant traits.
In sum, paussine species exhibit varying degrees of association with ants. In this
aspect they are similar to several other groups of insects, the best studied of which are
the aphids (Homoptera) and lycaenids (Lepidoptera). It would not be surprising if
many myrmecophilous insects have convergently co-opted the same strategies to live
with ants.
Most symphilic paussine species have stridulatory organs, whereas defiant species do
not. Stridulatory organs have evolved on three separate occasions within the lycaenids
(Hill 1993), indicating the importance of this type of communication with ants.
When ants find a food resource or when they are alarmed, they stridulate or tap their
abdomen on the substrate creating vibrations that attracts their nest mates (Hölldobler
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and Wilson 1990). DeVries (1991) has shown that stridulating caterpillars were
tended by a larger number of ants than larvae made experimentally mute. The calls of
ants and caterpillars have approximately the same frequencies and pulse rates.
However, the calls of caterpillars do not attract a particular species of ant. Instead,
they seem to be generally attractive signals to which many species can potentially
respond. It is possible that symphilic paussine species use their stridulatory organs to
communicate with ants in a similar manner as lycaenid larvae and pupae.

No one knows how paussines are able to enter their host ant nests. Chemical mimicry
has been shown to occur in some predators and parasites of social insects (lycaenid
butterflies: Akino et al. 1999; flies: Howard et al. 1990; wasps: Bagneres et al. 1996).
Chemical communication probably plays a crucial role in all obligate myrmecophilic
interactions. Fiedler et al. (1996) suggested that there could be a set of chemicals that
are similar across broad taxonomic landscapes of ants. Evidence from adoption
experiments with ant brood suggests that brood odors contain (besides more specific
signals) nonspecific compounds that allow for adoption of larvae even across
subfamily borders. Some mymrecophiles may have evolved to communicate with
such basal signs. On the other hand, highly integrated myrmecophiles have adapted
to break their host ant species’ specific code. The chemical identification of
generalized as well as specialized adoption signals will contribute to our
understanding of myrmecophilous interactions in general (Fiedler et al. 1996).
1.1.3. Bombardier Beetles
Paussines are bombardier beetles so named for there ability to explosively discharge
defensive benzoquinones at temperatures between 55°C and 100°C, a defensive
strategy that effectively deters both invertebrate and vertebrate predators (Eisner et al.
1977). However, paussine defensive chemistry and defensive gland structure are rare
within the Carabidae. In fact, these traits occur in only one other beetle lineage, the
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carabid subfamily Brachininae (Aneshansley and Eisner 1969), the more widely
known bombardier beetles. Species in both bombardier lineages have a pair of
complex two-chambered defensive glands, each of which consists of a reservoir
chamber and a heavily schlerotized reaction chamber. Chemical precursors are stored
in the reservoir chamber and mix with enzymes in the reaction chamber creating the
exothermic reaction just before they are expelled from the body.
Debates regarding the phylogenetic affiliation of the Paussinae have been voiced in
the literature for over 150 years, and it remains one of the most interesting and
challenging questions to be addressed in the field of carabid systematics (Ball et al.
1998). Controversies over the phylogenetic placement of the Paussinae arise from
their unique combination of characters, some of which have been traditionally
thought of as plesiomorphic within the Carabidae and some that are potentially
apomorphic characters shared with the derived subfamily Brachininae. The two most
commonly expressed views of paussine relationship are: (1) the paussines are
relatively basal lineage within Carabidae, and (2) the paussines are the sister group to
the derived subfamily Brachininae (see Figure 3). Characters of the larval head
(Beutel 1993), thorax (Beutel 1992), male aedeagus (Jeannel 1942, 1949), analyses of
18S rDNA (Maddison et al. 1999) and 28S rDNA (Ober 2002) provide convincing
evidence that Brachininae is the sister group to the Harpalinae, a diverse, well-defined
clade of carabids that are thought to have radiated in the Cretaceous (Ponomarenko
1977). Most frequently the subfamily Paussinae is viewed as a basal lineage within
the family. In fact, some authors hypothesize that the Paussinae are the sister group
of the rest of the Carabidae (Liebherr and Will 1999). The plesiomorphic characters
that have been cited in support of this basal position include: the presence of two
spurs on the apical region of the foretibia (Hlavac 1971), the presence of 12 tactile
setae on the labrum (Bousquet 1986), and primitive features of the female genitalia
(Liebherr and Will 1999). So far phylogenetic analyses based on DNA sequence data
have not provided evidence regarding how paussines are related to other carabid
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lineages. In the phylogenetic analysis of the family based on 18S rDNA (Maddison et
al. 1999) the Paussinae were one of four lineages on long branches: Cicindelinae,
Rhysodinae, Paussinae, and Scaritini (the “CRPS quartet”) which grouped together as
near-relatives of Harpalinae + Brachinini. However, simulation studies suggested
that the relationships among lineages within these four groups could be the result of
long-branch attraction (Maddison et al. 1999).
Explosive defensive chemistry, myrmecophily and their extreme morphological
diversity, and their pantropical distribution make the Paussinae a fascinating group to
study.
1.2. Explanation of Dissertation Format
The six appendices are among the first studies I plan to conduct on paussine beetles.
All appendices represent work intended for publication as discrete papers. Appendix
5 has been published in a peer-reviewed journal.
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CHAPTER 2.
PRESENT STUDY
This chapter includes titles, authors, and overviews of six manuscripts appended to this
dissertation.
2.1. Overview: Molecular phylogeny, divergence time estimation and the evolution of
myrmecophily in the flanged bombardier beetles.
Wendy Moore
In this paper I conduct three studies. First, I infer the phylogeny of Paussinae based
on molecular sequence data from four nuclear genes to test previously proposed
relationships within the subfamily. Then, I infer the dates of divergence between
major clades and compare them to the estimated dates for the origin of ants and major
geological events. Finally, I conduct studies of character evolution to infer the
number of times paussine adults and larva have evolved a myrmecophilous habit.
Resulting molecular phylogenies corroborate many relationships predicted by
previous studies. However, they also provide evidence for some novel relationships,
which leads to two changes to the classification within the Paussinae. Results of
Bayesian dating analyses suggest that the immediate common ancestor of the
Paussinae lived approximately 200-225 million years ago. They also indicate that
some of the splits between deep nodes in the Paussinae tree may be the result of
ancient vicariant events. Analyses of character evolution indicate a 0.99 posterior
probability that larvae either adopted a myrmecophilous habit once in evolutionary
history, or they adopted myrmecophily independently on three separate occasions.
Results also indicate that there is a 0.99 posterior probability that Paussinae adults
adopted this lifestyle on two separate occasions.
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2.2. Overview: Insights into the molecular phylogeny of the Paussinae via nondestructive DNA extraction from dry museum specimens.
Wendy Moore, M Thomas P Gilbert, Linea Melchior, Michael Worobey
In this paper we refine a method for extracting DNA from dried museum insect
specimens without causing external morphological damage, and we use this
extraction method on specimens from several rare lineages of paussine beetles. We
assay the resulting extractions via PCR amplification of a portion of one nuclear gene
(28S rDNA) and one mitochondrial gene (COI). Resulting 28S sequences are aligned
with those previously published from additional taxa in the subfamily, and the matrix
is submitted to three methods of phylogenetic inference. Resulting trees provide
systematists with molecular-based insights into the phylogenetic affiliation of these
lineages and highlight some areas in which to focus additional morphological studies.
2.3. Overview: Phylogeny and classification of the Ozaenina, a New World lineage of
bombardier beetles.
Wendy Moore
The carabid subtribe Ozaenina is a monophyletic group of bombardier beetles
endemic to the New World. Species are distributed from southern Arizona and
southern Texas to southern Chile, with over 80% of described species endemic to the
tropics. Recent systematic work classifies the 100 described species into either six or
17 separate genera. In this study I infer the first phylogeny of the Ozaenina using
DNA sequence data from one nuclear gene and one mitochondrial gene. In the
resulting trees, the following three clades are supported by high bootstrap or posterior
probability values: (1) Tropopsis Solier + Entomoantyx Ball and McCleve, (2) Physea
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Brullé + Pachyteles Perty + Proozaena Deuve + Serratozaena Deuve, and (3) Ozaena
Olivier + Platycerozaena Bänninger + Goniotropis Gray + Scythropasus Chaudoir.
Clades 2 and 3 have not previously been hypothesized. Evidence is also provided for
the validity of three previously synonymized genera, Scythropasus, Goniotropis, and
Tropopsis, and they suggest the possibility that the genera Pachyteles and
Goniotropis are both paraphyletic as presently defined. Thirty-six characters of adult
morphology are coded for the DNA voucher specimens, and they are plotted on the
molecular tree using parsimony optimization methods. Some morphological
characters that define existing genera, as well as novel molecular clades, are
identified. Future morphological studies of the voucher specimens and the type
material will reveal additional characters that define the novel clades and genera for
use in an identification key to Ozaenina genera.

2.4. Overview: A new species of Eohomopterus from the West Indies.
Wendy Moore and Robert Davidson
A new species of Eohomopterus from the island of Guadeloupe is diagnosed,
described and illustrated. This is the first extant species in the tribe Paussini reported
from the West Indies. Specimens of Eohomopterus are exceedingly rare; the four
previously described species are known only from holotype specimens. The new
species, E. bonfilsi, is described from one male and one female. This is the first
description of a female in this genus. A new couplet for use with Nagel’s (1997) key
to the species of Eohomopterus is provided.
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2.5. Overview: Description and behaviour of Goniotropis kuntzeni larvae and a genuslevel key to Paussinae larvae.
Wendy Moore and Andrea Di Giulio
Specimens of Goniotropis kuntzeni Bänninger were collected in southern Arizona and
larvae were reared under laboratory conditions. The egg, first-instar larva and
second-instar larva are described and illustrated, providing the first description for
this genus. Goniotropis larvae live in burrows that they construct and seal with their
terminal disk. They feed by trapping live insect prey with the moveable components
of their terminal disk, and then they bring the captured prey into their gallery to
consume. Observations of burrowing and feeding behaviours of G. kuntzeni larva
closely match those previously described for Pachyteles species. A new dichotomous
genus-level key of the all known Paussinae larvae is also provided which incorporates
all recently described and re-described paussine larvae.

2.6. Overview: Did explosive defensive chemistry evolve more than once in beetles?
Wendy Moore, David R. Maddison, Michael D. Baker, Tana M. Ellis
Bombardier beetles are classified in two carabid beetle subfamilies, Brachininae and
Paussinae. Among insects, two-chambered defensive glands and explosive defensive
chemistry are known only from these two groups of beetles. Although these traits may
be indicative of a sister group relationship between these subfamilies, many systematists
hypothesize that these two subfamilies are not each other’s closest relatives implying
that the complex glands and biochemical pathways evolved independently in the
ancestors of these two subfamilies. Controversies exist over the phylogenetic
affiliation of paussines due to their unique combination of characters, some of which
have been traditionally thought of as plesiomorphic within the Carabidae and some
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that are potentially apomorphic and shared with the derived brachinines. The two
most commonly expressed views of paussine relationship are: (1) the paussines are a
relatively basal lineage within Carabidae, and (2) the paussines are the sister group to
the derived subfamily Brachininae. Here, we test these two competing hypotheses
with phylogenies inferred from three nuclear genes amplified from 175 beetle species.
In addition to parsimony-based tree inference and Bayesian estimation of phylogeny,
this study includes two statistical hypothesis testing approaches, Bayes Factors and
parametric bootstrap, to test the specific hypotheses noted above. Inferred
phylogenies indicate paussines and brachinines are not each other’s closest relatives.
In addition, results of statistical hypothesis tests allow us to reject both previous
hypotheses of how paussines are related to other Adephaga (i.e., paussines are neither
among the most basal lineages of Adephaga, nor a sister-group to the brachinines).
While our data do not provide a strong new hypothesis as to how the Paussinae are
related to other members of the Adephaga, they do provide convincing evidence that
bombardier beetles evolved twice in evolutionary history.
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ABSTRACT
Species in the carabid subfamily Paussinae are currently classified in four tribes:
Metriini, Ozaenini, Protopaussini and Paussini. Members of the tribes Protopaussini and
Paussini, as well as the ozaenine genus Physea, are known to be myrmecophilous
(obligate associates of ants). Adaptation to a myrmecophilous habit has led to strikingly
divergent adult structures. Despite the challenges of inferring evolutionary relationships
within such a group, previous studies based on adult and larval morphology provide
hypotheses of relationship among tribes and many of subtribes. In this paper, analyses of
DNA sequence data from four nuclear genes are used to test some of these hypotheses.
Resulting phylogenies reveal a monophyletic Ozaenini (minus Mystropomus) with New
World members forming a well-supported clade in all analyses and Old World members
forming a clade in some analyses. These results provide support for three changes in the
classification of the Paussinae: elevating the subtribe Mystropomina to the rank of tribe,
assigning all New World ozaenines to the subtribe Ozaenina, and assigning the sampled
Old World ozaenines to the subtribe Pseudozaenina. In addition, results indicate that the
sister group of the Paussini (+ Protopaussini) is the tribe Ozaenini rather than the
myrmecophilous genus Physea, implying that within the Paussinae both larvae and adults
have adapted to a life with ants more than once. This hypothesis is also supported by
new discoveries that at least some species in three ozaenine genera, Serratozaena,
Tachypeles and Eustra, are also associated with ants. Results of Bayesian dating
analyses suggest that the immediate common ancestor of the Paussinae lived
approximately 200 million years ago, a result consistent with the hypothesis that the
Paussinae are the sister group to the rest of Carabidae. Dating analyses also suggest that
two ancient vicariance events may explain some of the present-day geographic patterns
within this group. In light of the dated molecular phylogeny, I infer the number of times
paussine larvae and adults have adopted a myrmecophily and suggest a “mutual preadaptation” hypothesis that both paussines and their host ants were pre-adapted for a
symbiotic relationship.
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INTRODUCTION
The carabid subfamily Paussinae is a monophyletic group with remarkable physiology
and behavior. Paussines are bombardier beetles: they explosively discharge hot defensive
chemicals (between 55°C and 65°C) from specialized pygidial glands, an ability they
share with only one other group, the carabid subfamily Brachininae (Aneshansley et al.
1983, Eisner 1977). Paussinae contains 772 species classified in 56 genera and four
tribes (Lorenz 2005, Deuve 2004). More than half of these species are known to be
obligate residents of ant nests (myrmecophiles). They have evolved remarkable and
diverse morphologies due to this lifestyle, which involve nearly all parts of the body, but
particularly the antennae (Fig. 1). Despite the breadth of morphological diversity, the
monophyly of this group is undisputed (Goulet 1979, Moore 1979, Baehr 1979).
Morphological apomorphies are present in both adults and larvae. For example, all
paussine adults (except in the tribe Metriini) have a fold in the posterior region of the
elytra, known as the Flange of Coanda, which they use to direct their defensive spray
(Eisner and Aneshansley 1982) (Fig. 2). In addition, the urogomphi of paussine larvae
are modified from the typical filamentous form characteristic of most carabids, and they
are fused with the 10th abdominal segment to form a terminal disk (Fig. 3). In freeliving, non-myrmecophilous larvae the components of the terminal disk are not fused and
the larvae can open and close the terminal disk, which they use as an operculum to their
galleries and to capture living insect prey (Costa et al. 1998, Di Giulio and Vigna
Taglianti 2001, Moore and Di Giulio 2006) (Fig. 3 a,b). In contrast, the components of
the disk are fused in some myrmecophilous larvae, rendering it immobile (Di Giulio et al.
2003, Di Giulio and Moore 2004) (Fig. 3 c,d).
Previous Phylogenetic Studies
Previous phylogenetic studies within the Paussinae have been based on morphological
character traits of either adults or larvae. The taxonomic scope of studies based on adult
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characters has been restricted to one or two tribes rather than treatments of the subfamily
as a whole, and these studies have been based on intuition or Hennigian argumentation
(Ball and McCleve 1990, Darlington 1950, Luna de Carvalho 1965, Nagel 1987). The
only modern, explicit phylogenetic analyses were those conducted on larval characters
(Beutel 1992, Di Giulio et al. 2003, Di Giulio and Moore 2004). Although these later
studies addressed the entire subfamily, they were limited by meager taxon sampling,
since paussine larvae are known from only 21 species representing eight genera and three
tribes. Nevertheless, previous studies of adults and larvae provide some explicit
hypotheses of relationship among the tribes and many of the subtribes (Fig. 4). Results
have suggested that metriines are the sister group to the remaining members of the
subfamily, ozaenines are paraphyletic, protopaussines are the sister group of the
monophyletic Paussini, and Protopaussini + Paussini are thought to be the sister group of
the ozaenine genus Physea (and Physeomorpha).
Tribes of Paussinae
Species of Paussinae are classified in four tribes. The tribe Metriini contains two
flightless species endemic to the northwestern United States. Metriines are the only
paussines without a Flange of Coanda and with a seta in the mandibular scrobe of adults
(Bänninger 1927). Hence, they are widely considered to be the sister group to the
remaining members of the subfamily (Regenfuss 1975, Bils 1976, Nagel 1979, Beutel
1992). The tribe Ozaenini comprises 181 described species in 25 genera (Lorenz 2005,
Deuve 2004). Ozaenines are found in all tropical areas; however, the New World tropics
contain the richest fauna. There are no recognized apomorphies of the Ozaenini and most
authors consider the tribe to be paraphyletic (Darlington 1950; Ball and McCleve 1990;
Beutel 1992, 1995; Nagel 1997; Di Giulio et al. 2003; Di Giulio and Moore 2004) (Fig.
4). The Australian genus Mystropomus Chaudoir is regarded as a subtribe of Ozaenini
(Nagel 1987, 1997; Lorenz 2005), even though it is thought to be the sister group of the
remaining Ozaenini and Protopaussini + Paussini. Furthermore, the ozaenine genus
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Physea Brullé (+ Physeomorpha Ogeuta) is thought to be the sister group of the
Protopaussini + Paussini (Beutel 1992, Di Giulio et al. 2003, Di Giulio and Moore 2004).
Protopaussini comprises eight extant species endemic to the Oriental Region. However,
Protopaussus pristinus Nagel, known only from a single Dominican amber fossil,
provides evidence that the range of this tribe was much broader 20-35 million years ago
(MYA). Protopaussini is thought to be the sister group of the Paussini based on the
shared, derived shape and glabrous state of the labial lacinia in the adults (Nagel 1997).
Paussini contains 580 described species classified in 28 genera (Lorenz 2005). Most of
the species diversity is within the subtribe Paussina, which contains approximately 350
species. Paussini live primarily in tropical and subtropical regions of Africa, Southeast
Asia, and Australia. This tribe is defined by many morphological apomorphies in both
the adults (Darlington 1950, Nagel 1979) and larvae (Di Giulio et al. 2003, Di Giulio
and Moore 2004).
Phylogenetic Position within the Carabidae
Some authors hypothesize that Paussinae is the sister group of the rest of Carabidae
(Beutel 1993, Liebherr and Will 1999) or that it is the sister group of the enigmatic tribe
Nototylinae, a subfamily known from only one female specimen and thought to be one of
the most primitive lineages within Carabidae (Deuve 1994). Other systematists
hypothesize that Paussinae is the sister group of the only other bombardier beetles, the
subfamily Brachininae (Boyes 1843, Eisner et al. 1977, Ball 1979, Moore 1979, Erwin
and Sims 1984, Erwin 1985, Bousquet 1986). Molecular based phylogenetic analyses of
the Carabidae have not provided convincing evidence regarding how paussines are
related to other carabid lineages (Maddison et al. 1999). In these analyses of 18S rDNA,
the Paussinae were one of four lineages on long branches which grouped together as
near-relatives of the Harpalinae + Brachininae (CRPS quartet - Cicindelinae, Rhysodinae,
Paussinae, and Scaritini). Previous morphological work does not support this
relationship and DNA simulation studies suggest that the relationship between these four
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lineages is possibly due to long-branch attraction, a situation in which phylogenetic
inference methods are known to fail (Felsenstein 1978). A subsequent molecular study
included taxon sampling scheme designed specifically to address the question of
bombardier beetle evolution and to minimize the probability of incorrect phylogenetic
inference due to long branch attraction (Moore et al. 2006). This study also included two
additional nuclear genes. However, even with this carefully selected dataset, results did
not provide a satisfactory hypothesis as to how the Paussinae are related to the remaining
Adephaga.
Age of the ancestor of the Paussinae and its sister group
Among the priors necessary for Bayesian dating analyses is the selection of a value for
the age of the root node. Baltic amber fossils that range in age from 35 to 50 MY (Nagel
1987a) and clearly belong to clades within living paussines provide the youngest possible
dates for the age of the Paussinae root node. If the sister group of the Paussinae was
known with certainty, we could use fossils in the sister group to help infer the minimum
age of the ancestor of the Paussinae and its sister group. In fact, the two competing
hypotheses of paussine sister group relationship imply different minimum dates for the
age of this ancestor. If paussines are the sister group of the remaining Carabidae, then the
age of this ancestor must be older than 200 million years, given our knowledge of
carabids phylogeny and the fact that fossils of the Trachypachinae, a group within the
Carabidae (Shull et al. 2001, Maddison et al. in prep), are known from the upper Triassic
(Ponomarenko 1977) (see Figure 5). However, if paussines are the sister group of
brachinines, then the age of their common ancestor may have been much later in
evolutionary history. There is strong evidence from analyses of morphological and
molecular data that the Brachininae and the derived subfamily Harpalinae form a
monophyletic group (Beutel 1992, 1993; Jeannel 1942, 1949; Maddison et al. 1999; Ober
2002; Ribera et al. 2005). In fact, in phylogenetic analyses of derived carabids based on
three nuclear genes, the Brachininae often arise within the Harpalinae, testament to the
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close relationship between these subfamilies (Ober 2002). If Paussinae is the sister group
of the Brachininae + Harpalinae, and Paussinae and Brachininae + Harpalinae are
monophyletic groups, then the age of their common ancestor must be older than 100
million years since harpaline fossils are known from the Cretacous, 100 million years ago
(Lindroth 1974, Ponomarenko 1977, 1989).
Evolution of Myrmecophily
Ants are ecologically important predators/consumers and are arguably the most abundant
insect family on the earth, representing 10-15% of the entire animal biomass in terrestrial
ecosystems (Hölldobler and Wilson 1990). The oldest definitive ant fossil dates from 95
MYA, and most authors hypothesize a Cretaceous origin for the family (120 MYA), with
the major radiations in the Tertiary which spawned the ~11,000 living species (Grimaldi
and Engel 2005). For at least the last 40 million years they have played a significant role
in the evolution of modern terrestrial biotic communities. Not surprisingly, a large
number of animal species utilize ants or their nests as resources. In fact, myrmecophiles
have been reported from nine of the 29 extant insect orders, with the majority of familylevel diversity (and species diversity) found in five orders: Hemiptera, Coleoptera,
Diptera, Lepidoptera and Hymenoptera (Wilson 1971, Kistner 1982, and Hölldobler and
Wilson 1990).
The definition of myrmecophily varies in the literature. I restrict use of the term to those
species that are dependent upon ants for at least one part of their life cycle. Thus, a
myrmecophile is an ant symbiont that has an obligate relationship with its host. Since all
ant species are eusocial and many species have a soldier caste whose main role is defense
of the colony, most non-conspecifics that approach an ant colony are killed immediately.
Therefore any insect that adopts a life with ants must be chemically invisible, impervious
to ant attacks, or have strategies that appease ants -- all strategies that evoke hypotheses
of strongly directed evolutionary adaptation for this lifestyle.
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Among myrmecophiles, the nature of this relationship varies. Kistner (1979) suggested a
useful ecological grouping of myrmecophiles that distinguishes two main categories: (1)
non-integrated species that have adapted to the nest as an ecological niche but are not
incorporated into the social life of the ants, and (2) integrated species which are
incorporated into the social life of the ants.
There have been no modern behavioral studies of paussines with their host ants (but see
LeMasne 1961a, 1961b, 1961c; Cammaerts et al. 1990). However, based on our
knowledge of functional morphology, both types of myrmecophiles are thought to exist
for both the larval and adult life stages of paussines. For example, members of the genus
Physea are found only in association with the Neotropical leaf-cutting ants, Atta
Fabricius (Formicidae: Myrmicinae: Attini). Physea larvae were found during
excavations of Atta nests in Brazil (van Emden 1936) and in Costa Rica (Wendy Porras,
personal communication). They hide from the ants in self-dug burrows near the ants’
fungus chambers deep inside the nest (Eidmann 1937), and presumably use the mobile
components of their terminal disk to capture adult ants. They are thought to be nonintegrated, highly specialized predators on the adult ants.
Adults of species in the subtribe Paussina also feed on their host ants. Their mouthparts
are specialized for a liquid diet (Evans and Forsthye 1985). They have been observed to
use their sharp mandibles to pierce the brood and abdomens of adult ants and extract
liquid from them (Nagel 1987b). Despite their predatory behavior, many species are
integrated into the social life of their host ant colony. Adult paussines have been
collected from inside their host ants’ nest, sometimes directly from the ants’ brood
chambers (Peringuey 1883; WM, personal observations). This exploitation of the richest,
but best protected, ecological niche inside an ant nest represents the most rare and
evolutionarily advanced lifestyle known among social parasites of ants (Hölldobler and
Wilson 1990). Indeed, some behaviors of the host ants indicate that these beetles are not
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simply tolerated guests of the ant colonies, but may be valued by the ants in some way.
For example, worker ants grab the adult paussines by their antennae and transport them to
new nests during migrations (Gueinzius 1858, Plant 1855). These species have a wide
variety of trichomes, specialized hairs attached to glands that secrete a liquid that ants
consume (Mou 1938). Among Paussina species, trichomes are found on the antennae, the
dorsal surface of the head, prothorax, elytra and pygidium, and most species have
trichomes in more than one of these areas. Most species with trichomes also have
cephalic pores, stridulatory organs and fused antennomeres in a wide variety of shapes.
Species with this suite of characters are known as “symphilic,” implying that ants
actively maintain the relationship in spite of the apparent cost to reproduction (Nagel
1979) (see Figure 1, k-p).
In contrast, adults of the Paussini subtribes Carabidomemnina, Arthropterina,
Cerapterina, and Homopterina do not have trichomes, stridulatory organs, or fused
antennomeres. Instead these species have tank-like bodies with smooth convex surfaces,
flattened antennomeres, and collapsible legs with flattened segments (see Figure 1, i-j).
Species with this suite of characters are known as “defiant” (Nagel 1979), implying they
are not openly pleasing to their host ants but rather are predators that subsist on ant
brood, and their tank-like adult morphology helps to protect them from ant attacks. It is
not known whether the adults of these tribes are integrated into the social life of their host
ants. The morphology of Arthropterus MacLeay larvae suggests that they do not live in
burrows and that they do not use their disk to capture prey. In Arthropterus larvae, the
components of the terminal disk are completely fused rendering it immobile. In addition,
the terminal disk and the body of the larva have specialized sensilla (S-VIII), which are
hypothesized to be associated with glands and a myrmecophilous lifestyle (Di Giulio and
Moore 2004).
Adults of species in the Paussini subtribes Heteropaussina, Pentaplatarthrina,
Platyrhopalina and Ceratoderina, possess some symphilic and some defiant traits. The
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only larva known from these groups is that of Platyrhopalopsis mellei Westwood, which
has many specialized adaptations for life with ants (Di Giulio et al. 2003).
Based on published studies of paussine phylogeny, it would be most parsimonious to
conclude that myrmecophily evolved once within the Paussinae (see * in Fig. 4) because
members of the tribes Protopaussini and Paussini, as well as members of the genus
Physea, are the only known myrmecophiles in the subfamily (see Figure 1, f). However,
during this study, I learned of new associations between ants and members of the tribe
Ozaenini. Adults of Tachypeles Deuve and Serratozaena Deuve have been collected
during an excavation of Atta nests in Costa Rica (Wendy Porras, personal
communication), and Serratozaena adults were observed also entering Atta nests in
Panama (Anne E. Arnold, personal communication). In addition, a larva of Eustra
Schmidt-Goebel was collected during an excavation of a Pachycondyla javana Mayr nest
in Taiwan (Gustav Chen, personal communication) representing the first report of a
paussine associated with a member of the ant subfamily Ponerinae. Based on the
morphology of the terminal disk, this larva mostly likely lives in burrows inside the ant
nest and uses the moveable components of its disk to capture its prey. Presumably, this
represents another example of a myrmecophilous larva that is non-integrated into the
social life of its host ants.
Goals of this Study
In this paper I infer the phylogeny of Paussinae based on molecular sequence data with
the intention of testing paussine classification and previously proposed relationships
within the subfamily. Specifically, I aim to test Ozaenini monophyly and infer the sister
group of the Paussini + Protopaussini. Then using Bayesian dating techniques, I estimate
the age of the common ancestor of the Paussinae as well as the dates of the divergences
of major lineages and compare them to the estimated dates for the origin of ants and
major geological events to place the evolution of the paussines in broader ecological and
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geographical context. I compile reports of direct observations of myrmecophily for both
larval and adult paussines. Then, in light of the molecular phylogeny, I infer the number
of times paussine larvae and adults have adopted myrmecophily.
MATERIALS AND METHODS
Phylogenetic Inference
Taxon Sampling, DNA Extraction, Gene Choice, PCR Amplification and Sequencing
Reactions
Many paussine species are relatively rare, and taxon sampling was largely determined by
the availability of specimens preserved for molecular work. However, with the help of
many colleagues, specimens were acquired for almost every tribe and subtribe within the
subfamily (Table 1). The most notable omission from this taxon sampling is that of the
tribe Protopaussini. Species classified in five additional carabid tribes were included in
the analyses. These outgroup taxa were selected such that together they represent most
major carabid lineages. A list of taxa sampled and details of each voucher specimen are
provided in Table 2.
Pterothoracic muscle tissue was sampled from an opening made on the ventral side of the
thorax between the left mid- and hind-legs. Care was taken to avoid the gut. This
dissection technique left the voucher specimen relatively intact for future morphological
study. Total genomic DNA was extracted by following the “Extraction Protocol for
Animal Tissues” provided with the Qiagen DNeasy Tissue Extraction Kit, and the DNA
was stored at -20°C. Voucher specimens were mounted on cards and will be deposited at
the California Academy of Sciences.

37
Four genes were selected for this study: approximately 2000 base pairs of 18S rDNA,
1000 base pairs of 28S rDNA, 400 base pairs of the nuclear protein-coding gene wingless
(WG), and 2000 base pairs of the nuclear protein-coding gene CAD. PCR amplification
reactions were performed on either an Eppendorf Thermal Cycler or a MJ Research
Thermal Cycler. Each 50 µl volume reaction contained Eppendorf Hot Master Mix, 10
mmol dNTP, 5 pmol primers each, and 0.2 µl of Eppendorf Hot Master Taq Polmerase.
Multiple primer sets were used for each gene (Table 3) due to sequence evolution in the
primer-binding site within the Paussinae. PCR reactions were preceded by a 3–5 min hot
start at 94°C and followed by a 10 min final extension at 72°C. For 18S, 28S, and wg,
cycling conditions included 30s at 94°C, 30s at 50-55°C, and 1-2 min at 65°C for 35
cycles. Annealing temperatures and extension times varied between genes. For CAD, I
followed the touchdown PCR protocol recommended by Moulton and Weigmann (2004).
PCR products were sequenced in both directions at the University of Arizona’s Genomic
and Technology Core Facility using either a 3730 or 3730 XL Applied Biosystems
automatic sequencer. Chromatograms were assembled into contigs and base calls were
checked using Sequencher 4.5. New sequences will be deposited in GenBank.
Sequence Alignment
Sequence data for each gene were aligned with ClustalX 1.83 (Thompson et al. 1997)
with a gap opening cost of 10 and an extension cost of 2 and a transition/transversion
ratio of 0.1. Alignments of ribosomal genes were improved by manually adjusting the
sequence position in MacClade 4.08 (Maddison and Maddison 2005). Large insertions
and deletions in both ribosomal datasets resulted in regions of ambiguous alignment.
These regions were identified by visual inspection of the dataset and they were excluded
from phylogenetic analyses (1355 and 687 characters were excluded from the 18S and
28S datasets, respectively). Alignments of protein-coding genes were first performed on
the amino acids in ClustalX with a gap opening cost of 10 and an extension cost of 0.2
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and a Gonnet series protein weight matrix. Then, nucleotides were then aligned to match
the protein alignment in MacClade. Although the wingless dataset contained a small
indel, it did not preclude alignment in that region and therefore all characters were
included in analyses. CAD did not contain indels. Aligned matrices can be downloaded
from TreeBase (Sanderson et al. 1994).
Nucleotide Frequencies
Most methods of phylogenetic inference assume that all sites in a dataset evolved under
the same stationary, reversible, and homogeneous conditions, and violation of these
assumptions may lead to errors in phylogenetic inferences (Jermiin et al. 2004). To
explore the aligned nucleotides for signs of base frequency heterogeneity and substitution
saturation, matrices were separated into eight partitions: 28S, 18S, and first, second and
third codon positions of WG and CAD. The tests below were conducted on all eight
datasets.
Nonstationarity, especially at polymorphic sites, has been shown to bias some methods of
phylogenetic reconstruction (Lockhart et al. 1992a, 1992b; Hasegawa and Hashimoto
1993; Mooers and Holmes 2000; Tarrio et al. 2001; but see Rosenberg and Kumar 2003).
All models of nucleotide substitution include base frequency parameters, where the four
nucleotides are assumed either to occur at equal frequencies or the frequency of each base
is estimated from the data. However, once frequencies are estimated, they are set for all
taxa in the dataset. However, when some taxa in a data matrix have very different
nucleotide frequencies than other taxa, one set of frequency values will not accurately
describe the data. In these situations, some inference methods will group taxa with
similar nucleotide frequencies in the resulting tree, whether or not they are really closely
related. Chi-square tests of homogeneity of nucleotide frequencies across taxa were
performed in PAUP*4.0d81a for entire sequences and polymorphic sites. Significant pvalues for this test indicate that there are significant differences in nucleotide frequencies
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among some of the taxa in the dataset. Datasets of ribosomal genes as well as those of
the third codon positions of protein-coding genes show significant levels of nucleotide
heterogeneity among taxa (Table 4). Within the ribosomal datasets this heterogeneity
was found within the outgroup (data not shown) and when ingroup sequences were
analyzed alone they did not show significant levels of heterogeneity.
Tests for Substitution Saturation
Transition and transversion versus F84 distance plots were constructed for each data
partition in DAMBE (Xia and Xie 2001). Substitution saturation is indicated when these
curves begin to plateau, as can be seen in the graphs of third codon positions (Fig. 6).
Since the loss of phylogenetic signal can occur before complete saturation, each dataset
was also submitted to Xia et al.’s (2003) test for substitution saturation. Because this test
is sensitive to missing data and the entire CAD gene was not sequenced for every taxon,
CAD was broken up into three separate data sets (CAD1, CAD2, CAD3) corresponding
to the three sets of primers used to sequence this gene, thereby providing datasets with
very little missing data. Results revealed varying levels of saturation among the four
genes (Table 5). This test incorporates different critical values for the substitution index
depending on whether simulations were conducted on a symmetrical tree or an
asymmetrical tree. Since there is not an a priori reason to select one tree shape over
another for the Paussinae, index values calculated from the data were compared to both
critical values obtained via simulations. Datasets of ribosomal genes and the first and
second positions of protein coding genes contain the least amount of saturation.
Inference Methods
Seven matrices of aligned nucleotides (18S, 28S, 18S+28S, WG, CAD, WG+CAD and
18S+28S+WG+CAD) and three matrices of aligned amino acids (WG, CAD, and
WG+CAD) were analyzed by the inference methods described below. Analyses of
nucleotides of protein coding genes were analyzed both with and without third codon
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positions to explore the consequence of including these data, which were inferred to be
saturated when comparing the most divergent taxa in the data sets.
Parsimony searches were conducted in PAUP*4.0d81a (Swofford 2001) using the
heuristic search algorithm. Starting trees were made by stepwise addition, 1000 random
addition sequence replicates were performed with TBR branch swapping. All characters
were weighted equally. Bootstrap analyses were performed to assess nodal support.
Heuristic searches were conducted on 1000 bootstrap replicates each with 100 random
addition sequence replicates and TBR branch swapping.
Distance searches were conducted in PAUP*4.0d81a using the heuristic algorithm and
the minimum evolution criterion with LogDet/paralinear distances (Lockhart et al.
1994). LogDet distances allow base compositions to vary over the tree and they are
therefore useful for analyzing datasets with nucleotide frequency heterogeneity (Jermiin
et al. 2004). Since LogDet distances assume all sites can vary, the proportion of
invariant sites was estimated by maximum likelihood (under the GTR+I on a LogDet
neighbor joining tree) and specified prior to the distance searches.
Bayesian estimation of phylogeny was performed in MrBayes 3.1.1 (Huelsenbeck and
Ronquist 2001). Protein coding genes were separated into partitions for each codon
position and concatenated datasets were separated into partitions for each gene and codon
position. Parameter values for the models of evolution were allowed to vary between
partitions. Analyses of nucleotides incorporated the GTR+I+Γ model of evolution, as
this model best fit most of the data partitions as determined by the hierarchical likelihood
ratio test (LRT) as implemented in ModelTest (Posada and Crandall 1998). Analyses of
amino acids allowed for “model-jumping” between fixed-rate amino acid models
(aamodelpr=mixed), rather than selecting one fixed rate model of amino acid evolution
prior to the analyses. Under this option, MrBayes explores all of the fixed rate models
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incorporated in the program and each model contributes to the results in proportion to its
posterior probability.
In Bayesian analyses of all datasets, the Markov Chain Monte Carlo (MCMC) process
was set so that four chains ran simultaneously for 2,000,000 generations each, sampling
trees every 1000 generations. Two independent Bayesian runs were performed in tandem
under these conditions until the average deviation of split frequencies between the trees
saved during the two runs was less than 0.01. Tracer v.1.2.1 (Rambaut and Drummond
2005) was used to plot of the log likelihood scores of each run against generation time.
The burn-in period was judged by visually inspecting the resulting plots and by
determining when the two MCMC processes reached the stationary phase (e.g. good
mixing of log likelihood scores between the two runs). Trees sampled during the burn-in
phase were deleted from further analysis. Remaining trees from both runs were combined
into a treefile in PAUP4.0d81a and the posterior probabilities were summarized in a
majority rule consensus tree. Branch lengths of the consensus tree were inferred in
MrBayes 3.1.1.
Divergence Time Estimation
Estimates of divergence time were calculated using a Bayesian dating method (Thorne
and Kishino 2002, Thorne et al. 1998) and two reference tree topologies (Fig. 10). The
same DNA alignments used in the phylogenetic analyses were used in the dating
analyses. Bayesian dating uses a probabilistic model and the MCMC procedure to derive
the posterior distribution of evolutionary rates and confidence intervals for estimated
divergence times. This method permits multiple calibrations from the fossil record and
has been shown to provide robust estimates even when a constant molecular clock has
been rejected and in cases of incomplete taxon sampling (Linder et al. 2005). The
Bayesian dating method consists of three steps and three software packages. First, the
Baseml component of the PAML (Yang 1997) was used to estimate parameters for the
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F84 + G model of nucleotide substitution (Kishino and Hasegawa 1989). This model was
selected because it is the most complex model of evolution implemented in the Bayesian
dating software to date. Next, Estbranches (Thorne et al. 1998) was used to estimate the
maximum likelihood of each branch length in the rooted tree together with a
variance–covariance matrix of branch length estimates. The maximum likelihood scores
obtained in Baseml and Estbranches were then compared to check that both programs
successfully optimized the likelihood.
Finally, multidivtime (Kishino et al. 2001, Thorne and Kishino 2002) was used to
approximate the posterior probability distributions of divergence times. In each dating
analysis the Markov chain completed 3,000,000 cycles, including a 1,000,000 cycle
burnin period. Three time constraints were enforced. A lower constraint of 35 MYA was
placed on the node connecting Carabidomemnus Kolbe and Cerapterus Swederus, in
concordance with the fossil record. In addition, an upper constraint of 300 MYA and a
lower constraint of 100 MYA were placed on the root node of Paussinae to broadly to
encompass the range of possible dates for the origin of the Paussinae, since the oldest
coleopteroid fossil is from the early Permian, 280 MYA, and the youngest likely date of
origin of the Paussinae is in the Cretaceous.
Since the two most commonly cited hypotheses of the evolutionary relationship between
the Paussinae and other members of the family Carabidae imply different ages for the
origin of the subfamily, Bayesian dating for each topology was performed under two sets
of prior values (Fig. 10). The values of the prior mean and standard deviation for the age
of the ingroup root node, represent an estimated age of 100 million years (rttm =1.0) or
200 million years (rttm =2.0), each with a standard deviation of 30 million years
(rttmsd=0.3). The prior mean and standard deviation for the gamma distribution
describing the rate of evolution at the root node (rtrate and rtratesd) were estimated for
each gene on each topology by calculating the average distance between the ingroup root
and the ingroup tips (estimated by Estbranches) and dividing this value by the prior for
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the ingroup age (rttm). As recommended in the manual for cases where there is little a
priori knowledge of evolutionary rates in a group, rtratesd was set to equal rtrate. The
mean and standard deviation of the prior for the Brownian motion constant were set so
that the value of these priors multiplied by rttm equals 1, as recommended in the manual.
All other priors were left at default settings.
Biogeographic and Ecological Assessment of Topologies and Divergence Times
The known distributions of species in the Paussinae were recorded from the literature and
each species was assigned to one of 12 biogeographic regions defined by Sanmartín and
Ronquist 2004. Data for all species in a genus were combined to produce the known
distribution of each genus (Table 1). These data were plotted on the resulting dated trees
to construct diagrams of area relationships for the Paussinae. These diagrams were then
compared to the area relationships and timing of divergence predicted by the breakup of
Gondwana to determine whether or not some of the results coincide with the timing of
divergence predicted by Mesozoic vicariance (Donoghue and Moore 2003). The
estimated dates for the myrmecophilous members of the tribe Paussini were also
compared to the putative dates for the evolution and radiation of the Formicidae
(Grimaldi and Engel 2005).
Evolution of Myrmecophily
The primary literature was reviewed for positive and negative reports of paussine adults
and larvae living with ants. Positive reports were limited to direct observations of
paussines collected with ants. Negative reports were limited to records of species
routinely collected directly from a particular microhabitat (e.g., in caves, under bark)
where there was no mention of ants in the area (blacklight records were ignored). These
data were then plotted on the dated phylogeny and the minimum number of times that
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myrmecophily has evolved within the Paussinae was inferred using parsimony ancestral
character reconstruction methods in Mesquite 1.06 (Maddison and Maddison 2005).
State changes between free-living and myrmecophily were also assessed in a Bayesian
framework, thereby accounting for the uncertainty in the inferred tree topology. The
2002 trees sampled during the stationary phase of Bayesian analysis of the concatenated
data matrix were imported as rooted trees into MacClade. MacClade was used to
generate state changes and stasis charts that summarized all most parsimonious character
state reconstructions over all trees for the evolution of myrmecophily for larvae and for
adults. Polytomies were arbitrarily resolved. The resulting log file was then examined to
determine the minimum and maximum number of most parsimonious character state
changes over each of the 2002 trees.
RESULTS
Phylogenetic Inference
Trees resulting from parsimony, distance and Bayesian analyses of the combined dataset
of all four genes are presented in Figures 7-9, respectively. Commonly inferred clades
are listed in Table 6 with the bootstrap value for the parsimony and distance searches and
the posterior probability for Bayesian searches for each dataset and inference method.
The results of analyses of four genes, via three inference methods, corroborate many
relationships predicted by morphological analyses of the Paussinae.
Metriini
All analyses support the monophyly of the Metriini with bootstrap and posterior
probability values of 100. Metriini is inferred to be either the sister group of the
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remaining members of the Paussinae or the sister group of the genus Mystropomus, in
which case Metriini + Mystropomus is the sister group of the remaining Paussinae.
Ozaenini
All analyses support the monophyly of the genus Mystropomus. They also support
removing Mystropomus from the Ozaenini and classifying it in a separate tribe, the
Mystropomini.
The remaining members of the tribe Ozaenini form a monophyletic group in all analyses
of combined data sets and many analyses of single genes that included the third codon
positions (Table 6; Figs. 7A, 8A, 9A). However, the Ozaenini is inferred to be
paraphyletic when third codon positions are excluded from the analyses (Table 6; Figs.
7B, 8B, 9B). In most analyses, the Old World ozaenine genera Pseudozaena,
Sphaerostylus and Microzaena form a monophyletic group. The fourth Old World genus,
Eustra, is sometimes included in this group (Figs. 7A, 9A), but Eustra rests on a long
branch. In some analyses it attaches to the tree either as the sister group of the remaining
Ozaenini (Fig. 8A) or as the sister group of the Paussini (Figs. 7B, 8B, 9B). New World
ozaenine genera, including Goniotropis, Scythropasus, Ozaena, Platycerozaena,
Pachyteles, Physea, and Tropopsis, form a well-supported clade in all analyses of
combined data and also in most analyses of individual genes (Table 6; Figs. 7-9).
Paussini
All analyses strongly support the monophyly of the tribe Paussini with high bootstrap and
posterior probability values. Results of molecular analyses also strongly support the
monophyly and relationship between three Paussini subtribes: (Platyrhopalina
(Ceratoderina + Paussina)). This finding was predicted by morphological analyses, as
there are many recognized morphological apomorphies that unite the members of these
lineages (Nagel 1987b). In some analyses the Paussini subtribes Carabidomemnina,
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Arthropterina, Cerapterina, Pentaplatarthrina, Homopterina form a monophyletic group
(Figs. 7, 8, 9B). In other analyses, they form a basal grade within the tribe (Fig. 9A).
Summary Tree
Only strongly supported relationships based on either molecular and morphological are
presented in the summary tree (Fig. 12). Relationships that varied among analyses are
represented as polytomies and await finer resolution in future studies. Additional taxa,
not included in this study, were added to this summary tree via two methods. Five genera
were added based on results of a molecular-based study from DNA extracted from pinned
museum specimens (Moore et al. 2006). Twenty-two genera were added based on our
collective knowledge of morphology.
Divergence Time Estimation
Estimated dates and associated 95% confidence intervals for both topologies and sets of
priors are provided in Table 7. Selection of the parameter value for rttm greatly affected
the inferred date of the root node of the Paussinae. When rttm represented a date of 100
MY, the resulting inferred age of the subfamily was estimated to be between 145-149
MYA (± 50MY), but when rttm was set to reflect 200 MY, the resulting inferred age of
the subfamily was estimated between 201-206 MYA (± 50MY). The results of dating
analyses for both topologies, which included a prior value of 100 MYA (± 30MY) for the
date of the root node, inferred an age for the root that is older than the lower bound of the
prior value. In contrast, the analyses for both topologies, which included a prior of 200
MYA (± 30MY) for the age of the root node, resulted in an inferred age of the root near
the median value of the prior value. This is one indication that a date of 145 MY or older
is a more accurate estimate of the age of the subfamily. This result is further supported
by biogeographic evidence.
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Biogeographic Assessment of Topologies and Divergence Times
Biogeographic data were plotted on each topology to construct putative diagrams of area
relationships for the Paussinae (Fig. 11). Dates of the split between Laurasia and
Gondwana the New World and Old World are indicated on the dated trees. Dating
analyses that incorporated a 200 MY prior value for the origin of the Paussinae resulted
in either three (dating analysis A2) or two (dating analysis B2) nodes among the Metriini,
Mystropomini and Ozaenini that match biogeographic patterns and dates of divergence
predicted by these ancient geologic events. Although this was also the result from dating
analyses that incorporated a 100 MY prior value for the origin of the Paussinae, the dates
of divergence predicted by these ancient geologic events fell only slightly within the 95%
confidence intervals. The dates of origin of the tribe Paussini in all four dating analyses
postdate the split between the Old World and the New World, implying that the present
distribution of Paussini lineages is best explained by dispersal. Ants are thought to have
evolved approximately 100 MYA (Grimaldi and Engel 2005), 21 MY after the breakup
of Gondwana. Therefore, the presence of ants on all the continents except for Antarctica
is also best explained by dispersal (Ward and Brady 2003).
Evolution of Myrmecophily
Paussines have been reported to be associated with ant species in four subfamilies and 17
genera (Table 8), and 87% of these reports are between adult paussines with trichomes in
the subtribes Paussina, Platyrhopalina, Ceratoderina, and Pentaplatarthrina and the ant
subfamilies Formicinae and Myrmicinae (particularly species in the genus Pheidole).
Negative reports of myrmecophily are listed in Table 9.
One tree topology, based on molecular data as well as previous morphological work, was
chosen to infer the number of times myrmecophily has evolved within the Paussinae (Fig.
12). Results of character reconstruction indicate that myrmecophily of adults evolved at
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least twice within the subfamily. Myrmecophily in the larval stage is inferred to be the
plesiomorphic state within the subfamily (Fig. 13).
In 99% of the Bayesian trees there were two equally parsimonious reconstructions for the
evolution of myrmecophily in larvae: either there was one origin of myrmecophily and
two losses, or there were three separate origins. In the other 1% of the Bayesian trees
there were between one and three origins and between zero and two losses. The story for
adult myrmecophily was more straightforward. Ninety-nine percent of the Bayesian trees
indicated that there were two separate origins of myrmecophily and 1% indicated that
there was one origin and one loss. Therefore, there is a posterior probability of 0.99 that
myrmecophily evolved twice in adult paussines; for larvae the pattern is unclear.
However, myrmecophily could not have evolved before ants evolved, and it is unlikely
that myrmecophily evolved before ants radiated to become ubiquitous, dominant
predators. In light of our present understanding of the dates of origin and radiation of
paussines and ants, it is likely that paussine larvae have adopted a myrmecophilous
lifestyle at least three times in their evolutionary history, once in Eustra, one or more
times in the Ozaenina, and once in the Protopaussini + Paussini.

DISCUSSION
Phylogenetic Inference and the Classification of the Paussinae
Metriini and Mystropomini
Results support the elevation in rank of Mystropomus to the tribal level. Horn (1881)
classified Mystropomus in a unique tribe. He recognized the close relationship between
Metriini and Mystropomini and he argued that Mystropomus should be removed from the
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head of the tribe Ozaenini where Chaudoir had placed it in 1868. Horn noted that in
metriines and mystropomines the epimera and episterna are clearly visible and they are
not covered by the epipleura as they are in the Ozaenini, Protopaussini and Paussini.
Given that this character state of the metriines and mystropomines is plesiomorphic
within the Carabidae, it does not suggest a sister group relationship between these two
tribes, but it does provide an argument based on morphology for excluding the
mystropomines from the Ozaenini. Despite Horn’s arguments, Chaudoir’s classification
has been followed and until now Mystropomus has been classified as a subtribe of the
Ozaenini.
Whether or not the Metriini and the Mystropomini are sister groups remains uncertain, as
this relationship is inferred by some analyses of molecular data but not by others. If
Metriini and Mystropomini are sister groups, then it would be most parsimonious to infer
that the Flange of Coanda was lost in Metriini, and that the presence of a seta in the
mandibular scrobe of adults (a plesiomorphic character within the Carabidae) was lost in
the Mystropomini as well as in the ancestor of Ozaenini + Paussini. While this makes
inferred evolution of these characters more complicated, it may in fact reflect
evolutionary history. In molecular-based analyses in which the Metriini is inferred to be
the sister group of the rest of the subfamily, the branch that supports Metrius is extremely
short (Fig. 9). Given that the relative branch lengths of molecular trees reflect the degree
of molecular evolution, this short branch is perplexing because it yields a tree that implies
dramatically unclock-like rates of evolution within the Paussinae. On the other hand,
trees in which Metriini and Mystropomini are sister groups are slightly more clock-like
(Fig. 8).
Ozaenini Monophyly
In the literature, the tribe Ozaenini is most commonly considered paraphyletic, but that is
primarily due to two beliefs: (1) the hypothesis that Mystropomus is the sister group of
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the remaining Ozaenini + Protopaussini + Paussini and (2) the hypothesis that
Protopaussini + Paussini are the sister group of some clade within the Ozaenini (often
Physea + Physeomorpha are hypothesized to be the sister group of Protopaussini+
Paussini). As mentioned above, the molecular data clearly indicate that Mystropomus
constitutes its own tribe and there is strong evidence that Physea is not the sister group of
the Protopaussini + Paussini. If the Ozaenini do represent a monophyletic group, there
are some characters in the larvae that may be apomorphies of this tribe. Larvae are
known for 5 ozaenine genera, Itamus, Sphaerostylus, Goniotropis, Pachyteles, and
Physea. All described larval ozaenines share two unique characters: lobe E of the
urogomphus is divided into two sublobes, and the setae on the stipes arise from swollen
bases (Di Giulio 1998, Di Giulio et al. 2003). Whether or not these characters represent
apomorphies of the Ozaenini will be the subject of future morphology-based studies.
Pseudozaenina
Based on the results of this molecular study, I suggest classifying all Old World genera as
the subtribe Pseudozaenina, even though it is likely that Eustra + Dhanya constitute a
separate lineage from the other Old World ozaenines, and may be considered a subtribe
of their own (Eustrina) in the future. Sequence data from Dhanya, Eustra’s sister group
as inferred by morphological characters, would mostly likely break the long branch
between Eustra and the rest of the tree, and facilitate the inference of Eustra’s true
relationship to other members of the subfamily.
Ozaenina
Strong support for the monophyly of the New World Ozaenini justifies the establishment
of the subtribe Ozaenina. This relationship has not been suggested before. Taxon
sampling in this study was not designed to infer the relationships of lineages within the
Ozaenina; this will be the topic of future molecular-based studies.
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Paussini
No changes to the classification of the tribe Paussini are suggested based on this study.
In fact, the results from the present molecular-based study and previous morphologybased studies (Darlington 1950, Nagel 1987b) are remarkably congruent. Both studies
strongly support the monophyly of the tribe as well as the relationships among the
subtribes Platyrhopalina, Ceratoderina and Paussina. In addition, neither study provides
clear results regarding the relationships among the subtribes Carabidomemnina,
Arthropterina, Cerapterina, Pentaplatarthrina, Homopterina, and Heteropaussina. This is
the result one would expect if these lineages underwent a rapid radiation (Jermiin et al.
2005). According to the results of the dating analysis, it is possible that these lineages did
evolve rapidly in the Cretaceous (Fig. 11)
Age of the Paussinae and Biogeographic History
Results from the Bayesian dating analyses suggest that two possible vicariant events may
largely explain the present day distribution of some paussine lineages. The split between
Laurasia and Gondwana 160-180 MYA may explain the present-day distribution of the
Metriini endemic to northwestern North America and the Mystropomini endemic to
Australia. Ninety five percent confidence intervals in the dating analyses result in large
error bars for the dates of some nodes, particularly the oldest splits in the tree. However,
in all dating analyses, on both topologies with both sets of priors, the estimated age of the
split between Metriini and Mystropomini coincides with the date of this vicariant event
(Fig. 12).
In addition, the date of the split between the New World and Old World ozaenines
coincides with the date of opening of the Atlantic Ocean 121 MYA in many of the
analyses (Fig. 12, analyses A1, A2, and B2). However the inferred dates of the split
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between New World and Old World Paussini significantly postdate this vicariant event,
suggesting that dispersal must be invoked to explain their present-day distribution.
Evolution of Myrmecophily
There is evidence from these results that the members of the subfamily Paussinae adopted
a myrmecophilous lifestyle at least three times in evolutionary history. This raises the
question of why this group might be particularly well suited for adaptation to this
lifestyle.
Hölldobler and Wilson (1990) proposed that the beetle family Staphylinidae, the most
diverse group of myrmecophiles, was particularly predisposed for life with ants because
they are arthropod predators and scavengers with a preference for moist, cryptic habitats.
Perhaps paussines were predisposed for adopting a myrmecophilous lifestyle for the same
reasons. Most carabid beetles are night-active predators on arthropods and prefer moist,
dark microhabitats during the day (Moore et al. 2002). And, in fact, other carabid
lineages such as pseudomorphines, graphipterines, and some tachyines have
independently adopted a myrmecophilous lifestyle. All paussine beetles investigated to
date feed on arthropods in both their larval and adult stages, and non-myrmecophilous
species are commonly collected on or under the bark of trees or fallen logs (most
species), at lights at night (most species), in rotting cactus (Pachyteles gyllenhali Dejean),
in soil and leaf litter (some Dhanya), or inside caves [Pachyteles mexicanus Chaudoir;
Tachypeles troglobioticus Deuve; Itamus castaneus Schmidt-Goebel; Itamus cavicola
(Moore); Sphaerostylus (Afrozaena) guineensis Alluaud; Eustra deharvengi (Deuve);
Eustra honchongensis Deuve; Eustra lao Deuve; Eustra lebretoni Deuve; Eustra leclerci
(Deuve); Eustra pseudomatanga Deuve; Eustra troglophila Deuve].
Some authors have suggested that hot defensive benzoquinones of adult paussines may
have allowed them to overcome ants’ defenses and sneak into their nests (Crowson
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1981). Although this is possible, I can find no evidence supporting this hypothesis and
some circumstantial evidence to the contrary. Paussines have never been reported to use
their crepitating ability to defend themselves from their host ants, even when they
appeared to be being harassed by them (Boyes 1843, Peringuey 1883, WM personal
observations). Finally, while collecting myrmecophilous paussines in South Africa, I
noticed that the temperature of the defensive secretion of these species (in the tribe
Paussini) seemed to be cooler than the temperature of the defensive secretion of the freeliving ozaenines that I have collected in Arizona and within the New World tropics.
Although this casual observation should be confirmed in the laboratory, it suggests the
possibility that adaptation to life with ants might have led to a reduction in the
temperature of defensive chemicals in myrmecophilous species.
Di Giulio and Vigna Taglianti (2000) suggested an intriguing hypothesis based on
observations of larval feeding behavior of non-myrmecophilous ozaenines. In the
laboratory, ants and termites were observed to be strongly attracted to, and fed upon,
substances on the terminal disk of Pachyteles (Ozaenini) larvae, which were collected
along stream banks in Ecuador with no apparent association with ants. In many cases,
the ants and termites continued to feed on the substances of the terminal disk even as the
Pachyteles larvae pierced their abdomens with their mandibles and began to feed upon
them. Indeed, it seems likely that the larvae of the common ancestor of all Paussinae
used similar attractive chemical substances and feeding behaviors to capture their prey.
When ants evolved (millions of years after the origin of the Paussinae), some lineages
may have found this substance irresistible, encouraging the paussines to specialize on
ants as their food resource, which in turn may have paved the way for multiple
adaptations among these beetles for life with ants. Di Giulio and Vigna Taglianti (2000)
proposed that the unique larval feeding strategy may have pre-adapted paussines for a life
with ants.
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I intend to explore a “mutual pre-adaptation” hypothesis, which suggests that both
paussines and their host ants may have been pre-adapted for a symbiotic relationship. In
this view, paussine host ants were pre-adapted for life with paussines due to their
predisposition for responding to chemical rewards, as exemplified by their tending of
other reward-producing insects such as lycaenid caterpillars (Fiedler 1991, Pierce et al.
2002), homopterans (Stadler and Dixon 1999, Stadler et al. 2001), and plants with
extrafloral nectaries (Jolivet 1996). If there is a high degree of overlap between the ant
species that associate with distantly related reward-producing organisms, then there is a
possibility that these ant species would be more likely to form associations with other
reward-producing organisms. For example, DeVries (1991) noted that the same ant
subfamilies that contain species known to facultatively tend other insects (homopterans
and lycaenid caterpillars) and plants with extrafloral nectaries. Such a pattern could be
due to a shared evolutionary history of the ants with these behaviors, or it could be due to
another aspect of the ants’ biology.
A dated phylogeny of the ants has recently been published (Moreau et al. 2006). On this
phylogeny I have indicated the number of genera in each subfamily that are known to
host paussines and the number known to routinely tend homopterans and visit extrafloral
nectaries (Figure 14). Six of the 19 ant subfamilies contain genera that either host
paussines or tend other reward-producing organisms; these six subfamilies are
highlighted on the tree. Three of these subfamilies, highlighted in red, contain genera
that host paussines and tend other reward-producing organisms. These subfamilies are
among the most diverse ant subfamilies so this pattern may seem to have evolved by
chance. However, 11 of the 17 ant genera known to host paussines also tend other
reward-producing organisms. To determine whether or not there is a correlation between
the genera that host paussines and those that other reward-producing organisms, I plan to
conduct several statistical tests that account for non-independence due to the shape of the
underlying tree of ant genera. Examples of such tests include the concentrated changes
test (Maddison 1990), Pagel’s test (1994), and Bayesian Stochastic Character Mapping
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(Nielsen 2002, Huelsenbeck et al. 2003, Huelsenbeck and Rannala 2003). Results will
indicate if the perceived pattern is due to common ancestry of the ant genera with these
behaviors, or it is due to something else (e.g., a biological, physiological, or ecological
characteristic of the ant genera).
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Metriini
Ozaenini

Protopaussini
Paussini

Metrius
Mystropomus
Anentmetus
Sphaerostylus
Crepidozaena
Filicerozaena
Gibbozaena
Goniotropis
Inflatozaena
Mimozaena
Pachyteles
Proozaena
Scythropasus
Serratozaena
Tachypeles
Tropopsis
Dhanya
Eustra
Entomoantyx
Itamus
Microzaena
Pseudozaena
Ozaena
Platycerozaena
Physea
Physeomorpha
Protopaussus
Carabidomemnus
Eohomopterus
Arthropterus
Megalopaussus
Ceraperus
Mesarthropterus
Homopterus
Pentaplatarthus
Hyperpentaplatarthrus
Hexaplatarthrus
Heteropaussus
Platyrhopalus
Stenorhopalus
Lebioderus
Euplatyrhopalus
Platyrhopalopsis
Ceratoderus
Paussomorphus
Merismoderus
Leleupaussus
Hylotorus
Granulopaussus
Paussus

Species Sampled for
Molecular Study
2
2
1

1
1
1
1
1
1
1
1
1
1
1

1
2
1
2
1

1
1

5

Number of
Described Species
2
2
2
15
1
5
2
14
1
1
46
5
6
2
15
2
6
22
1
4
4
2
12
4
6
1
8
27
2
66
1
32
1
11
7
1
1
25
14
2
7
6
3
7
3
3
1
6
4
326

Biogeographic
Region(s)
NEA
AUS
PAL, IND, SEA
AFR, MAD
NSA
NSA
NSA
NSA
NSA
NSA
NSA
NSA
NSA
NSA
NSA
SSA
PAL, IND, SEA
PAL, IND, SEA
NSA
PAL, IND, SEA, NG
MAD
PAL, SEA
NSA
NSA
NSA
NSA
PAL, IND, SEA, NSA
AFR
NSA
AUS, NG
AUS
PAL, IND, AFR, SEA
AFR
NSA
AFR
AFR
MAD
AFR, IND, SEA
PAL, IND, SEA
PAL, SEA
SEA
PAL, IND, SEA, NG
PAL, SEA
PAL, IND, SEA
AFR
PAL, SEA
AFR
AFR
AFR, IND
PAL, AFR, MAD,
IND, SEA
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Table 2. Taxonomic and geographic information for the specimens used in this study,
with Genbank accession numbers for each sequence. [This table will be updated with
new accession numbers after the manuscript has been accepted. DNA numbers serve as
placeholders for each sequence until that time.]

Ozaenini

INGROUP
Metriini

OUTGROUP

Casey

Bänninger

Scythropasus sp.

Goniotropis kuntzeni Bänninger

Eustra japonica Bates

Mystropomus subcostatus Chaudoir

Mystropomus regularis

Metrius explodens Bousquet and Goulet

Metrius contractus Escholtz

Amblytelus curtus (Fabricius)

Chlaenius ruficauda (Chaudoir)

Patrobus longicornis Say

Bembidion levettei carrianum

Carabus granulatus Linnaeus

Carabus nemoralis Müller

Nebria hudsonica LeConte

Trachypachus slevini Van Dyke

Voucher Species

18S

USA: Oregon: Lincoln Co., Moolack Beach,
838
44.7093°N 124.0605°W, 29.v.2000.
CANADA: Alberta: Edmonton, 53.53°N
AF002805
113.513°W, 15-20.vii.1992.
CANADA: Alberta: Edmonton, 53.544°N AF012507
113.542°W, 9.vii.1994.
CANADA: Saskatchewan: Paynton Ferry,
53.1083°N 108.9279°W, 9.vi.1993.
CANADA: Saskatchewan: Paynton Ferry, AF002791
53.1027°N 108.9309°W, 9.vi.1993.
CANADA: Alberta: Edmonton, 53.53°N
AF002786
113.513°W, 15-20.vii.1992.
USA: Arizona: Santa Cruz Co., Santa Cruz AF002777
River nr Tumacacori, 1000m 31.5457°N
111.0395°W, 27.vii.1994.
AUSTRALIA: New South Wales:
AF012484
Kosciusko N.P., Wilsons Valley, 1490m
36.35°S 148.53°E, 21.ii.1993.
USA: California, Marin Co., Lagunitas
AF012515
Creek, summer 1993.
USA: Montana, Ravali Co., Bitterroot
787
Mountains.
AUSTRALIA: Queensland, Mt. Abbott,
1588
800-1000m, 20º06'S 47º45'E, 9-12.iv.1997.
AUSTRALIA: New South Wales,
786
Lansdowne, iii.1997.
JAPAN: Honshu Hisadashimo-hara, Okutsu
1614
Cho, Tomata Gun, Okayama Ken. 3.ix.2003.
USA: Arizona, Santa Cruz Co., Walker
1585
Canyon, 31°22.819'N 111°03.994'W,
1214m, 24.vii.1999.
PANAMA: Barro Colorado Island, 7888
9.vii.1999.

Locality and Collection Data

888

799

1614

786

796

787

AF398687

AF398683

AF398680

AF398700

AF398647

850

AF398676

838

28S

799

1782

786

1588

787

1821

1823

KM

114

108

881

CAD

888

799

1614

786

796

787

AF398605

AF398566

AF398578

AF398613

AF398571

226B

AF398608

838

wg
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Paussini

Ozaenini

Bänninger

Cerapterus sp.

Arthropterus sp. B

Arthropterus sp. A

Carabidomemnus sp.

Tropopsis biguttatus (Solier)

Sphaerostylus goryi Laporte de Castelnau

Serratozaena sp.

Pseudozaena sp.

Platycerozaena panamensis

Physea setosa Chaudoir

Pachyteles nr striola Perty

Ozaena lemoulti Bänninger

Microzaena sp.

Voucher Species

18S

CHILE: IX Region, Villarrica National
1372
Park, 1240m, 39º23'00"S, 71º56'54"W,
11.i.2003.
SOUTH AFRICA: Natal Prov., Ntendeka
1022
Wilderness, Ngome Camp, 27º49'03"S
31º24'21"E, 30.i.2001.
AUSTRALIA: Queensland, near Millaa
AF012516
Millaa Falls, 18.ix.1996.
AUSTRALIA: Queensland, Charleville
1783
5km NW. 26°23’S 146°12’E, 310m, 35.iii.2003.
SOUTH AFRICA: Limpopo Prov.,
1734
Blouberg, 23°01.041'S 29°04.713'E, 960m,
19.xii.2003.

MADAGASCAR: Antsiranana Prov., Mnt.
1021
D'Ambre National Park, 600m, 12°28'14"S
49°13'35"E, 19.i.2001.
USA: Arizona, Santa Cruz Co., Walker
719
Canyon, 31°22.819'N 111°03.994'W,
1214m, 24.vii.1999.
ECUADOR: Sucumbios Prov., Cuyabeno AF012517
Faunal Reserve, Laguna Grande.
COSTA RICA: Guanacaste Prov., BN Diria 1584
Vista de Mar Torre Cocesna Santa Cruz,
900-1000m, LN 357490/235340,
10.viii.2002.
PANAMA: Barro Colorado Island,
720
2.vii.1999.
MALAYSIA: Sabah, Sabah Parks, Poring
1488
Hot Springs, 2000 m, ii.2000.
PANAMA: Barro Colorado Island, 181113
26.x.2001.
MADAGASCAR: (DHK MD-33).
785

Locality and Collection Data

28S

1734

1783

AF398644

1022

1372

785

1113

788

720

1584

346

719

1021

1734

1783

1888

1372

785

1486

720

1596

346

719

1021

CAD

wg

1734

1783

AF398570

1022

1372

785

1113

1486

720

1596

346

719

1021
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Paussini

Paussus (Spinicoxipaussus) sp.

Paussus (Manicanopaussus) sp.

Paussus (Klugipaussus) sp.

Paussus (Cochliopaussus) sp. B

Paussus (Cochliopaussus) sp. A

Ceratoderus sp.

Lebioderus goryi goryi Westwood

Homopterus steinbachi Kolbe

Homopterus subcordatus Darlington

Pentaplatarthrus sp.

Voucher Species
SOUTH AFRICA: Limpopo Prov., Hans
Merensky Nature Reserve, 23°39.741'S
30°39.685'E, 445m, 16.xii.2003.
PANAMA: Barro Colorado Island,
30.vi.1999.
PANAMA: Barro Colorado Island,
25.vi.1999.
INDONESIA: Jawa Barat Bogor, Kebun
Raya Bogor, 25m, 7.ii.2004.
INDIA: Kerala, Puthenvelikara, Ernakulam,
20 vii.2003.
SOUTH AFRICA: Zwa-Zulu Natal: Mkuze
Game Reserve, 27°35.642'S 32°13.246'E ,
91m, 13.i.2004.
MADAGASCAR: Antsiranana Prov., Mnt.
D'Ambre National Park, 600m, 12°28'14"S
49°13'35"E, 19.i.2001.
SOUTH AFRICA: Limpopo Prov.,
Blouberg, 23°02.212'S 29°05.901'E, 883m,
19.xii.2003.
SOUTH AFRICA: Mpumalanga Prov.,
Kruger National Park, Pretoriuskop,
25°11.931'S 31°17.725'E, 563m, 8.i.2004.
SOUTH AFRICA: Limpopo Prov., Louis
Trichardt Game Farm, 24°28.209'S
27°48.202'E, 1487m, 5.xii.2003.

Locality and Collection Data

18S

1738

1736

1728

1035

1737

1635

1784

1613

1227

1717

28S

1738

1736

1728

1035

1737

1635

1784

1024

722

1717

1738

1736

1728

1635

1784

1613

1717

CAD

wg

1736

1728

1035

1737

1635

1784

1613

722

1717
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Table 3. Primer names and sequences used in this study.

wg

CAD

GARTGYAAGTGTCAYGGYATGTCTGG
GAGTGTAAGTGTCAYGGTATGTCTGG
TGCACNGTGAARACYTGYTGGATGCG

P5wg1

wg578F

GTNGTNAARATGCCNMGNTGGGA

806F

B5wg1

GGWGGWCAAACWGCWYTMAAYTGYGG

581F2

ACBTGYTGGATGCGNCTKCC

GGWGGWCAAACTGCWYTMAAYTGYGG

581F4

5wgB

ATGAARTAYGGYAATCGTGGHCAYAAN

AGGACCCGTCTTGAAACACGG

D3F

338F

CGTGTTGCTTGATAGTGCAGC

D2F

GGTGGTGCATGGCCG

1055F

AAAAGAAACYAACWRGGATTCCC

GAATAATGGAATAGGA

860F

D1WM

CCTGAGAAACGGCTACCACATC

18Sai

GGGAGGAAAAGAAACTAAC

GTGCCAGCMGCCGCGG

515F

D1F

TATGCTTGTCTCAAAGATTAA

518S

28S

CTGGTTGATCCTGCCAG

20F

18S

5’ Primer Sequence (5’ → 3’)

5’ Primer

Gene

wgABR

P3wg2

B3wg2

3wg2

1098R

843R

ACYTCGCAGCACCARTGGAA

TGYACATTCCACTGGTGYTGCGCAGT

TGYACATTCCACTGGTGYTGCGAGT

TGYACATTCCAYTGGTGYTGCGAGT

TTRTTNGGNARYTGNCCNCCCAT

TTYGARGARGCNTTYCARAARGC

GARTAYGARGTKGTNCGNGAYGCNTT

KRCMKAGMWCACCATCTTT

D3WM
680R

CGACCGATTTGCACGTCAG

TCGGAAGGAACCAGCTACTA

GCATAGTTCACCATCTTTC

TCAAGACGGGTCCTGAAAGT

CACCYACGGAAACCTTGTTACGACTT

GAGTCTCGTTCGTTATCGGA

GWATTACCGCGGCKGCTG

GTCCTGTTCCATTATTCCAT

3’ Primer Sequence (5’ → 3’)

D3MOD

D3R

D33

D2R

18L

18Sbi

519R

909R

3’ Primer
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Table 4. Results of chi-square tests of homogeneity over sites. Asterisks
highlight significant p-values, which indicate datasets with significant
heterogeneity in base composition among taxa.

wg

ingroup

ingroup
all taxa

CAD

28S

all taxa
ingroup
all taxa
ingroup
all taxa

Gene
18S

1
2
3
3
1
2
3
3

Codon
Position

Number of
Sites
1755
1754
598
598
705
705
705
705
145
145
145
145
Chi-square
67.21
12.41
177.81
50.77
41.90
11.58
1075.95
991.35
20.99
16.42
553.29
461.72

All Sites
df
111
87
114
93
72
72
72
54
114
114
114
93

P-value
1.00
1.00
0.00*
1.00
1.00
1.00
0.00*
0.00*
1.00
1.00
0.00*
0.00*

Number
of sites
1321
306
326
291
258
138
684
671
64
57
142
138
Chi-square
244.63
61.80
335.11
108.58
75.03
44.08
1111.77
1022.16
45.06
36.33
557.93
464.25

df
111
87
114
93
72
72
72
54
114
114
114
93

Polymorphic Sites
P-value
0.00*
0.99
0.00*
0.13
0.38
1.00
0.00*
0.00*
1.00
1.00
0.00*
0.00*

81

82
Table 5. Results of tests for substitution saturation (Xia et al. 2003). Proportions of
invariant sites were estimated under F84+I on a neighboring joining tree constructed from
each dataset. Saturation test assessment codes: 1 – little saturation (Iss<Iss.c, p>0.05), 2 –
substantial saturation (Iss<Iss.c, p<0.05), 3 – very poor for phylogenetics (Iss>Iss.c,
p>0.05), 4 – useless sequence (Iss>Iss.c, p<0.05).

wg

CAD3

CAD2

Gene
18S
28S
CAD1

1
2
3
1
2
3
1
2
3
1
2
3

Codon
Position

Number of
Sites
1755
598
184
184
184
293
293
293
228
228
228
145
145
145

Proportion
Invariant
0.7312
0.4474
0.5919
0.7377
0.0318
0.6713
0.7830
0.0205
0.5843
0.7122
0.0000
0.5253
0.5701
0.0139
Iss
0.597
0.518
0.493
0.491
0.747
0.401
0.249
0.702
0.400
0.321
0.654
0.639
0.691
0.799

Iss.c
0.838
0.801
0.672
0.672
0.672
0.689
0.689
0.689
0.680
0.680
0.680
0.773
0.773
0.773

Symmetrical Tree
Saturation Test
P- value
Assessment
0.00
1
0.00
1
0.01
1
0.06
2
0.02
4
0.00
1
0.00
1
0.31
2
0.00
1
0.00
1
0.21
2
0.00
1
0.00
1
0.00
4
Iss.c
0.810
0.767
0.438
0.438
0.438
0.416
0.416
0.416
0.404
0.404
0.404
0.739
0.739
0.739

Assymetrical Tree
Saturation Test
P- value
Assessment
0.00
1
0.00
1
0.22
3
0.32
3
0.00
4
0.32
3
0.00
1
0.00
4
0.46
3
0.03
1
0.00
4
0.00
1
0.00
1
0.00
4
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Table 6. Bootstrap support and posterior probabilities of certain clades for each dataset
and inference method. Bootstrap and posterior probability values greater than 90 are
shaded black, values greater than 50 are in shaded gray, and values less than 10 are
indicated by dashes. P- Maximum Parsimony, D- LogDet Distance, B- Bayesian
Estimation.

-

-

-

-

41

-

16

-

22

53

-

Metriini sister group of remaining Paussinae

Metriini + Mystropomini

Ozaenini (- Eustra)

Ozaenini (+ Eustra)

Old World Ozaenini (- Eustra)

Old World Ozaenini (+ Eustra)

New World Ozaenini

Eustra + Paussini

Paussini

Carabidomemnina + Arthropterina + Cerapterina +
Pentaplatarthrina + Homopterina

Platyrhopalina + (Ceratoderina + Paussina)

-

57

39

14

64

-

68

35

40

-

-

89

-

94

-

-

100

-

100

-

63

28

89

25

93

-

100

90

81

91

-

97

-

82

48

100

-

-

100

-

100

-

43

30

56

69

99

-

100

94

84

96

-

84

-

94

48

100

12

69

88

24

77

12

35

59

67

67

100

44

100

17

100

56

83

99

-

100

17

100

-

100

100

-

99

-

-

100

Codon Positions 1, 2 and 3 included
wg +
18S + 28S +
wg
CAD
CAD
wg + CAD
P
D
P
D
P
D
P
D
B

10

14

43

18

21

-

-

-

-

-

14

18

18

36

10

27

-

-

-

-

13

-

-

-

98

48

-

18

23

31

27

55

28

-

-

-

36

64

-

16

-

52

57

-

18

14

100

70

18

10

33

15

37

43

37

54

14

42

77

66

-

10

81

-

91

-

86

49

100

99

98

-

-

-

-

-

98

93

88

100

76

99

-

38

-

27

94

-

100

99

100

100

100

-

-

-

-

-

100

Codon Positions 1 and 2 included, 3 excluded
wg +
18S + 28S +
wg
CAD
CAD
wg + CAD
P
D
P
D
P
D
P
D
B
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Table 7. Estimated dates and associated 95% confidence intervals for the most recent
common ancestor of the extant members of selected clades are provided for both
topologies (A and B, Fig.11) and sets of priors (A1, A2, B1, B2; Fig.10) used in the
Bayesian dating analyses.

87
Tree A
Sets of prior
values

Tree B

A1

A2

B1

B2

Extant
Paussinae

149
(112-193)

201
(158-250)

145
(107-197)

206
(159-262)

Metriini +
Mystropomini

122
(89-163)

163
(120-212)

-

-

Mystropomini+
Ozaenini +
Paussini

-

-

127
(95-171)

178
(136-230)

Ozaenini +
Paussini

116
(90-151)

154
(120-196)

98
(75-129)

134
(101-176)

Ozaenini

110
(83-143)

145
(113-186)

88
(66-119)

120
(88-159)

Ozaenina +
sister group

93
(69-122)

122
(93-159)

88
(66-119)

120
(88-159)

Paussini

71
(57-90)

87
(68-115)

62
(50-82)

79
(58-112)
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Table 8. Host ants of paussine genera reported in the literature. The life stage of the
myrmecophile, the number of species with direct reports of myrmecophily for each life
stage within the genus, and the biogeographic region from which the paussine was
collected and references are also provided. Abbreviations for biogeographic regions are
provided in Table 1. Asterisks highlight ant taxa that are also consistently reported to
facultatively tend plant extrafloral nectaries, homopterans and lycaenid caterpillars
(DeVries 1991).

Paussus

Ceratoderina
Paussina

Dolichoderinae*
Monacis *

Formicinae*
Acantholepis*

Monomorium*

Crematogaster*

Atta

Myrmicinae*
Aphaenogaster

Paussina

Leleupaussus

Paussus

Paussina

Tachypeles

Ozaenina
Ceratoderus

Serratozaena

Ozaenina
Ceratoderina

Physea

Paussus

Paussina
Ozaenina

Pentaplatarthus

Cerapterus

Pentaplatarthrina

Cerapterina

Paussus

Paussina

Polyrhachis*

Arthropterus

Arthropterina

Camponotus*

Merismoderus

Ceratoderina

Prenolepis*

Paussus

Cerapterus

Cerapterina
Paussina

Pentaplatarthus

Pentaplatarthrina

Homopterus

Paratrechina*

Plagiolepis

Paussomorphus

Homopterina

Ponerinae*
Pachycondyla
Eustra

Pseudozaenina

Host Ant Taxon

Genus

Paussinae
Subtribe

adult (1)

adult (2)

adult (1)

adult (1)

adult (2)

larva (1)
adult (1)

adult (1)

adult (2)

adult (1)

adult (3)

adult (1)

adult (1)

adult (2)

adult (1)

adult (3)

adult (4)

adult (1)

adult (1)

larva (1)

Life stage
(number of
species)

AFR

AFR, MAD

SEA

NSA

NSA

NSA

MAD

AFR

SEA

MAD

AUS

IND

AFR, MAD

AFR

AFR

AFR

AFR

NSA

SEA

Biogeographic
Region

Luna de Carvalho 1962

Raffray 1886, Wasmann 1892

Sakai and Tanabe 1997

This study

This study

van Emden 1936, This study

Dohrn 1881

Westwood 1833, 1849

Schultze 1923

Dohrn 1890, Fairmare 1898

Wasmann 1918

Westwood 1845

Fairmaire 1902, Jeannel 1955

Westwood 1850

Wasmann 1919; Westwood 1833, 1849

Reichensperger 1913, Thunberg 1781,
Gerstaecker 1867, Brauns 1925

Westwood 1852

Darlington 1950

This study

References
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Platyrhopalina
Paussina

Solenopsis*

Tetramorium*

Paussus

Paussina

Paussus

Platyrhopalus

Platyrhopalopsis

Hylotorus

Paussina

Platyrhopalina

Granulopaussus

Paussina

Heteropaussus

Heteropaussina
Platyrhopalus

Cerapterus

Cerapterina
Platyrhopalina

Genus

Pheidologeton

Pheidole*

Host Ant Taxon
Myrmicinae* (cont.)
Myrmicaria

Paussinae
Subtribe

adult (5)

adult (1)

larva (1)
pupae (1)
adult (1)

larva (1)
adult (65)

adult (2)

adult (3)

adult (1)

adult (2)

adult (2)

Life stage
(number of
species)

AFR, IND, PAL

IND

IND

AFR, MAD, IND, PAL,
SEA

AFR

AFR

IND

AFR

PAL, AFR

Biogeographic
Region

Westwood 1838, 1852; Raffray 1886;
Fowler
1912; Frivaldsky 1835

Westwood 1833

Luna de Carvalho 1987

Benson 1846; Brauns and Wasmann 1925;
Dohrn 1884; Fairmaire 1853, 1899, 1851;
Fiori 1914; Frivaldsky 1835; Gerstaecker
1855; Gestro 1915; Guerin-Meneville
1838; Janssens 19XX; Jeannel 1946;
Kolbe 1896; Lorenz 1998, Luna de
Carvalho 1956, 1963, 1987; Perinquey
1897; Raffray 1885, 1886; Reiche 1860;
Reichensperger 1913, 1925, 1932, 1951;
Ritsema 1897; Saulcy 1874; Vollenhoven
187; Walker 1889; Wasmann 1812, 1894,
1896, 1899, 1904, 1907, 1911, 1912, 1922;
Westwood 1838, 1845, 1849, 1850, 1852,
1856, 1864, 1869

Reichensperger 1925

Westwood 1849, Luna de Carvalho 1959,
Reichensperger 1930

Westwood 1883

Ritsema 1875, Wasmann 1907

Westwood 1841, 1850

References
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Table 9. Records of members of the Paussinae collected without apparent association
with ants. Abbreviations for biogeographic regions are provided in Table 1.

larva (1)

Under bark of fallen logs, in
rotting tree stumps, in leaf litter
In caves
In caves, walking on bat guano

Dhanya

Itamus

Ozaenina

adult (2)

In caves

Eustra

In caves

larva (6)

Under bark of rotten wood, in
galleries in sand along stream
banks, in cave walking on bat
guano

Tachypeles

adult (1)

In caves

Pachyteles

adult (1)

adult (3)

On living trees at night, probing
holes in search of prey

Goniotropis

adult (2)

Under rocks

larva (1)

In galleries in rotten wood

Tropopsis

adult (1)

In caves

Sphaerostylus

adult (1)

Under bark of fallen log

Microzaena

adult (4)

adult (7)

larva (1)

In rotting logs

Ozaenini
Pseudozaenina

adult (1)

Collected along stream banks and
in temperate forests of the Pacific
Northwestern United States, adults
are reported to eat millipedes

Metrius

Metriini

Microhabitat

Genus

Life stage
(number of
species)

Higher
Classification

NSA

NSA

NSA

NSA

SSA

AFR

AFR

MAD

NG

IND, SEA, NG

PAL, IND, SEA

SEA

NEA

NEA

Biogeographic
Region

Deuve 2004

van Emden 1942; Costa et al. 1998;
Vigna Taglianti et al. 1998; Di Giulio
1999; W. Moore, personal
observations

Bolivar and Pieltain 1952

Kip W. Will and David R. Maddison,
personal communication
Moore and Di Giulio 2006; W. Moore,
personal observations

Paulian 1947

Basilewsky 1962

Kip W. Will, personal communication

Vigna Taglianti et al. 1998

Schmidt-Goebel 1846, Moore 1978

Stork 1985

Deuve 1986, 1987, 1996, 2000, 2001,
2002

Beutel 1992

Bousquet 1986; Bousquet and Goulet
1990; MacSwain and Gardner 1956;
W. Moore, personal observations

References
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Figure 1. Representative genera within the Paussinae. Metriini: Metrius (a, photo
courtesy of D.R. Maddison); Ozaenini: Mystropomus (b), Eustra (c), Sphaerostylus (d),
Microzaena (e), Physea (f), Ozaena (g), Pachyteles (h); Protopaussini: Protopaussus (i);
Paussini: Eohomopterus (j), Heteropaussus (k), Lebioderus (l), Ceratoderus (m),
Hylotorus (n), Granulopaussus (o), Paussus (p).
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Figure 2. The Flange of Coanda, an apomorphy of adult Paussinae (- Metriini): a– dorsal
view of Ozaena lemoulti, with position of the flange (Fl) indicated, b– lateral view of the
flange on the right elytron of Serratozaena.
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Figure 3. Representative first-instar larvae of the Paussinae: a-b Goniotropis kuntzeni
(Ozaenini), a non-myrmecophilous larva (a) dorsal view, (b) close-up of terminal disk
with freely articulating, unfused segments (reprinted from Moore and Di Giulio 2006). cd. Arthropterus sp. (Paussini), a myrmecophilous larva (c) dorsal view, (d) close-up of
terminal disk with immobile, fused segments (reprinted from Di Giulio and Moore 2004).
Ur– urogomphi.
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Figure 4. Summary of the most frequently hypothesized relationships among paussine
tribes and subtribes. Branch color indicates tribal affiliation [green – Metriini, blue –
Ozaenini, orange – Protopaussini, red – Paussini]. Asterisk indicates the evolution of
myrmecophily. Letters at nodes correspond to the reference(s) supporting the relationship
indicated: a – Regenfuss 1975, Bils 1976, Nagel 1979, Beutel 1992, Nagel 1997, Vigna
Taglianti et al. 1998; b – Horn 1881, Nagel 1997; c – Beutel 1992, Di Giulio et al. 2003,
Di Giulio and Moore 2004; d – Ball and McCleve 1990; e – Stork 1985; f – Ball and
McCleve 1990; g – Ogueta 1963; h – Darlington 1950, Nagel 1987, Nagel 1997; i –
Darlington 1950, Basilewsky 1962; j – Nagel 1987; k – Nagel 1997; l – Nagel 1987,
Nagel 1994; m – Nagel 1987; n – Darlington 1950; o – Darlington 1950; p – Nagel 1997;
q – Darlington 1950; r – Darlington 1950, Nagel 1997.

100

101
Figure 5. An unresolved tree of the family Carabidae based on morphological and
molecular evidence (Liebherr and Will 1998, Maddison et al. 1999, Ober 2002), dated
with respect to known fossils. Square indicates the oldest known fossil of Carabidae.
Paussinae is in its most frequently hypothesized position as sister group of the rest of the
family; the asterisk indicates the alternative position next to the subfamily Brachininae.
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Figure 6. Transition and transversion versus distance plots for each data partition.
Transitions are represented by blue crosses and transversions are represented by green
triangles. Least squares best fit lines are indicated.
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18S

28S

CAD Position 1

WG Position 1

CAD Position 2

WG Position 2

CAD Position 3

WG Position 3
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Figure 7. Strict consensus of most parsimonious trees. Bootstrap values are provided
above each branch; values of 100 are indicated by thick branches. (A) Analysis of four
nuclear genes combined (2 MPTs; tree length, 9106; CI, 0.385; RI, 0.540). (B) Analysis
of four nuclear genes combined, third codon positions removed prior to analysis (4
MPTs; tree length, 3.746; CI, 0.494; RI, 0.672).

A

Parsimony Trees
Fig. 7

B
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Figure 8. Minimum evolution trees using LogDet distance transformations. Bootstrap
values are provided above each branch; values of 100 are indicated by thick branches.
(A) Analysis of four nuclear genes combined (tree score, 1.9700). (B) Analysis of four
nuclear genes combined, third codon positions removed prior to analysis (tree score,
1.03478).
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Figure 9. Bayesian consensus trees. Posterior probabilities are provided above internal
branches; values of 100 are indicated by thick branches. (A) Analysis of four nuclear
genes combined. (B) Analysis of four nuclear genes combined, third codon positions
removed prior to analysis.
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Figure 10. Topologies, constraints and prior values used in four dating analyses (A1, A2,
B1, B2). A- simplified topology inferred by LogDet distance (same as Fig. 8A), Bsimplified topology estimated by Bayesian analysis (same as Fig. 9A). Dark circles
indicate the nodes that were constrained in the dating analyses (see text). Values for
multidivtime priors are provided in tables below trees (1.0 unit = 100 million years).
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Figure 11. Area relationships based on molecular phylogenies of the subfamily
Paussinae. A. Tree topology inferred by LogDet distance (see Fig. 10A). B. Tree
topology inferred by Bayesian Estimation (see Figs. 10B). Branch lengths are
proportional to time as estimated when the prior for the age of the ingroup root node
equals 200 MYA (rttm=2.0). Abbreviations for biogeographic regions are provided in
Table 1. Asterisks following taxon names indicate that some species are also known
from Southeast Asia. Estimated dates of divergence and 95% confidence intervals for
labeled nodes as estimated from each dating analysis are provided in Table 7. Dates are
provided in millions of years before the present. The timing of pertinent geologic events
is indicated with gray vertical bars.
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Figure 12. Preferred tree and new classification of the subfamily Paussinae. Summary of
relationships inferred from morphology and molecular sequence data. Dashed branches
indicate taxa added based on morphological data alone. Asterisks after genus names
indicate phylogenetic placement according to Moore et al. 2006. Differences between
this tree and the former view of paussine relationships provided in Figure 4 are (1) the
treatment of Mystropomini as a separate tribe, (2) Ozaenini monophyly, (3) the
establishment of the subtribes Ozaenina and Pseudozaenina.
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Figure 13. Positive and negative reports of myrmecophily for larvae and adults traced
with parsimony ancestral reconstruction methods on the preferred dated tree. Those taxa
not included in the dating analyses were attached to the tree in the oldest possible
position. Data for the positive and negative reports of myrmecophily are provided in
Tables 8 and 9. Black boxes indicate positive records; white boxes indicate negative
records. The same color-coding is used for ancestral state reconstruction. Gray branches
indicate equivocal states. None of the possible sister groups of the Paussinae contain
myrmecophiles.
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Figure 14. Dated phylogeny of the subfamilies of Formicidae (modified from Moreau et
al. 2006). Those lineages that contain genera that either host paussines or tend other
reward-producing organisms are highlighted on the tree. The number of ant genera in
each subfamily that are known to host paussines is indicated in the first column to the
right of the phylogeny. The number of genera known to tend other reward-producing
organisms is indicated in the second column to the right of the phylogeny. The number
of genera that associate with paussines and other reward-producing organisms is
indicated under the third column. Those subfamilies that contain genera that do both are
also highlighted in red.
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ABSTRACT
In this paper we refine a method for extracting DNA from dried museum insect
specimens without causing external morphological damage, and we use this extraction
method on specimens from several rare lineages of paussine beetles. We assay the
resulting extractions via PCR amplification of a portion of one nuclear gene (28S rDNA)
and one mitochondrial gene (COI). Resulting 28S sequences are aligned with those
previously published from additional taxa in the subfamily, and the matrix is submitted to
three methods of phylogenetic inference. Resulting trees provide systematists with
molecular-based insights into the phylogenetic affiliation of these lineages and highlight
some areas in which to focus additional morphological studies.
INTRODUCTION
Since DNA degrades after death as a function of heat and time (Lindahl 1993),
molecular-based studies are largely limited to recently collected samples preserved
specifically for molecular work. Naturally this prevents the use of a large number of
species that are now either extinct, or have not been collected recently. However, it is
also possible to extract DNA and amplify small gene fragments from dried museum
specimens (Phillips and Simon 1995). In this paper we refine a method for extracting
DNA from dried insects without causing external morphological damage to the voucher
specimen, and use this extraction method on specimens from several lineages of paussine
beetles.
The carabid beetle subfamily Paussinae contains 772 species classified in five tribes:
Metriini, Mystropomini, Ozaenini, Protopaussini, and Paussini. The phylogeny of this
group was recently inferred with DNA sequence data from four nuclear genes (Moore
2006). The taxon sampling in this study included four of the five recognized tribes and
22 of the 50 described genera. Here, we have added 13 species to this taxon sampling,
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including some phylogenetically mysterious and rare paussine lineages, such as
Anentmetus ANDREWES and Protopaussus GESTRO.
Anentmetus contains only two species, one known only from Northern India and the other
known only from Laos. Certain aspects of the morphology of these species suggest that
Anentmetus represents a unique tribe within the paussines. Anentmetus adults have a
unique Flange of Coanda. The Flange of Coanda is a fold in the posterior region of the
elytra which paussines use to direct their defensive spray (Eisner and Aneshansley 1982).
The flange of Anentmetus species is somewhat similar in structure to the flange of the
Mystropomini, but unlike the flange of the other members of Ozaenini and Paussini (G.
Ball, personal communication).
The relationship of the tribe Protopaussini to other members of the subfamily has been
controversial. The protopaussines have been considered to be either: (1) inside of the
tribe Paussini (Luna de Carvalho 1965; Nagel 1979), (2) inside of the tribe Ozaenini
(Basilewsky 1953, 1962; Nagel 1987), or (3) constituting their own tribe, the
Protopaussini (Darlington 1950; Luna de Carvalho 1989; Ball and McCleve 1990; Nagel
1997).
In this study we amplify both nuclear and mitochondrial gene fragments from the DNA
extracted from museum specimens and use phylogenetic inference methods to infer the
relationships among these rare lineages and other members of the subfamily.
MATERIALS AND METHODS
Specimens
Pinned or pointed specimens of paussine beetles were borrowed from the collections
noted below. Curators are indicated in parentheses.
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CASC- Department of Entomology, California Academy of Sciences, Golden
Gate Park, San Francisco, California, 94118, USA (D.H. Kavanaugh).
CMNH- Carnegie Museum of Natural History, Section of Invertebrate Zoology,
4400 Forbes Avenue, Pittsburgh, PA, 15213-4080, USA (R. Davidson)
EMEB- Essig Museum of Entomology, 201 Wellman Hall MC-3112, Berkeley,
California, 94720-3112, USA (K. Will)
MMIC- Maruyama Munetoshi Insect Collection. Department of Zoology,
National Science Museum, 3-23-1, Hyakunin-cho, Shinjuku-ku, Tokyo,
169-0073, Japan (M. Maruyama)
USNM- United States National Entomological Collection, Department of
Entomology, United States National Museum of Natural History,
Washington D.C., 20560, USA (T.L. Erwin)
WMIC – Wendy Moore Insect Collection. University of Arizona, Department of
Entomology, Tucson, Arizona, 85721-0036, USA (W. Moore)
DNA Extraction
Sixteen specimens were chosen for DNA analysis, ranging in age between 2 and 94 years
since collection (Table 2). Full precautions were taken to prevent contaminating the
samples with previously amplified DNA. Specifically, DNA extractions and subsequent
manipulation prior to PCR amplification were conducted in a laboratory dedicated to
research on samples that contain low amounts of DNA. Furthermore, this laboratory is
physically isolated from the laboratory where post-PCR work is performed. To ensure
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the sequence accuracy, DNA was sequenced from 4-8 PCR amplifications for each
sample.
Beetle specimens were removed from their pins. This was achieved by placing closed
forceps around the pin above the insect and, at the same time, applying a steady, gentle
downward pressure with the forceps. In some cases, the insect is effectively stuck to the
pin. In these cases we first applied water to the areas where the pin enters and emerges
from the insect to soften the connection between the insect and the pin and then we
proceeded as described above. Pointed specimens were removed after softening the
adhesive with water.
Whole specimens were placed in 2ml Eppendorf Biopur tubes, fully immersed in
digestion buffer (volume dependent on specimen size, in our experiments 0.5-0.7ml). The
samples were then placed in an incubator at 55°C with gentle agitation via an internal
circular shaker. The buffer was modified from Pfeiffer et al. (2004) and consisted of 3
mM CaCl2, 2% sodium dodecyl sulphate (SDS), 40 mM dithiotreitol (DTT), 250 µg/ml
proteinase K, 100 mM Tris buffer pH 8 and 100 mM NaCl. After incubating with gentle
agitation for 16-20 hours, specimens were removed from the buffer, placed in 100%
EtOH for 2-4 hours to stop further digestion, air-dried, and replaced in their collections.
Nucleic acids were purified from the digestion buffer using a phenol:phenol:chloroform
extraction (Sambrook et al. 1989) followed by isopropanol precipitation. Specifically,
20µg glycogen (or 5µl glycoblue, Ambion), 0.6 volumes 100% isopropanol and 0.1
volumes 3M Sodium acetate pH 5.2 were added, the mixture was immediately vortexed
gently, and centrifuged at room temperature at maximum speed for 25 minutes to pellet
the nucleic acids. The liquid was then removed and the pellet was washed twice in 1.5
ml ice-cold 85% ethanol, allowed to air-dry at 65°C, and re-suspended in 100µl
molecular biology grade H2O.
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PCR Amplification
The presence of amplifiable mitochondrial (mtDNA) and nuclear DNA (nuDNA) in the
extract was assayed through PCR. MtDNA was assayed through the amplification of a
short (220bp) fragment of the cytochrome oxidase I (CO1) gene using primers ShortF (5’
CAA TTT CCA AAT CCN CCA AT) and ShortR (5’ GGT CAA CAA ATC ATA AAG
ATA TTG GAA, annealing temperature 50°C). The targeted fragment lies within the socalled ‘DNA Barcoding’ region chosen by the Consortium for the Barcode of Life
(CBOL) (Herbert et al. 2003).
NuDNA was assayed through the amplification of a fragment of the 28s ribosomal RNA
gene (250-345bp depending on species). Each extract was assayed with 3 primer sets (to
account for suspected sequence variation within the forward primer binding sites). The
forward primers used were D3F (5’AGG ACC CGT CTT GAA ACA CGG, annealing
temperature 54°C), D3Fb (5’ CAC GGA CCA GGG AGT CTA GCA T, annealing
temperature 50°C) or D3Fc (5’ GGA CCA GGG AGT CTA GCA T, annealing
temperature 48°C). These were paired with reverse primer D3R (5’GCA TAG TTC
ACC ATC TTT C).
Each 25µl PCR reaction contained 1µl extracted DNA, 0.1µl Platinum Taq (Invitrogen),
0.1µl 25mM mixed dNTPs, 2.5µl 10x PCR buffer, 0.3µM each primer, and 2.5mM
MgCl2, and was cycled 40 times. PCR was tested on the original extract plus 10- and
100-fold dilutions, to investigate the quantity of useable DNA extracted from each
specimen. All amplified PCR products were purified using QIAquick spin columns
(Qiagen) and sequenced several times, in both directions, using BigDye Terminator V 3.1
chemistry (Applied Biosystems).
Sequence Alignment
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The COI sequences were aligned by eye in MacClade 4.08 (Maddison and Maddison
2005). We amplified this region to show that DNA from the mitochondrial genome could
be amplified from the extract.
The 28S sequences were aligned with ClustalX (Thompson et al. 1997) using default
settings. The alignment was improved by manually adjusting the sequence position in
MacClade. In some cases 28S sequences from close relatives of these specimens had
already been published in GenBank. These sequences were amplified from DNA
extracted from specimens that were preserved in 95-100% ethyl alcohol specifically for
molecular work.
The 28S sequences were then combined with paussine 28S sequences amplified from
specimens preserved specifically for molecular work resulting in a matrix of 43 paussine
taxa and 7 outgroup taxa. A list of taxa sampled and details of each voucher specimen are
provided in Table 1. The resulting matrix included three hypervariable regions where
alignment was not possible, and these regions were excluded from phylogenetic analyses.
The final matrix of 50 taxa and 324 included characters can be downloaded from
TreeBASE (Sanderson et al. 1994).
Phylogenetic Inference
Searches for the most parsimonious tree were conducted in PAUP*4.0d81a (Swofford
2001) using the heuristic algorithm, 1000 random addition sequence replicates, and TBR
branch swapping. No topological constraints were enforced. Distance searches were
conducted in PAUP*4.0d81a using the heuristic algorithm, the minimum evolution
criterion with LogDet/paralinear distances (Lockhart et al. 1994) and no topological
constraints. Since LogDet distances assume all sites can vary, the proportion of invariant
sites was estimated by maximum likelihood (under the GTR+I on a LogDet neighbor
joining tree) and specified prior to the distance searches. Bootstrap analyses were
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conducted to access nodal support on the parsimony and minimum evolution trees. For
each, heuristic searches were conducted on 1000 bootstrap replicates, each with five
random addition sequence replicates and TBR branch swapping.
Bayesian estimation of phylogeny was performed in MrBayes 3.1.1 (Huelsenbeck and
Ronquist 2001). Analyses incorporated the GTR+I+Γ model of evolution, as this model
best fit the data as determined by the hierarchical likelihood ratio test (LRT) implemented
in ModelTest (Posada and Crandall 1998). Markov Chain Monte Carlo (MCMC) process
was set so that four chains ran simultaneously for 2,000,000 generations each, sampling
trees every 1000 generations. Two independent Bayesian runs were performed in tandem
under these conditions until the average deviation of split frequencies between the trees
saved during the two runs was less than 0.01. Tracer v.1.2.1 (Rambaut and Drummond
2005) was used to determine the burn-in period and those trees were deleted from further
analysis. Remaining trees from both runs were combined into one treefile in
PAUP4.0d81a and the posterior probabilities were summarized in a majority rule
consensus tree. Branch lengths of the consensus tree were inferred in MrBayes 3.1.1.
RESULTS
DNA Extraction and PCR Amplification
NuDNA was successfully extracted and sequenced from 12/16 samples; the exceptions
include the oldest two samples, collected 74 and 95 years ago (Table 2). Mitochondrial
DNA was successfully extracted and sequenced from 11/16 samples. As demonstrated in
Figure 3, the samples exhibit no significant external change/damage post extraction. In
addition, sufficient DNA was retrieved to enable us to undertake PCRs at 10- (and often
100-) fold dilutions of the extract, theoretically providing enough DNA for 1,000-10,000
PCRs per sample (Table 2).
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Sequence Alignment
The alignment of COI sequences is shown in Figure 1. An alignment of the 28S
sequences amplified from museum material and 28S sequences of their close relatives are
presented in Figure 2.
Phylogenetic Inference
Heuristic searches using the parsimony criterion for tree selection resulted in six most
parsimonious trees distributed on a single island, which was found in 70% of the
replicates. The searches also found sixteen islands of trees one step longer. In addition,
most of the nodes are not supported by high bootstrap values (Fig. 4). Bootstrap values
for many clades in the LogDet minimum evolution tree (Fig. 5) are also low. Posterior
probabilities are relatively high in the Bayesian consensus tree (Fig. 6), and this tree
shares many of the same clades as the tree inferred from the larger dataset in Moore
(2006).
In the resulting trees from all phylogenetic inference methods, the taxa added in this
study by extraction and amplification of genes from dried specimens attach to the trees in
positions that would be predicted based on adult morphology (Figs. 4-6). For example,
Sphaerostylus (Afrozanea) luteus, Platycerozaena magna, Homopterus sp. A, and
Paussus (Edaphopaussus) belong to genera that were included in the taxon sampling of
Moore (2006), and in every case these taxa attach the trees either as the sister group of
the other member(s) of their genus, or as a near relative. In addition, the Protopaussini
are inferred to be the sister group of the Paussini as predicted by Nagel (1997),
Entomoantyx cyanipennis attaches to the tree as a member of the Ozaenina as predicted
by Ball and McCleve (1990), and Platyrhopalopisis mellei groups with Lebioderus goryi
as predicted by Darlington (1950) and Nagel (1987).
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The most surprising and inconsistent results regard the positions of some lineages of the
Old World ozaenines. In some analyses the genus Anentmetus attaches to the trees in a
basal position within the subfamily near the tribes Metriini and Mystropomini (Figs. 4-6).
If this were the true position of this lineage, then it would be best to treat this lineage as a
tribe of its own. However, in the minimum evolution tree (Fig. 5) Anentmetus groups
with the other Old World ozaenines, in which case it would be considered a member of
the subtribe Pseudozaenina. There has been very limited systematic work on the
phylogenetic affiliation of Anentmetus within the Paussinae and either placement inferred
from the molecular analyses is reasonable in light of morphology and biogeography. The
phylogenetic affiliation of Anentmetus within the Paussinae would be an informative
question on which to focus additional morphological studies.
DISCUSSION
DNA Extraction and PCR Amplification
The failure to amplify nuDNA and mtDNA from the oldest specimen is likely due to
post-mortem degradation of DNA to sub-amplifiable levels (Lindahl 1993). We find it
surprising, however, that three samples that yielded amplifiable nuDNA did not yield
amplifiable mtDNA (Table 1). In general, previous studies that have investigated old and
degraded DNA have demonstrated that mtDNA can be PCR-amplified for longer than
nuDNA in any specific sample (Lindahl 1993). Furthermore, we note that the mtDNA
fragments are smaller than those nuDNA amplified from the particular samples. One
explanation may simply be that sequence divergence in the problematic samples at the
primer binding sites may have prevented amplification.
This method parallels a conceptually similar approach recently used to extract DNA from
museum samples of mammal teeth (Rohland et al. 2004). In that study, the authors argue
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that the extraction buffer enters the sample and liberates DNA through dentinal tubules
that perforate the teeth. In this situation we speculate that the buffer liberates DNA
through the mouth, anus, spiracles, and possibly through areas of thin cuticle between
sclerites, ectodermal glands and possibly broken setae. DNA is almost certainly also
released through the man-made opening in the pterothorax of pinned specimens.
Dissection of the thorax and abdomen of one treated specimen revealed partial digestion
of the internal tissue.
DNA degradation in dead tissue correlates with a number of factors, including the
presence of free water, oxygen, heat and time since death (Lindahl 1993).
Therefore, we caution that successful extraction of PCR-amplifiable DNA cannot
necessarily be generalized to all such specimens: it is possible that varying collection and
storage conditions may give rise to prolonged or reduced DNA survival. As such, the
maximum DNA fragment size that will be amplifiable in each sample will depend on
how degraded the DNA is prior to the analysis. Thus, as with all studies that use old
specimens, researchers will need to customize their PCR assays to the condition of the
DNA. In addition, as with all other studies on sources of degraded DNA, we caution
researchers to be aware of possible contaminants on samples that may affect the analyses
– chiefly among which is previously amplified DNA. Lastly we caution that our study
samples are beetles, which have fairly robust exoskeletons, and it is possible that
although this method can be extended to other insects, more fragile specimens may
undergo more significant morphological change (although probably no worse than if they
are treated with conventional methods).
Phylogenetic Inference
The phylogenies presented in this paper are based on only a small fragment of a single
gene and the results of all such studies must be viewed cautiously. However, the
remarkable similarity between these trees based on a small region of 28S and those
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inferred from a combined dataset of over 4000 base pairs from four genes (Moore 2006),
indicates that this small region of 28S contains phylogenetically informative data at this
level of divergence. Although we do not claim that the details of the relationships
presented here are correct, these trees do provide a general view of relationship. In some
cases, it is highly unlikely that specimens of these particular lineages will be collected
and preserved for molecular work in the near future, as they are simply too rare. Until
that time, this work provides systematists a molecular-based view of the phylogenetic
affiliation of these lineages and highlights some areas to focus additional morphological
studies. In particular, future work on the phylogenetic relationships among Old World
ozaenine lineages would prove fruitful. This area of research would be most interesting
especially in light of the inferred age of the Old World Ozaenines, and the likelihood that
their present-day distribution is a product of Mesozoic vicariance (Moore 2006).
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Table 1. Taxonomic and geographic information for the specimens used in this study,
with GenBank accession numbers for each sequence. The depository and voucher
number for each dried museum specimen is also indicated.
[This table will be updated with GenBank accession numbers from Moore 2006 after they
are published (now indicated by DNA numbers in parentheses). New accession numbers
will be added after this manuscript has been accepted for publication; aDNA voucher
numbers serve as placeholders for each new sequence until that time.]

Ozaenini

INGROUP
Metriini

OUTGROUP
CANADA: Alberta: Edmonton, 53.53°N
113.513°W, 15-20.vii.1992.
CANADA: Saskatchewan: Paynton Ferry,
53.1083°N 108.9279°W, 9.vi.1993.
CANADA: Saskatchewan: Paynton Ferry,
53.1027°N 108.9309°W, 9.vi.1993.
CANADA: Alberta: Edmonton, 53.53°N
113.513°W, 15-20.vii.1992.
USA: Arizona: Santa Cruz Co., Santa Cruz River nr
Tumacacori, 1000m 31.5457°N 111.0395°W,
27.vii.1994.
AUSTRALIA: New South Wales: Kosciusko N.P.,
Wilsons Valley, 1490m 36.35°S 148.53°E,
21.ii.1993.
USA: California, Marin Co., Lagunitas Creek,
summer 1993.
USA: Montana, Ravali Co., Bitterroot Mountains.

Nebria hudsonica
Carabus granulatus
Bembidion levettei carrianum
Patrobus longicornis
Chlaenius ruficauda

Metrius explodens

SRI LANKA: Padaviya, Anu. Dist. Irrigation
Bungalow, 180 ft, 27.ii – 9.iii.1970.

COSTA RICA: Guanacaste Prov., Est. Maritza, near aWM006 (28S)
Vol. Orosi, 600m, LN 326900, 373000, i-iv.1992.
aWM006 (COI)

Anentmetus sp.
USNM aWM009
Entomoantyx cyanipennis
INBIO aWM006

aWM009 (28S)
aWM009 (COI)

(786)

AUSTRALIA: New South Wales, Lansdowne,
iii.1997.

Mystropomus subcostatus

(796)

AUSTRALIA: Queensland, Mt. Abbott, 8001000m, 20º06'S 47º45'E, 9-12.iv.1997.

(787)

AF398687

AF398683

AF398680

AF398700

AF398647

(850)

AF398676

(838)

Accession Number

Mystropomus regularis

Metrius contractus

Amblytelus

USA: Oregon: Lincoln Co., Moolack Beach,
44.7093°N 124.0605°W, 29.v.2000.

Locality and Collection Data

Trachypachus slevini

Voucher Species
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Ozaenini (cont.)
USA: Arizona, Santa Cruz Co., Walker Canyon,
31°22.819'N 111°03.994'W, 1214m, 24.vii.1999.
PANAMA: Barro Colorado Island, 7-9.vii.1999.
SRI LANKA: Colombo Dist. Ratmalana, 2627.iv.1968.
MADAGASCAR: Antsiranana Prov., Mnt. D'Ambre
National Park, 600m, 12°28'14"S 49°13'35"E,
19.i.2001.
USA: Arizona, Santa Cruz Co., Walker Canyon,
31°22.819'N 111°03.994'W, 1214m, 24.vii.1999.

Goniotropis kuntzeni
Scythropasus sp.
Itamus sp.
CASC aWM010
Microzaena sp.

ECUADOR: Sucumbios Prov., Cuyabeno Faunal
Reserve, Laguna Grande.
COSTA RICA: Guanacaste Prov., BN Diria Vista
de Mar Torre Cocesna Santa Cruz, 900-1000m, LN
357490/235340, 10.viii.2002.
MEXICO: Est. Biol. Chamela, Jalisco, 2027.vii.1984
PANAMA: Barro Colorado Island, 2.vii.1999.
ECUADOR: Rio Palenque, 6.vi.1992, collected by
H. Greeney.
MALAYSIA: Sabah, Sabah Parks, Poring Hot
Springs, 2000 m, ii.2000.
PANAMA: Barro Colorado Island, 18-26.x.2001.

Pachyteles nr striola
Physea setosa

Physea latipes
EMEB aWM008
Platycerozaena panamensis
Platycerozaena magna
Pseudozaena sp.
Serratozaena sp.

Ozaena lemoulti

JAPAN: Honshu Hisadashimo-hara, Okutsu Cho,
Tomata Gun, Okayama Ken. 3.ix.2003.

Locality and Collection Data

Eustra japonica

Voucher Species

(1113)

(788)

aWM007 (28S)

(720)

aWM008 (COI)

(1584)

(346)

(719)

(1021)

aWM010 (28S)

(888)

(799)

(1614)

Accession Number
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Paussini

Protopaussini

Ozaenini (cont.)

Accession Number

SOUTH AFRICA: Limpopo Prov., Blouberg,
23°01.041'S 29°04.713'E, 960m, 19.xii.2003.
SOUTH AFRICA: Limpopo Prov., Hans Merensky
Nature Reserve, 23°39.741'S 30°39.685'E, 445m,
16.xii.2003.
PANAMA: Barro Colorado Island, 30.vi.1999.

Pentaplatarthrus sp.

Homopterus subcordatus

(722)

(1717)

(1734)

(1783)

Cerapterus sp. A

Arthropterus sp. A

Carabidomemnus sp.

AUSTRALIA: Queensland, Charleville 5km NW.
26°23’S 146°12’E, 310m, 3-5.iii.2003.

aWM019 (28S)

Arthropterus sp. B

INDONESIA: Sulawesi, Utara Dumoga-Bone N.P.,
5.ix.1985.

Protopaussus walkeri
CMNH aWM019

aWM0017 (28S)
aWM017 (COI)

ECUADOR: Orellana Prov., Reserva Etnica
aWM015 (28S)
Haorani, Onkone Gare Camp, Transect Ent., 216.3m, aWM015 (COI)
1.x.96, 00° 39' 25.7" S 076° 27' 10.8" W.
SOUTH AFRICA: Natal Prov., Ntendeka
(1022)
Wilderness, Ngome Camp, 27º49'03"S 31º24'21"E,
30.i.2001.
AUSTRALIA: Queensland, near Millaa Millaa
AF398644
Falls, 18.ix.1996.

THAILAND: Chang Khiang, 800-900m, 13.v.2002

Protopaussus sp. B
MMIC aWM017

Eohomopterus aequatoriensis
USNM aWM015

CHINA: Fujian Prov. Wuji Shan Nat. Res., Sangan
env., 900m, 30.v.- 12.vi.2001.

Protopaussus sp. A
MMIC aWM016

aWM016 (28S)
aWM016 (C OI)

(1372)

Tropopsis biguttatus

CHILE: IX Region, Villarrica National Park,
1240m, 39º23'00"S, 71º56'54"W, 11.i.2003.

(785)

CAMEROON: Prov. Yaounde, Congo-Guinean rain aWM012 (28S)
forest, 700m, Feb 14- March 5 1980.
aWM012 (COI)

Locality and Collection Data

Sphaerostylus (Sphaerostylus) goryi MADAGASCAR: (DHK MD-33).

Sphaerostylus (Afrozaena) luteus
USNM aWM012

Voucher Species
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Paussini (cont.)

SOUTH AFRICA: KwaZulu, Mseleni Miss., 27.23S aWM013 (COI)
32.32E, xi 1980
INDIA: Anamalai Hills, 3500 ft, v.1966.
INDONESIA: Jawa Barat Bogor, Kebun Raya
Bogor, 25m, 7.ii. 2004.
INDIA: Kerala, Puthenvelikara, Ernakulam,
20.vii.2003.
SOUTH AFRICA: Zwa-Zulu Natal: Mkuze Game
Reserve, 27°35.642'S 32°13.246'E, 91m, 13.i.2004.
MADAGASCAR: Antsiranana Prov., Mnt. D'Ambre
National Park, 600m, lower forest area, 12°28'14"S
49°13'35"E, 19.i.2001.
SOUTH AFRICA: Limpopo Prov., Blouberg,
23°02.212'S 29°05.901'E, 883m, 19.xii.2003.
SOUTH AFRICA: Mpumalanga Prov., Kruger
National Park, Pretoriuskop, 25°11.931'S
31°17.725'E, 563m, 8.i.2004.
SOUTH AFRICA: Limpopo Prov., Louis Trichardt
Game Farm, 24°28.209'S 27°48.202'E, 1487m,
5.xii.2003.
LIBERIA: Suakoko, 20.iv.1952

Heteropaussus sp.
WMIC aWM013
Platyrhopalopsis mellei
USNM aWM014
Lebioderus goryi goryi
Ceratoderus sp.
Paussus (Cochliopaussus) sp. A
Paussus (Cochliopaussus) sp. B

Paussus (Manicanopaussus) sp.

Paussus (Edaphopaussus) sp.
WMIC aWM004

Paussus (Spinicoxipaussus) sp.

Paussus (Klugipaussus) sp.

CAMEROON: 10 km E. Makak, 10-14.iii.1974.

Heteropaussus lujae
WMIC aWM001

aWM004 (28S)

(1738)

(1736)

(1728)

(1035)

(1737)

(1635)

(1784)

aWM014 (28S)
aWM014 (COI)

aWM001 (28S)

aWM020 (28S)
aWM020 (COI)

GUATEMALA: Huehue, Finca Zapote, Rio
Lagartero, 5.x.1991.

Homopterus sp. A
EMEB aWM020

(1024)

Accession Number

PANAMA: Barro Colorado Island, 25.vi.1999.

Locality and Collection Data

Homopterus steinbachi

Voucher Species
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Dhanya bioculata
CASC aWM018
Granulopaussus granulatus
WMIC aWM003

Ozaenini

Paussini

Voucher Species

SOUTH AFRICA: Pieter Maritzburg, 1910

PHILIPPINE ISLANDS: Luzon, Laguna, 1 Mt.
Makling ex. Tibig 11.iv.1931

Locality and Collection Data

n/a

n/a

Accession Number
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Table 2. Details of the dried specimens used in this study. Gene fragment size and
maximum dilution of pcr-amplifable DNA are provided.

A
A
A
B
B
B
B
B
B
B
A
B
A
B
A
A
A

Granulopaussus granulatus

Dhanya bioculata

Paussus (Edaphopaussus) dissimulator

Platyrhopalopsis mellei

Itamus sp.

Anentmetus sp.

Heteropaussus lujae

Heteropaussus sp.

Sphaerostylus (Afrozaena) luteus

Physea lapites

Protopaussus walkeri

Homopterus sp.

Entomoantyx cyanipennis

Platycerozaena magna

Eohomopterus aequatoriensis

Protopaussus sp. A

Protopaussus sp. B

Species

Pointed (A)
Pinned (B)

5

5

5

18

4

10

5

12

7

8

8

11

12

10

8

4

3

Body
length
(mm)

3

4

9

13

13

14

20

21

25

25

31

35

37

39

53

74

95

Specimen
Age
(years)

Yes (250)

Yes (264)

Yes (332)

Yes (318)

Yes (345)

Yes (254)

Yes (248)

No

Yes (281)

No

Yes (304)

Yes (332)

Yes (280)

Yes (258)

Yes (255)

No

No

Amplifiable
nuDNA
(size bp)

100

100

100

10

10

100

100

n/a

10

n/a

100

100

100

10

10

n/a

n/a

Maximum
Dilution
(nuDNA)

Yes (220)

Yes (220)

Yes (220)

Yes (220)

Yes (220)

Yes (220)

Yes (220)

Yes (220)

Yes (220)

Yes (220)

No

Yes (220)

No

Yes (220)

No

No

No

Amplifiable
mtDNA
(size bp)
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Figure 1. Alignment of COI mtDNA amplified from dried, pinned museum specimens.
Primers are also shown.
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Figure 2. Alignment of 28S rDNA amplified from dried, pinned museum specimens and
28S rDNA amplified from their close relatives that were preserved for molecular work.
Sequences from specimens preserved for molecular work are indicated with a darkened
circle before the taxon name. Hypervariable regions are indicated with lighter colors.
Primers are also shown.
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Figure 3. Photographs of three of the beetle specimens before (A,B,C) and after (a,b,c)
overnight treatment in the extraction buffer. The specimens are as follows: A/a
Platyrhopalopsis mellei (1966), B/b Protopaussus sp. A (2001), C/c Heteropaussus
(1980).
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Figure 4. Strict consensus of the six most parsimonious trees (tree length, 882; CI,
0.3428; RI, 0.644). Bootstrap values over 50 are shown over branches for selected nodes;
values of 100 are indicated by thick branches. Names in gray font indicate data extracted
from specimens preserved for molecular work; names in black font indicate data
extracted from pinned, museum specimens.
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Figure 5. Minimum evolution tree using LogDet distance transformations, bootstrap
values are provided above each branch; values of 100 are indicated by thick branches.
Names in gray font indicate data extracted from specimens preserved for molecular work;
names in black font indicate data extracted from pinned, museum specimens.
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Figure 6. Bayesian consensus tree. Posterior probabilities are provided above each
branch; values of 100 are indicated by thick branches. Names in gray font indicate data
extracted from specimens preserved for molecular work; names in black font indicate
data extracted from pinned, museum specimens.
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ABSTRACT
The carabid subtribe Ozaenina is a monophyletic group of bombardier beetles endemic to
the New World. Species are distributed from southern Arizona and southern Texas to
southern Chile, with over 80% of described species endemic to the tropics. Recent
systematic work classifies the 100 described species into either six or 17 separate genera.
In this study I infer the first phylogeny of the Ozaenina using DNA sequence data from
one nuclear gene and one mitochondrial gene. In the resulting trees, the following three
clades are supported by high bootstrap or posterior probability values: (1) Tropopsis
Solier+ Entomoantyx Ball and McCleve, (2) Physea Brullé + Pachyteles Perty +
Proozaena Deuve + Serratozaena Deuve, and (3) Ozaena Olivier + Platycerozaena
Bänninger + Goniotropis Gray + Scythropasus Chaudoir. Clades 2 and 3 have not
previously been hypothesized. Evidence is also provided for the validity of three
previously synonymized genera, Scythropasus, Goniotropis, and Tropopsis, and they
suggest the possibility that the genera Pachyteles and Goniotropis are both paraphyletic
as presently defined. Thirty-six characters of adult morphology are coded for the DNA
voucher specimens, and they are plotted on the molecular tree using parsimony
optimization methods. Some morphological characters that define existing genera, as
well as novel molecular clades, are identified. Future morphological studies of the
voucher specimens and the type material will reveal additional characters that define the
novel clades and genera for use in an identification key to Ozaenina genera.
INTRODUCTION
The carabid tribe Ozaenini is pantropical. However, 125 of the 142 species are endemic
to the New World (Lorenz 2005, Deuve 2004). Recent work based on molecular
sequence data for the Paussinae provides strong evidence that the New World members
of the tribe Ozaenini form a monophyletic group, the subtribe Ozaenina (Moore 2006).
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There are no published studies of the relationships within this group based on modern
phylogenetic methods.
Jeannel (1946) provided the first classification of Ozaenini genera. He treated the
Ozaenini as a family, and divided it into three supertribes based on adult morphology: the
monogeneric Mystropomitae, the monogeneric Physeitae, and Ozaenitae (which included
all other Ozaenini genera).
The most detailed, modern taxonomic work within Ozaenini based on adult
morphological characters (Ball and McCleve 1990) addressed the taxonomy of 14 species
distributed in the southwestern United States and Mexico and provides a solid foundation
on which to base a synthetic revision of Ozaenina. Although that paper did not include a
phylogenetic analysis, it did include discussion of more than 50 morphological characters
that may be phylogenetically informative at the genus level within this tribe. Based on
their study of these characters Ball and McCleve did not find support for Jeannel’s
classification, but they did not suggest a new classification to take its place. They did,
however, synonymize Goniotropis and Tropopsis with Pachyteles, and they retained all
three names as subgenera.
The neotropical genus Pachyteles (sensu stricto) is the most diverse genus in terms of
species numbers and general morphology of all the Ozaenina. There are many
undescribed species in collections. Unfortunately, many species cannot be identified
from the literature.
Three papers have been published on New World ozaenines since 1990. Two of these
papers contain only new species descriptions (Deuve 1999, 2004). The third paper
contains descriptions of eight new genera to house former members of the genus
Pachyteles (Deuve 2001).
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The only complete, modern classification of Ozaenina species appears in a world list of
Carabidae (Lorenz 2005). This classification is a hybrid of the views of Ozaenina
taxonomy presented in Ball and McCleve (1990) and Deuve (2001). The genera
recognized by Lorenz (2005) are presented in Table 1 with their authors, type species and
number of species that have been officially attributed to each. My attempts to organize
the most modern taxonomic information for each species of Ozaenina in light of the
information presented in Deuve (2001, 2004) are provided in Appendix 1.
The goal of this study is to determine the lineages within the Ozaenina as the first step
toward a revision of this group. Toward this end, I infer the phylogeny of the Ozaenina
based on the mitochondrial protein-coding gene, COI, and a nuclear ribosomal gene, 28S.
I also present a list of adult morphological characters coded into a data matrix for the
DNA voucher specimens. The morphological characters are plotted on a tree inferred
from molecular data to determine which characters are phylogenetically informative
given the tree topology inferred from the molecular data.
MATERIALS AND METHODS
Molecular Phylogeny
Taxon Sampling
My goal for taxon sampling was to include at least two species of each Neotropical
ozaenine genus. The speciose genera Goniotropis (sensu lato) and Pachyteles (sensu
lato) were sampled more thoroughly in order to test competing classifications and
evolutionary relationships suggested in the literature. This goal was nearly met (Table 1)
with the exception of several genera recently described by Deuve (2001). However, it is
possible that I did sample some of these new genera, but that I am unable to identify them
from the literature. Two species of Metriini, two species of Mystropomini and two
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species of Old World Ozaenini were included as outgroup taxa. A list of taxa sampled
and details of each voucher specimen are provided in Table 2.
DNA Extraction, Gene Choice, PCR Amplification and Sequencing
Total genomic DNA was extracted from specimens preserved in 90-100% EtOH. DNA
was extracted using the Qiagen DNeasy tissue kit using ATL buffer and Proteinase K and
the protocol for DNA extraction for animal tissues provided with the kit. Total genomic
DNA was stored at –20°C.
Two independent genes were selected for this study. Approximately 1000 base pairs of
28S rDNA and 800 base pairs of the mitochondrial protein-coding gene cytochrome
oxidase I (COI) were amplified from total genomic DNA. Gene fragments were PCR
amplified in 50 µl volume reactions with Eppendorf Hot Master Mix, 10 mmol dNTP, 5
pmol primers each, and 2 µl of Taq Polmerase (Hot Master Eppendorf). Double stranded
amplification reactions were performed either an Eppendorf Thermal Cycler or a MJ
Research Thermal Cycler.
D2-D3 region of 28S rDNA was amplified using either 5’ primer D1
(GGGAGGAAAAGAAACTAAC) or D1MOD (ACC CCC TRA ATT TAA GCA TAT)
in conjunction with the 3’ primer D3 (GAA AGA TGG TGA ACT ATG C) or D3 MOD
(CTG ACG TGC AAA TCG GTC G) and the following PCR conditions: 5 min at 94°C,
and then 30s at 94°C, 30s at 50°C-54°C and 1 min at 65°C for 30 cycles with a 10 minute
final extension at 65°C.

The last 800 base pairs of the COI gene were amplified using the 5’ primer JER (CAA
CAT TTA TTT TGA TTT TTT GG) in conjunction with the 3’ primer PAT (TCC AAT
GCA CTA ATC TGC CAT ATT A) and the following PCR conditions: 5 min at 94°C,
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and then 30s at 94°C, 30s at 55°C or 56°C and 1 min at 65°C for 30 cycles, with a 10
minute final extension at 65°C.

PCR products were sequenced at the University of Arizona’s Genomic and Technology
Core Facility using either a 3730 or 3730 XL Applied Biosystems automatic sequencer.
Chromatograms were assembled into contigs, and base calls were checked using
Sequencher 4.5. New sequences were deposited in GenBank.
Sequence Alignment
Ribosomal sequence data were aligned with ClustalX 1.83 (Thompson et al. 1996) using
a gap opening cost of 10 and an extension cost of 2 and a transition/transversion ratio of
0.1. Resulting alignments were improved by scanning data by eye in MacClade 4.08
(Maddison and Maddison 2005) and manually adjusting the alignment. Unalignable
regions were determined by eye and they were excluded from all analyses. COI amino
acids were aligned in ClustalX and then nucleotides were then aligned to match the
amino acid alignment. Phylogenetic analyses were conducted on the nucleotides.
Phylogenetic Analysis
Data sets for the two genes were analyzed separately and in combination. Data sets of
single genes were submitted to minimum evolution and parsimony searches and the
concatenated matrix was submitted to parsimony and Bayesian searches.
Distance searches were conducted in PAUP*4.0d81a (Swofford 2001) using the heuristic
algorithm and the minimum evolution criterion with LogDet/paralinear distances
(Lockhart et al. 1994). LogDet distances allow base compositions to vary over the tree
and they are therefore useful for analyzing datasets with nucleotide frequency
heterogeneity (Jermiin et al. 2004). Since LogDet distances assume all sites can vary,
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the proportion of invariant sites was estimated by maximum likelihood (under the GTR+I
on a LogDet neighbor joining tree) and specified prior to the distance searches.
Parsimony searches were conducted in PAUP*4.0d81a using the heuristic algorithm.
Starting trees were made by stepwise addition. 1000 random addition sequence replicates
were performed with TBR branch swapping. All characters were weighted equally.
Bootstrap analyses were preformed to assess nodal support. Heuristic searches were
conducted on 1000 bootstrap replicates each with 100 random addition sequence
replicates and TBR branch swapping.
Bayesian estimation of phylogeny was performed in MrBayes 3.1.1 (Huelsenbeck and
Ronquist 2001). The concatenated dataset was separated into four partitions, one for 28S
and one for each codon position of COI. Parameter values for the models of evolution
were allowed to vary between partitions. Analyses of nucleotides incorporated the
GTR+I+Γ model of evolution, as this model best fit the data partitions as determined by
both the hierarchical likelihood ratio test (LRT) and the Akaike Information Criterion
(AIC) as implemented in Modeltest (Posada and Crandall 1998). The Markov Chain
Monte Carlo (MCMC) process was set so that four chains ran simultaneously for
2,000,000 generations each, sampling trees every 1000 generations. Two independent
Bayesian runs were performed in tandem under these conditions until the average
deviation of spilt frequencies between the trees saved during the two runs was less than
0.01. Tracer v.1.2.1 (Rambaut and Drummond 2005) was used to determine the burnin
period and those trees were deleted from further analysis. Remaining trees from both
runs were combined into a treefile in PAUP4.0d81a and the posterior probabilities were
summarized in a majority rule consensus tree. Branch lengths of the consensus tree were
inferred in MrBayes 3.1.1.
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Adult Morphology
Adult morphological characters were either taken from the published literature, in
particular from Ball and McCleve (1990), or they were sought by visually comparing
adult morphology of DNA voucher specimens after organizing them into groups that
reflected clades inferred in the molecular trees. Morphological characters of adults were
divided into character states that together capture the variation within the ingroup and
outgroup taxa. Character state assignments were recorded for each DNA voucher
specimen by direct examination of the specimens. These data were then plotted on a
molecular tree in MacClade using parsimony optimization methods.
RESULTS and DISCUSSION
Trees resulting from parsimony and distance analyses of the 28S rDNA and COI datasets
are presented in Figures 1-2. Trees resulting from parsimony and Bayesian analyses of
the concatenated dataset are presented in Figure 3. Results offer some novel hypotheses
of generic relationships within the Ozaenina. The following three clades are supported
by high bootstrap and/or posterior probability values: (1) Tropopsis + Entomoantyx, (2)
Physea + Pachyteles + Proozaena + Serratozaena, and (3) Ozaena + Platycerozaena +
Goniotropis + Scythropasus. Clades 2 and 3 have not been hypothesized in the literature
before.
Based on morphology, type species for each genus were placed on the Bayesian
estimation of phylogeny inferred from the concatenated matrix (Figure 4). In some cases,
a specimen of the type species for a genus was acquired for molecular work and it was
therefore included in the molecular tree. In most cases, however, specimens of the type
species for a genus were not acquired for molecular work and their general placement in
the molecular tree was sought by comparing the morphological characters of the type
species with the morphological characteristics of the DNA voucher specimens. This was
possible for some genera without studying the type specimen; however for others, this
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was not impossible. In these cases, the names are presented near the tree to the right of a
vertical bar indicating their general placement.
Despite the difficulty in identifying species in this group and therefore in being able to
draw conclusions from this phylogenetic analysis without studying the type specimens,
some conclusions can be drawn. Results provide evidence for the validity of three
previously synonymized genera: Scythropasus Chaudoir, Goniotropis Gray, and
Tropopsis Solier (Figure 4). Previously, Scythropasus was synonymized with
Goniotropis, and Goniotropis and Tropopsis were synonymized with Pachyteles. This
former classification is shown to the right of the tree in Figure 5. These synonymies
would also require the synonymy of every other Ozaenina genus into one large genus,
Ozaena.
Results also suggest the possibility that the genera Pachyteles Perty and Goniotropis are
both paraphyletic as presently defined (Figure 4). Since there are no additional genuslevel names available for Goniotropis, there is a high probability that these unnamed taxa
represent at least one new genus. Future morphological work within this group will
reveal these possible new generic definitions and boundaries. There is also a possibility
that there are unnamed genera within Pachyteles. However, given that there are four
genus-level names of uncertain placement in this group, it is possible that some or all of
these genera have been described.
Adult Morphology
DNA voucher specimens were coded for thirty-six morphological characters. The
characters and character states are presented in Appendix 2. The data matrix is presented
in Appendix 3. Ambiguous and unambiguous character changes are plotted on the strict
consensus tree of the two most parsimonious trees found for the concatenated molecular
data set (Figure 6). However only unambiguous character changes, which are changes
that occur along a branch under all character optimizations, define tree branches.
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Whereas most unambiguous character changes occur on branches supporting long
established, well-defined taxa such as Platycerozaena + Ozaena and the genus Physea, a
few unambiguous character changes define clades that were inferred from the molecular
data for the first time. For example, a labrum with a broadly concave anterior margin
(character 12, state 1) and a mesepisternum being completely fused with the sternum
(character 35, state 1) are inferred to be unambiguous character states defining the branch
supporting Physea + Pachyteles + Proozaena + Serratozaena. In the near future,
additional morphological characters will be added to this matrix and the type specimens
of the type species for each Ozaenina genus will be added. This larger matrix will then
be analyzed in light of the molecular phylogeny in order to determine apomorphic
characters defining taxa in the molecular tree and they will be used in an identification
key to the lineages within the Ozaenina.
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Table 1. Lorenz (2005) classification of New World ozaenines, authors and type species.
Synonyms appear in gray font. The number of described species is provided for each
genus and taxon sampling is indicated.

Deuve, 2001
Deuve, 2001
Deuve, 2001
Olivier, 1812

Gibbozaena

Inflatozaena

Mimozaena

Ozaena

Gray, 1832
Chaudoir,1854
Solier, 1849

Goniotropsis

Scythropasus

Tropopsis

Ogueta, 1963
Bänninger, 1927
Deuve, 2001
Deuve, 2001
Deuve, 2001

Platycerozaena

Proozaena

Tachypeles

Serratozaena

Wasmann, 1925

Brullé, 1834

Perty, 1830

Pachyteles

Physeomorpha

Coeloxenus

Physea

Pachyteles

Laporte de Castelnau, 1834

Deuve, 2001

Filicerozaena

Ictinus

Ball and McCleve, 1990

Entomoantyx

Author
Deuve, 2001

Subgenus

Crepidozaena

Genus

Serratozaena paraphysea Deuve, 2001

Pachyteles arechavaletae Chaudoir, 1868

Pachyteles parallelus Chaudoir, 1848

Ozaena brevicornis Bates, 1874

Physeomorpha vianai Ogueta, 1965

Totals

Trachelizus rufus Brullé, 1834
[junior synonym of Physea testudinea (Klug, 1834)]
Coeloxenus guentheri Wasmann, 1925

Tropopsis marginicollis Solier, 1849

Scythropasus elongatus Chaudoir, 1854

Goniotropsis braziliensis Gray, 1832

Pachyteles striola Perty, 1830

Ictinus tenebrionoides Laporte de Castelnau, 1834

Ozaena dentipes Olivier, 1812

Pachyteles virescens Chaudoir, 1868

Pachyteles inflatus Bates, 1886

Gibbozaena mirabilis Deuve, 2001

Filicerozaena moreti Deuve, 2001

Ozaena cyanipennis Chaudoir, 1852

Pachyteles gracilis Chaudoir, 1868

Type Species

125

1

15

5

4

1

6

2

17

51

12

1

1

2

5

1

1

Described
Species

34

2

5

1, 1a

1

2

10

7

4

1a

Taxon
Sampling

170

171
Table 2. Taxonomic and geographic information for the specimens used in this study with
probable generic assignments and GenBank accession numbers for each sequence.
[This table will be updated with GenBank accession numbers from Moore 2006 and
Moore et al. 2006 after they are published (now indicated by DNA numbers in
parentheses). New accession numbers will be added after this manuscript has been
accepted for publication; aDNA voucher numbers serve as placeholders for each new
sequence until that time.]

28S GenBank
COI GenBank
Locality and Collection Data
Accession Number Accession Number
USA: California, Marin Co., Lagunitas
AF398687
138
Creek, 0.1 miles below spillway of Nicasio
Dam, summer 1993, collected by D.H.
Kavanaugh.
Metrius explodens Bousquet and Goulet
USA: Montana: Ravali Co., Bitterroot
(787)
787
Mountains
Mystropomus regularis Bänninger
AUSTRALIA: Queensland, Mt. Abbott, 800(796)
1230
1000m, 20º06'S 47º45'E, 9-12.iv.1997,
collected by Monteith, Cook and Janetzki
Mystropomus subcostatus Chaudoir
AUSTRALIA: New South Wales,
(786)
786
Lansdowne, iii.1997, collected by G.
Williams.
Pseudozaena sp. A
MALAYSIA: Sabah, Sabah Parks, Poring
(788)
788
Hot Springs, 2000 m, ii.2000, collected by
M. Zhjra.
Sphaerostylus goryi (Laporte de Castelnau) MADAGASCAR: (DHK MD-33) collected
(785)
785
by D.H. Kavanaugh.
Entomoantyx cyanipennis (Chaudoir)
COSTA RICA: Guanacaste Prov., Est.
(aWM006)
Maritza, lado Vol. Orosi, 600m, LN
326900, 373000, January- April 1992.
Goniotropis kuntzeni (Bänninger)
USA: Arizona, Santa Cruz Co., Walker
(799)
799
Canyon, 31°22.819'N 111°03.994'W,
1214m, 24.vii.1999, collected by W. Moore.
Goniotropis sp. A
USA: Arizona, Santa Cruz Co., Walker
828
828
Canyon 31°22.819'N 111°03.994'W, 1214m,
2.vii.2000, collected by W. Moore.
Goniotropis sp. B
PANAMA: Barro Colorado Island, 14889
889
16.vii.1999, collected by A.E. Arnold.
Goniotropis sp. C
MEXICO: Baja California Sur, 10.viii.2000,
1194
collected by C. Smith.
Goniotropis sp. D
ECUADOR: Sucumibos Prov., 175 km ESE
808
808
of Coca, La Selva Station, 250m, 15.vi.1997,
collected by H. Greeney.

Voucher Species
Metrius contractus Eschscholtz
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Scythropasus sp. C

Scythropasus sp. C

Scythropasus sp. C

Scythropasus sp. B

Scythropasus sp. A

Scythropasus sp. A

Goniotropis sp. F

Goniotropis sp. E

Goniotropis sp. D

Voucher Species
Goniotropis sp. D

28S GenBank
COI GenBank
Locality and Collection Data
Accession Number Accession Number
ECUADOR: Orellana Prov., Tiputini
1200
1200
Biodiversity Station, trails, 0°38'S 76°9'W,
5.x.2000, collected by W. Moore.
ECUADOR: Orellana Prov., Tiputini
964
964
Biodiversity Station, 0°38'S 76°9'W,
27.ix.2000, collected by W. Moore.
ECUADOR: Orellana Prov., Tiputini
1197
1197
Biodiversity Station, 0°38'S 76°9'W, 4.x.2000,
collected by W. Moore and T. Erwin.
ECUADOR: Orellana Prov., Tiputini
1199
Biodiversity Station trails, 0°38'S 76°9'W, 30.ix.
2000, collected by W. Moore.
ECUADOR: Orellana Prov., Tiputini
1196
1196
Biodiversity Station, 0°38'S 76°9'W, 4.x.2000,
collected by W. Moore and T. Erwin.
ECUADOR: Orellana Prov., Tiputini
1198
1198
Biodiversity Station, 0°38'S 76°9'W,
29.ix.2000, collected by W. Moore.
PANAMA: Barro Colorado Island, 7-9.vii.1999,
(888)
888
collected by A.E. Arnold.
PANAMA: Barro Colorado Island, 25.vi.1999,
804
804
collected by A.E. Arnold.
COSTA RICA: Guanacaste Prov., Estacion
1379
Monte Alto, 9.vii.2002, collected by W. Porras,
at light.
COSTA RICA: Guanacaste Prov., San Pablo
1382
1382
Nandayure, Finca Agua Fria, 20 m, LN
222550/399500, 17.i.2002, collected by W.
Porras.
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Pachyteles sp. G

Pachyteles sp. G

Pachyteles sp. G

Pachyteles sp. F

Pachyteles sp. E

Pachyteles sp. D

Pachyteles sp. C

Pachyteles sp. B

Pachyteles sp. A

Pachyteles sp. A

Pachyteles sp. A

Voucher Species
Scythropasus sp. C

Locality and Collection Data
COSTA RICA: Guanacaste Prov., San Pablo
Nandayure, Finca Agua Fria, 20 m, LN
222550/399500, 17.i.2002, collected by W. Porras.
ECUADOR: Sucumbios Prov., Cuyabeno Faunal
Reserve, Laguna Grande.
COSTA RICA: Osa Peninsula, Corcovado Station,
La Leona, 8°27'N 83°29'W, collected by W. Moore
and W. Porras.
PANAMA: Barro Colorado Island, 7.vii.1999,
collected by A.E. Arnold.
ECUADOR: Orellana Prov., Tiputini Biodiversity
Station, 0°38'S 76°9'W, 4.x.2000, collected by W.
Moore.
ECUADOR: Orellana Prov., Tiputini Biodiversity
Station, 0°38'S 76°9'W, 3.x.2000, collected by W.
Moore.
COSTA RICA: Heredia Prov., La Selva, 55m.
22.xii.1999, collected by W. Moore.
ECUADOR: Orellana Prov., Tiputini Biodiversity
Station, Heliport, 0°38'S 76°9'W, 6.x.2000,
collected by W. Moore.
ECUADOR: Orellana Prov., Tiputini Biodiversity
Station, Heliport. 0°38'S 76°9'W, 6.x.2000,
collected by W. Moore.
PANAMA: Barro Colorado Island, 14.vii.1999,
collected by A.E. Arnold.
COSTA RICA: Guanacaste Prov., Zapotal de
Nandayure, Cerro Santa Rita, 600-800 m LN:
222500/39750, 10.vii.2002, collected by W. Porras.
COSTA RICA: Guanacaste Prov., Zapotal de
Nandayure, Cerro Santa Rita, 600-800 m LN:
222500/39750, 10.vii.2002, collected by W. Porras.
807

1188

890

1190

827

1232

AF012517

1308

1307

807

1188

1187

890

1190

1189

827

1232

346

28S GenBank
COI GenBank
Accession Number Accession Number
1383
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Physea setosa Chaudoir

Physea setosa Chaudoir

Serratozaena sp. B

Serratozaena sp. A

Proozaena sp. E

Proozaena sp. D

Proozaena sp. C

Proozaena sp. B

Voucher Species
Proozaena sp. A

28S GenBank
COI GenBank
Locality and Collection Data
Accession Number Accession Number
COSTA RICA: Heredia Prov., La Selva, 55m
805
805
22.x.1999, collected by W. Moore.
ECUADOR: Orellana Prov., Tiputini Biodiversity
963
963
Station, Heliport, 0°38'S 76°9'W, 6.x. 2000,
collected by W. Moore.
COSTA RICA: Guanacaste Prov., Estacion Monte
1378
Alto, 9.vii.2002, collected by W.Porras.
ECUADOR: Orellana Prov,: Tiputini Biodiversity
1185
Station, 0°38'S 76°9'W, 27.ix.2000, collected by W.
Moore.
PANAMA: Barro Colorado Island, 30.vi.1999,
851
collected by A.E. Arnold.
PANAMA: Barro Colorado Island, 18-26.x.2001,
(1113)
1113
collected by A.E. Arnold.
COSTA RICA: Guanacaste Prov., Zapotal de
1310
1310
Nandayure, Cerro Santa Rita, 600-800 m
LN: 222500/39750, 10.vii.2002, collected by W.
Porras.
PANAMA: Barro Colorado Island, 18-26.x.2001,
1152
1152
collected by A.E. Arnold.
COSTA RICA: Guanacaste Prov., BN Diria Vista
(1584)
1596
de Mar Torre Cocesna Santa Cruz, 900-1000m, LN
357490/235340, 10.viii.2002, collected by W.
Porras.
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Tropopsis marginicollis (Solier)

Tropopsis biguttatus (Solier)

Ozaena dentipes Olivier

Ozaena martinez Ogueta

Ozaena ecuadorica Bänninger

Ozaena ecuadorica Bänninger

Ozaena lemoulti Bänninger

Platycerozaena magna Bates

Voucher Species
Platycerozaena panamensis (Bänninger)

28S GenBank
COI GenBank
Locality and Collection Data
Accession Number Accession Number
PANAMA: Barro Colorado Island,
(720)
720
2.vii.1999, collected by A.E. Arnold.
ECUADOR: Rio Palenque, 6.vi.1992,
(aWM0007)
collected by H. Greeney.
USA: Arizona, Santa Cruz Co., Walker
(719)
719
Canyon, 31°22.819'N 111°03.994'W,
1214m, 24.vii. 1999, collected by W. Moore.
ECUADOR: Sucumibos Prov., 175 km ESE
682
of Coca, La Selva Station, 250m,
16.vii.1997, collected by H. Greeney.
ECUADOR: Orellana Prov., Tiputini
1511
Biodiversity Station, 0°38'S 76°9'W,
6.x.2000, collected by W. Moore.
BOLIVIA: Parque Nacional Amboro, 11485
9.xi.2002, collected by R. Leschen
ECUADOR: Orellana Prov., Yasuni
1306
1306
Biological Reserve Station 0º40'S, 76º24'W,
4.xi.2002, collected by E.M. Fisher.
CHILE: IX Region, Villarrica National Park
(1372)
1372
1240m, 39º23'00"S, 71º56'54"W, 11.i.2003,
collected by K.Will.
CHILE: X Region, Puyeheu National Park,
1371
1371
40º39’59"S, 72º10’19”W, 22.i.2003,
collected by K.Will.
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Figure 1. Optimal trees found for the 28S rDNA dataset. Bootstrap values are provided
above each branch. (A) Minimum evolution tree using LogDet distance transformations
(tree score, 1.451). (B) Strict consensus of the five most parsimonious trees (tree length,
1391; CI, 0.658; RC, 0.568).
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Figure 2. Optimal trees found for the COI dataset. Bootstrap values are provided above
each branch. (A) Minimum evolution tree using LogDet distance transformations (tree
score, 2.415). (B) Strict consensus of the eight most parsimonious trees (tree length,
1547; CI, 0.3445; RC, 0.2167).
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Figure 3. Optimal trees found for the 28S rDNA + COI dataset. (A) Bayesian consensus
tree. Posterior probabilities are provided above branches. (B) Strict consensus of the two
most parsimonious trees (tree length, 2958; CI, 0.4895; RC, 0.3709). Bootstrap values
are provided above each branch.

Figure 3 28S+COI
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Figure 4. Preferred tree with individual species names omitted. Placement of type
species is indicated, based on morphology (species names of types are the currently valid
name of the species; see Table 1 for original type species names). Black arrows indicate
that DNA from the type species was included in the analysis. Type species of uncertain
placement, and those from unsampled lineages, are placed to the right of a vertical bar
indicating their general placement on the tree.

Figure 4
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Figure 5. Preferred tree with individual species names omitted. Taxa highlighted in red
were members of the same genus in the Ball and McCleve (1990) classification.
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Figure 6. Morphological character traced on the strict consensus tree of the two most
parsimonious trees found for the concatenated data set. Ambiguous changes are
represented by ovals and green text, unambiguous changes are represented by rectangles
and black text. Bars are colored as a function of the rescaled consistency index of the
character (see legend).
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Appendix 1. Names of New World ozaenine species with probable generic assignments,
type depositories and localities. Type species for each genus are in bold font. Museums
where types are deposited are abbreviated as follows: BMNH– The Natural History
Museum. London, England; CASC– The California Academy of Sciences. San
Francisco, California, USA; CCCB– C.A. Campos Collection. Brazil; CMNH– Carnegie
Museum of Natural History. Pittsburgh, Pennsylvania, USA; EOCB– Ezequiel Ogueta
Collection Brazil; ETHZ– Entomologisches Institut, Eidgenossische Technische
Hochschule-Zentrum. Zürich, Switzerand; FSCA– Florida State Collection of
Arthropods. Gainsville, Florida; MCZC– Museum of Comparative Zoology, Harvard.
Cambridge, Massachusetts, USA; MDVA– Musée du Vienne. Vienna, Austria; MNHP–
Musée National d’Histoire Naturelle. Paris, France; USNM– The Smithsonian Institution,
National Museum of Natural History. Washington, D.C., USA; VTRI– A. Vigna
Taglianti Collection. Rome, Italy; ZMNB– Museum für Naturkunde der Humbolt
Univerität zu Berlin. Berlin, Germany; ZSAB– Departmento de Zoologica de la
Secretaria de Agricultura São Paulo, Brazil. São Paulo, Brazil.

Chile
Mexico

MNHP
MNHP

Brazil
French Guiana
Brazil

Ecuador
Brazil
Argentina
French Guiana
Argentina
Peru
Bolivia
French Guiana
Ecuador
Venezuela
Peru?
(see Ogueta 1965)
Brazil
Panama

MNHP
ETHZ

ETHZ
MCZC,
ETHZ
ETHZ
ETHZ
ETHZ
CASC
EOCB
USNM
MNHP
EOCB
MNHP
MNHP
MCZC

Ozaena grossa Bänninger, 1927
Ozaena lemoulti Bänninger, 1932
magna Bänninger, 1927 [not Bates 1874]
halffteri Ogueta, 1965
Ozaena linearis Bänninger, 1927
Ozaena manu Ball and Shpeley, 1990
Ozaena martinezi Ogueta, 1965
Ozaena maxi Ball and Shpeley, 1990
Ozaena moreti Deuve, 2001
Platycerozaena Bänninger, 1927
Platycerozaena bordoni Ogueta, 1965
Platycerozaena brevicornis Bates, 1874

Platycerozaena magna Bates, 1874
Platycerozaena panamensis Bänninger, 1949

Chile

Chile

Type Locality

Type
Museum

MNHP

Taxon
Crepidozaena Deuve, 2001
Crepidozaena gracills (Chaudoir, 1868)
Entomoantyx Ball and McCleve, 1990
Entomoantyx cyanipennis (Chaudoir, 1852)
cyanoptera J. Thomson 1856
Tropopsis Solier, 1849
Tropopsis biguttatus Solier, 1849
immaculatus Bänninger, 1927
Tropopsis marginicollis Solier, 1849
unicolor Fairmaire and German, 1860
Mimozaena Deuve, 2001
Mimozaena virescens (Chaudoir, 1868)
Ozaena Olivier, 1812
Ozaena boucheri Deuve, 2001
Ozaena convexa Bänninger, 1927
Ozaena dentipes Olivier, 1811
tenebrionoides Laporte De Castelnau, 1834
Ozaena ecuadorica Bänninger, 1949
Ozaena elevata Bänninger, 1956

Female holotype
Male holotype

Female holotype
Male holotype

Male holotype

Lectotype designated by Ball and Shpeley

Female holotype
Male holotype

Female holotype

Female holotype

Notes
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French Guiana
Mexico

MNHP
MNHP
MNHP
MNHP
MNHP

FSCA

MNHP
MNHP
MNHP
MNHP

Scythropasus napoensis Deuve, 2001
Scythropasus nicaraguensis Bates, 1891

Scythropasus olivieri Chaudoir, 1868

Scythropasus rogeri (Dejean, 1825)
Scythropasus telesfordi Deuve, 2001

New Genus
Goniotropis batesi (Chaudoir, 1868)

Goniotropis omodon (Chaudoir, 1868)
Goniotropis seriatoporoides (Deuve, 2004)
Goniotropis seriatoporus (Chaudoir, 1868)

incertae sedis
(nomenclaturally valid generic assignment indicated, actual placement uncertain)
Goniotropis angulicollis (Schaum, 1863)
ZMNB
Venezuela
Goniotropis cayennensis (Bänninger, 1949)
ETHZ
French Guiana
Goniotropis setifer Bates, 1874
Ecuador
Goniotropis tarsalis (Bänninger, 1927)
ETHZ
Brazil

French Guiana
Ecuador
Venezuela

Brazil

French Guiana
West Indies:
Grenada

French Guiana

Ecuador
Nicaragua

USA: Arizona

Surinam

Costa Rica
Mexico

Brazil

Type Locality

MCZC

not at
MNHP
MNHP
ETHZ,
ZMNB
ZMNB

Type
Museum

Goniotropis parca LeConte, 1884
beyeri Notman 1919
Goniotropis roubaudi Deuve, 2004
Scythropasus Chaudoir, 1854
Scythropasus elongatus Chaudoir, 1854

Goniotropis morio (Klug, 1834)

Goniotropis cartagoensis Deuve, 2004
Goniotropis kuntzeni (Bänninger, 1927)

Taxon
Goniotropis Gray, 1832
Goniotropis brasiliensis Gray, 1832

Not in USNM material

Generic assignment based on Chaudoir 1868.
Not in USNM material.
Generic assignment based on Chaudoir 1868.
Generic assignment based on Deuve 2004.
Holotype determined by TLE. USNM Homotype = Goniotropis 6. The striae
of type are less impressed but same, the intervals are less shiny and flattened.
Generic assignment based on specimen identified by Erwin and phylogeny.

Lectotype designated by Ball (1962). TLE notes this specimen is similar to
USNM Goniotropis 7.
Generic assignment from Deuve 2001.
Lectotype designated by TLE.
USNM Homotype = Goniotropis 7.
Holotype determined by TLE (similar to USNM Goniotropis 7 but eyes
bigger, broader elytral intervals, more flattened. Generic assignment
according to Bänninger 1931 p. 187
Not in USNM material. Generic assignment from Deuve 2001 p. 250
Generic assignment from Deuve 2001.

Generic assignment based on Deuve 2004.

Male lectotype designated by TLE. USNM homotype = Goniotropis 5
(pronotum slightly narrower in type)
Lectotype designated by Deuve

Generic assignment based on Deuve 2004.
Not in USNM material

Notes
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Colombia

MNHP
MNHP
MNHP
MNHP
MNHP
MNHP
MNHP

Pachyteles distinctus Chaudoir, 1868
Pachyteles fuliginellus Bates, 1874

Pachyteles fuscocephalus Deuve, 2001
Pachyteles modestus Chaudoir, 1868
Pachyteles punctulatus Chaudoir, 1868

Proozaena Deuve, 2001
Proozaena parallelus (Chaudoir, 1848)
Proozaena enischnus (Ball & McCleve, 1990)
Proozaena lata Deuve, 2004
Proozaena longulus (Chaudoir, 1868)
Proozaena nigricornis Deuve, 2004
Serratozaena Deuve, 2001
Serratozaena paraphysea Deuve, 2001

Brazil

French Guiana

MNHP

Brazil
Mexico
French Guiana
French Guiana
Brazil
Colombia

MNHP
USNM
MNHP
MNHP
MNHP
MNHP

Brazil
Brazil
Mexico

French Guiana
Nicaragua

Argentina

Brazil

ZMNB

MNHP

Mexico
Mexico
Brazil

Brazil

Type Locality

MNHP

EOCB,
ZSAB,
CCCB
MCZC

Type
Museum

Physea hirta LeConte, 1853
Physea latipes Schaum, 1864
Physea setosa Chaudoir, 1868
guentheri (Wasmann, 1925)
Physea testudinea Klug, 1834
rufus (Brullé, 1834)
Physea tomentosa Chaudoir, 1854
Physeomorpha Ogueta, 1963
Physeomorpha vianai Ogueta, 1963
Pachyteles Perty, 1830
Pachyteles striola Perty, 1830
leprieurii (Laporte de Castelnau 1834)
granulatus (Dejean, 1831)
Pachyteles confusus (Chaudoir, 1854)

Taxon
Physea Brullé, 1834
Physea breyeri Ogueta, 1963

Generic assignment based on Chaudoir 1868.

Generic assignment based on Ball and McCleve p. 62.

Female holotype
A synonym of P. striola according to Chaudoir 1868, but it appears as a
separate species in Lorenz 2005.
Generic assignment based on Chaudoir 1868.
Lectotype designated by TLE. Not in BMNH. Generic assignment based on
description in Bates 1881.
Near P. granulatus (see Deuve 2001 p. 242).
Generic assignment based on Chaudoir 1868.
Male lectotype designated by Ball (1972) TLE notes this species is similar to
USNM Pachyteles 8.

USNM homotype = Pachyteles 8.

Notes
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French Guiana

MNHP
VTRI
BMNH

Tachypeles rossii Deuve, 2004
Tachypeles troglobioticus Deuve, 2004

Jamaica
Venezuela

Panama
Brazil

MNHP

Brazil
Ecuador
Mexico

Panama

BMNH

MNHP
MNHP
MNHP

Venezuela

MNHP
ETHZ

Uruguay
Panama
French Guiana
Brazil
French Guiana
Brazil
Brazil

Ecuador
Ecuador
Ecuador
Ecuador
Ecuador

MNHP
MNHP
MNHP
MNHP
MNHP

MNHP
MNHP
MNHP
CMNH
MNHP
MNHP

Type Locality

Type
Museum

Tachypeles parallelipipedus Deuve, 2004
Tachypeles pascoei (Schaum, 1863)
pasconis Chaudoir 1868
Tachypeles perraulti Deuve, 2004

Tachypeles Deuve, 2001
Tachypeles arechavaletae (Chaudoir, 1868)
Tachypeles bechynei Deuve, 2004
Tachypeles boulardi Deuve, 2004
Tachypeles davidsoni Deuve, 2004
Tachypeles durantoni Deuve, 2004
Tachypeles hudsoni Deuve, 2004
Tachypeles laevigata (Dejean & Boisduval, 1829)
laevis Perty 1830
Tachypeles lecordieri Deuve, 2001
Tachypeles moretianus Deuve, 2004
Tachypeles oxyomus Chaudoir, 1868

Taxon
Filicerozaena Deuve, 2001
Filicerozaena moreti Deuve, 2001
Filicerozaena bravoi Deuve, 2004
Filicerozaena chiriboga Deuve, 2004
Filicerozaena flava Deuve, 2004
Filicerozaena toureti Deuve, 2004
Gibbozaena Deuve, 2001
Gibbozaena mirabilis Deuve, 2001
Gibbozaena gibba Bänninger, 1928
Inflatozaena Deuve, 2001
Inflatozaena inflatus Bates, 1884

This species may need to be removed from Tachypeles. Drawings and
description in Deuve 2004 are similar to Pachyteles DNA 807. 1307, 1308

Male holotype det. by TLE. USNM Homotype = Pachyteles 11. Generic assignment
based on Deuve 2004:126.

Generic assignment based on Deuve 2004:122.

Female lectotype designated by TLE (labeled as holotype). USNM Homotype
= Pachyteles 2.

Notes

193

Colombia

MNHP

MNHP
MNHP
MNHP

MNHP
MNHP
VTRI
MNHP
MNHP
MNHP

MNHP

MNHP
MNHP

Pachyteles aspericollis Bates, 1874
Pachyteles bacillus Bates, 1881

Pachyteles baleni Steinheil, 1875

Pachyteles besckii (Chaudoir, 1854)
Pachyteles brunneus (Dejean, 1825)

Pachyteles castaneus (Dejean, 1831)

Pachyteles colasi Deuve, 2001
Pachyteles delauneyi Fleutiaux & Salle, 1889
Pachyteles digiulioi Deuve, 1999
Pachyteles excisus Chaudoir, 1868

Pachyteles filiformis (Laporte de Castelnau, 1834)
Pachyteles funcki Chaudoir, 1868

Pachyteles fusculus Bates, 1874
Pachyteles glaber (Klug, 1834)
Pachyteles goniaderus Bates, 1874
Pachyteles gyllenhalii (Dejean, 1825)

verticalis Chaudoir 1848
pallidus Chevrolat 1863
testaceus G.Horn 1868
Pachyteles haroldi Steinhiel, 1875

Pachyteles lacordairei Chaudoir, 1868

French Guiana

Colombia

Brazil
Brazil
Brazil
Antilles

French Guiana
Venezuela

Bolivia
Guadeloupe
Ecuador
French Guiana

Brazil
Brazil or French
Guiana
Colombia

Colombia

Brazil
Nicaragua

Type Locality

Type
Museum

Taxon
incertae sedis
(nomenclaturally valid generic assignment
indicated, actual placement uncertain)
Pachyteles angustatus Chaudoir, 1868

Not in USNM material. Short, swollen elytra; crenulate edges to pronotum,
brown, elytra smooth with long setae, eyes relatively small, head and
pronotum with long setae. 7.3 mm long.
8.5 mm long

Lectotype designated by Ball (1972). USNM homotype = Pachyteles 4.
Stylomeres with apical notch and subapical setal organ (Ball and McCleve)

Female holotype labeled by Ball. This specimen is glued together and the head
looks too big to be correct, not in USNM material. Similar to P. filiformis
according to Bates 1881.
Not in USNM material.
Female holotype by Ball.
USNM Homotype = Pachyteles 9.

Female lectotype designated by TLE. USNM Homotype = Pachyteles 13.
(TLE notes type is smaller than homotype but is the same.)
Deuve calls this one Pachyteles but I don't know how he defines Pachyteles.

Female lectotype designated by TLE.
USNM Homotype = Pachyteles 27.
Female lectotype designated by TLE. Similar to USNM Pachyteles 22 but
with more even sides to pronotum, and elytral striae less impressed.

Female lectotype designated by TLE. Similar to USNM Pachyteles 9 but
narrower across pronotum, but not as narrow as Pachyteles 20.

Notes
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MNHP
MNHP
MNHP

urrutiai Bolivar and Pieltain, 1952
Pachyteles nigripennis Brullé, 1837
Pachyteles parvicollis Chaudoir, 1868
Pachyteles peruvianus Bates, 1874
Pachyteles politus (Reiche, 1842)

laeviusculus Chaudoir 1854
Pachyteles porrectus Chaudoir, 1868

MNHP
MNHP
VTRI

MDVA

MNHP
MNHP
MNHP

MNHP

Pachyteles mexicanus (Chaudoir, 1848)

Pachyteles praeustus (Laporte de Castelnau, 1834)
Pachyteles semirufus Chaudoir, 1868
Pachyteles seriatus (Chaudoir, 1854)
Pachyteles seriepunctatus Chaudoir, 1868
politus Chaudoir 1864 [not Reiche 1842]
Pachyteles sulcipennis Bates, 1874
Pachyteles tapajonus Bates, 1874
Pachyteles tuberculatus Perty, 1830
Pachyteles undulatus Bates, 1874
Pachyteles verruciger Chaudoir, 1868
Pachyteles verrucosus Chaudoir, 1868
Pachyteles vignai Deuve, 1999

Type
Museum
BMNH

Taxon
Pachyteles longicornis Bates, 1884

Brazil
Brazil
Brazil
Brazil
Brazil
Venezuela
Ecuador

French Guiana
Brazil
Brazil
Colombia

Mexico

Mexico
Bolivia
Brazil
Peru
Ecuador

Mexico

Type Locality
Panama

Elytra with warts. Not in USNM material.
Female stylomeres with an apical notch and subapical setal organ see Deuve
1999 p. 181.

Not in USNM material.

Male lectotype designated by Ball (1972).
USNM homotype = Pachyteles 1.

Male holotype determined by TLE. Not in USNM material. TLE notes that
this species = P. haroldi Steinheil

Notes
Female lectotype by TLE.
USNM Homotype = Pachyteles 10.
Male lectotype designated by Ball (1972) Female stylomeres long and thin
with apical setal organ (see Ball & McCleve 1990) p. 62. Not in USNM
material.
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Appendix 2. Morphological characters and state names coded for DNA voucher
specimens. Rescaled consistency indices (RC) are shown to the right of each character .
RC was calculated on the parsimony consensus tree inferred from the concatenated data
set (Figure 3B).
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1. clypeus: total number of setae
0: 0
1: 5 of fewer
2: 6 or more

0.14

2. pronotum: number of setae along one margin
0: 0
1: 1-2
2: 3-5
3: 6-9

0.12

3. pronotum: basiconic type 2 along lateral margins
0: absent
1: present

1.00

4. number of supraorbital setae
0: 0
1: 1 pair, 1 above each eye

0.42

5. antennomeres 4-10: shape
0: moniliform
1: subquadrate
2: transverse (wider than long)
3: elongate (longer than wide)

0.23

6. antennomeres 5-10: sensilla trichodea
0: numerous
1: few

1.00

7. antennomeres 5-11: setation patterns
0: same for all
1: antennomere 11 unique

0.42

8. antennomere 11: shape
0: without apical carina
1: with weak apical carina
2: with stong apical carina

0.57

9. antennomere 11 width
0: subequal antennomeres 4-10
1: broader than antennomeres
4-10

1.00

10. labrum: number of long preapical setae
0: 0
1: 1-9
2: 9-16

0.45

11. labrum: shape
0: wider than long
1: width and length subequal

1.00
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12. labrum: anterior margin shape
0: subtruncate
1: broadly concave
2: notched

0.15

13. mandibular scrobe: number of setae
0: 0
1: 1
2: many setae

0.25

14. lacinia: apical tooth
0: longer than setae on lacinia
1: as long as setae on lacinia
2: shorter than setae on lacinia

0.29

15. labium: mentum
0: without pair of long tactile setae
1: with a pair of long tactile setae

0.43

16. labium: mentum tooth
0: not reduced
1: markedly reduced

1.00

17. labium: mentum tooth
0: not notched
1: notched

1.00

18. labium: glossal sclerites
0: without setae
1: bisetose
2: more than two setae

0.57

19. mesosternum: intercoxal processes
0: firmly articulated
1: loosely articulated
2: reduced such that coxae touch medially

0.36

20. fore femora: shape
0: with a swelling proximally
1: without a swelling proximally

0.17

21. foretarsi male: vesiture: spongy pubesence
0: spongy pubesence absent
1: present on tarsomeres 1-2
2: present on tarsomeres 1-3

0.17

22. male fore femur: shape
0: without a ventral projection
1: with a ventral projection

0.12
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23. antennal cleaner: type
0: grade B
1: grade C

1.00

24. antennal cleanner: cleaning channel
0: large, extends beyond apex of median
expansion (mex)
1: small, terminates at apex of median expansion
(mex)

0.20

25. antennal cleaner: median expansion (mex)
0: slight
1: moderate
2: marked

0.24

26. antennal cleaner
0: without clip setae
1: with 5 or fewer clip setae
2: with more than 5 clip setae

0.33

27. antennal cleaner: anterior setal row
0: absent
1: short setae
2: long setae

0.27

28. antennal cleaner: setal band
0: short
1: long

1.00

29. antennal cleaner: setal band
0: slight sinuation
1: moderate sinuation
2: sharp sinuation

0.60

30. female stylomeres: setal organ
0: absent
1: present, subapically
2: present, apically

0.21

31. female stylomeres: thick, short trichoid setae
0: absent
1: present

0.20

32. female stylomeres: apex: shape
0: not bifid
1: bifid

1.00

33. Pleural costa: shape near discriminal line
0: straight
1: sinuate

0.48
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34. Cuticle between pleural costa and hind coxae
0: well-defined,reaches anepisternum 3
1: obliterated near anepisternum 3
2: obliterated well before anepisternum 3

0.42

35. Episternum 2
0: clearly separated from sternum 2 by a suture
1: fused with sternum 2

0.47

36. Gula
0: well defined throughout length
1: partially obliterated
2: completely obliterated

0.12
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Appendix 3. Data matrix of thirty-six morphological characters of adults and forty-seven
taxa.
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ABSTRACT
A new species of Eohomopterus from the island of Guadeloupe is diagnosed, described
and illustrated. This is the first extant species in the tribe Paussini reported from the West
Indies. Specimens of Eohomopterus are exceedingly rare; the four previously described
species are known only from holotype specimens. The new species, E. bonfilsi, is
described from one male and one female. This is the first description of a female in this
genus. A new couplet for use with Nagel’s (1997) key to the species of Eohomopterus is
provided.
Key words: Carabidae, Carabidomemnina, Eohomopterus WASMANN, West Indies,
Guadeloupe.
INTRODUCTION
The pantropical carabid tribe Paussini contains approximately 600 described species, all
of which are presumed to be obligate residents of ant nests (myrmecophiles) during at
least one phase of their life history. Myrmecophily has led to an astounding array of
morphological diversity within this group. Eohomopterus WASMANN and its Old World
counterpart, Carabidomemnus KOLBE, together comprise the paussine subtribe
Carabidomemnina, which is thought to be the sister group of the remaining extant
members of the tribe Paussini (Nagel 1987). There is no direct evidence that
Carabidomemnina adults are myrmecophilous, and the larvae are not known.
Nevertheless, Carabidomemnina adults possess some characters thought to be associated
with a life with ants, including reduced setation, modified mouthparts and a laterally
compressed tibia and femur. However, unlike paussines known to be myrmecophilous,
Carabidomemnina adults have an antennal cleaner on the inner margin of the foretibia (as
do most carabids), eleven antennomeres and no trichomes (modified hairs associated with
glands that secrete substances ants consume).
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Eohomopterus contains four described species known only from their respective
holotype specimens: two extant species, E. aequatoriensis (WASMANN, 1899) from
Ecuador and E. centenarius LUNA DE CARVALHO, 1960 from Brazil; and two fossil
species, E. paulmuelleri NAGEL, 1987 and E. poinari NAGEL, 1997, both described from
Dominican amber between 20 and 40 million years old. Here we describe the fifth
species of this genus, E. bonfilsi, based on one male and one female specimen. This is
the first description of an Eohomopterus female and the first extant paussine known from
the West Indies.
MATERIAL AND METHODS
We studied the 6 specimens of Eohomopterus. These specimens were borrowed from, or
studied at, the collections noted below. Curators are indicated in parentheses.
GPFC- George Poinar Fossil Collection. Department of Entomology, Oregon
State University, 2046 Cordley Hall, Corvallis, OR 97331-2907 U.S.A.
(G. Poinar)
INRA- Institut National de la Recherche Agronomique, Guadeloupe, West Indies.
(F. Chalumeau, S. Boucher)
MAIC- Michael A. Ivie Collection. Department of Entomology, Montana State
University. Bozeman, Montana 59717-3020 U.S.A. (M. Ivie)
MNHP- Entomologie, Museum National d’Historie Naturelle, Paris 75005,
France (T. Deuve).
PNGC- Peter Nagel Collection. Institut NLU-Biogeographie, Universitaet Basel,
St. Johanns-Vorstadt 10 CH-4056 Basel, Switzerland (P. Nagel)
Methods were standard, involving visual comparison of structural features using a Wild
M5 stereobinocular microscope. Measurements were taken using an ocular micrometer
to determine size and proportions. Measurements of length and width follow those of
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Ball (1972) and Kavanaugh (1979): ABL (apparent body length), measured from apex of
frontal margin to apex of longer elytron; SBL (standardized body length), the sum of the
lengths of the head (measured from apex of frontal margin to a point on midline at level
of the posterior edge of compound eyes), pronotum (measured from apical to basal
margin along midline), and elytron (measured from apex of scutellum to apex of the
longer elytron); and TW, (total width), measured across both elytra at their widest point.
Femur length was measured in a straight line from the middle of the coxa to the distal
point on the dorsal margin. Tibia length was measured in a straight line from the middle
of the femur/tibia joint to the distal point on the dorsal margin.
The habitus drawing (Figure 1) portrays most of the character states needed to
recognize this species. Female genitalia illustrations are included since this is the first
description of a female in this genus. Additional images of diagnostic characters are
given in Moore (2006).
DEFINITIONS AND TERMINOLOGY
Antennomere 3.– Antennomere 3 is the second externally visible article of the antenna.
In the tribe Paussini the actual second antennomere, the pedicle, is embedded within the
scape and is not externally visible (see Nagel 1979).
TAXONOMIC TREATMENT
Carabidae Latreille, 1802
Paussinae Latreille, 1807
Paussini s. str.
Carabidomemnina Wasmann, 1928
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Diagnosis– Frons with a pair of interocular depressions. Labrum with one pair of long
setae. Labial palpus with apical article dilated, penultimate article not dilated. Foreleg
with tibia emarginated, with antennal cleaner consisting of a longitudinal row of dense,
equally short setae distributed along the entire inner margin. Elytron with translucent
dorsal surface (hindwings visible through forewings) and transparent lateral margin.
Elytron with humerus accented by a depression near base, elytral suture ends near middle
of elytron, elytral disc with discal setae. Mesosternum and mesepisternum fused.
Midcoxae touching. Females with stylomere fused along midline, each apically truncate
with a rounded excavation bearing 4-5 setae in the center.
List of genera. –
Eohomopterus Wasmann, 1919
Carabidomemnus Kolbe, 1924
Eohomopterus Wasmann, 1919
Eohomopterus Wasmann, 1919: 110. Type Species: Homopterus aequatoriensis
Wasmann, 1899, original monotypy. Type locality: Ecuador. Holotype deposited at
MNHP.
Diagnosis.– With the attributes of the subtribe as described above and dorsal surface of
the head, pronotal disk and elytral disk glabrous, except for one discal seta near base of
each elytron. Antennomere 3 shorter and narrower than antennomeres 4-11. Clypeus
glabrous. Proepipleura and proepisternum glabrous. Legs with tarsomeres 1 and 4
markedly reduced and tarsomeres 2 and 3 expanded with two patches of adhesive setae
underneath and a glabrous midline, pubescent patch on outer margin of midline larger
than on inner margin. Tibia with dorsal apical angle expanded. Abdomen markedly
broader than pterothorax. Aedeagus lies on its right side within the abdomen, the median
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lobe with apex directed to the right and the apical orifice on the right; parameres
glabrous, right larger than the left, left tapers distally and right broadly rounded.
Notes.– In the Neotropics there are only two genera of Paussini: Eohomopterus and
Homopterus. Eohomopterus adults differ from Homopterus adults in the characters
described above for the subtribe Carabidomemnina. In addition, Eohomopterus adults
can be distinguished from Homopterus adults by the presence of following three
character states: labial palp with a small penultimate article, not as wide as base of apical
article; forecoxae project slightly beyond level of a clearly visible prosternal process;
tarsus longer than distal margin of tibia.
List of Species.–
Eohomopterus aequatoriensis (WASMANN, 1899). Ecuador.
Eohomopterus bonfilsi new species. Guadeloupe, Lesser Antilles.
Eohomopterus centenarius LUNA DE CARVALHO, 1960. Rio de Janeiro, Brazil.
Eohomopterus paulmuelleri NAGEL, 1987. Dominican amber, Hispaniola.
Eohomopterus poinari NAGEL, 1997. Dominican amber, Hispaniola.
Insert the following couplet between couplets D and E of the key to species presented in
Nagel (1997: 355) to identify E. bonfilsi n. sp.
Da. Antennomere 3 width subequal to antennomere 4, 1/2 length of antennomere 4,
lateral margins not subacute. Anterior margin of pronotum concave…Eohomopterus
bonfilsi n. sp.
Da’. Antennomere 3 not as wide as antennomere 4, much less than 1/2 length of
antennomere 4, at least 1 lateral margin acute. Anterior margin of pronotum straight…E
Eohomopterus bonfilsi, new species
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Figures 1-4
Material Examined.– Holotype, male. Guadeloupe: Pointe Noire, Maunelle de Pigeon 10XI-1965, collected by J. Bonfils. Allotype, female. Guadeloupe: Baines Jaunes, 950m, II
5 1969, collected by L & C.W. O’Brien. Allotype deposited in the collection of the West
Indian Beetle Fauna Project (Mike Ivie, Bozeman, Montana).
Etymology.– The specific epithet, bonfilsi, is used as a noun in apposition and is based on
the last name of J. Bonfils, the collector of the holotype specimen.
Diagnosis.– With attributes of the genus as described above and antennomere 3 much
less reduced than in other members of this genus, antennomere 3 width subequal to
antennomere 4 width, length 1/2 antennomere 4 length, lateral margins not reduced and
subacute. Labial palp with apical article width subequal to length. Maxillary palp with
apical article 2.5 times longer than the penultimate article. Pronotum slightly longer than
wide, with broadly rounded anterior angles, concave anterior margin and straight
posterior margin. Prosternum glabrous. Tarsomeres 2 and 3 not bilobed. Elytra
progressively wider posteriorly.
Description.–
Size. Male: ABL = 6 mm, SBL = 5.2 mm, TW = 2.2 mm. Female: ABL = 6.5 mm,
SBL = 5.8 mm, TW = 2.5 mm.
Color. Body uniformly dark brown, antennae slightly lighter brown (Fig.2).
Head. Eyes prominent with their greatest width anterior to midline. Head width
1.2 mm, measured from outer margin of the eye to outer margin of the eye; 0.6
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mm, measured from inner margin of the eye to inner margin of the eye. Frontal
margin produced anteriorly with slight medial depression. Antennae slightly
longer than head and pronotum combined. Scape oblong in dorsal view, round in
lateral view. Antennomeres 4-10 subequal, densely setiferous on lateral margins
and sparsely setiferous along midline. Antennomere 11 twice as long as
antennomere 10; slightly longer than wide with apex evenly rounded, and 1.5
times as deep as antennomeres 3-10 when viewed laterally, evenly setiferous
throughout. Labrum with straight anterior margin. Mandibles small, apex acute.
Left mandible folds on top of right. Maxillary palp glabrous, apical article
subtriangular. Labial palp evenly setose. Lacinia quadrate, with 12-14 setae on
distal margin.
Prothorax. Pronotum longer than wide, anterior margin concave, posterior
margin straight, anterior angles broadly rounded, tapering posteriorly, posterior
angles evenly rounded.
Pterothorax. Elytra with short setae along lateral margins near humeri, umbilical
setae along lateral margin, 1 umbilical seta positioned closer to midline above and
posterior to Flange of Coanda, with depression/ indentation set off by area of thin,
transparent cuticle between flange and area where elytra meet.
Legs. Legs sparsely and evenly setose, with patches of small short setae on the
ventral proximal angle of femur and on the distal 1/3 of the ventral angle of the
tibia. Forefemur and foretibia 1 mm long. Foretibia with distal margin evenly
and markedly curved. Foreleg with second tarsomere with two patches of
adhesive setae underneath and a glabrous midline in female and with one
continuous patch of adhesive setae underneath in male. Hindfemur and hindtibia
1.3 mm and 1.2 mm long, respectively.

211
Abdomen. Abdomen normal for Eohomopterus.
Male genitalia. Median lobe with shaft markedly curved, apex prominent, acute
and pointed ventrally and to the right. Sclerotized rod 1/2 length of median lobe,
apex bifurcate. Internal sac with a long curved basal sclerite, 1 microtrichial field,
and a falcate terminal sclerite. Parameres as described for the genus.
Female genitalia. Stylomeres 0.85 mm long, apically subtruncate with broad,
rounded concave hollow with setal organ composed of 4-5 setae arising from
center of this depressed area.
Natural History. - Almost nothing is known about the habits and microhabitats of
Eohomopterus species. However, the collection labels on the holotype specimen of E.
bonfilsi indicate that the specimen was collected from rotting leaves of the Neotropical
palm, Euterpe globosa. These beetles are fully winged and therefore they are potentially
good dispersers. Unlike adults of Carabidomemnus, males and females of adult
Eohomopterus species have adhesive setae on tarsomeres 2 and 3 of all legs, a common
trait of carabids that live in the forest canopy. Presumably they afford the beetle a secure
grasp of the leaf surface (Erwin 1979).
Geographic Distribution. - This species is known from two specimens from the island of
Guadeloupe in the West Indies.
DISCUSSION
Comparison of the male and female specimens reveals only two secondary-sexual
characters: the female is slightly larger than the male, and the female has a glabrous
midline under foretarsomere 2.
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The shape of the stylomeres of E. bonfilsi is rare within the Paussinae. In fact,
only members of the genus Carabidomemnus also have stylomeres with a broad, rounded
concave hollow at the apex. This trait might be an additional apomorphy of members of
the subtribe Carabidomemnina (Eohomopterus + Carabidomemnus) (Nagel 1997).
Two other extant species have been described in this genus: E. aequatoriensis
(WASMANN, 1899) from Ecuador and E. centenarius LUNA DE CARVALHO, 1960 from
Brazil. In addition, two fossil species, E. paulmuelleri NAGEL, 1987 and E. poinari
NAGEL, 1997, have been described from Dominican amber found on Hispaniola, an
island within the Dominican Republic in the West Indies. The discovery of E. bonfilsi on
the island of Guadeloupe substantially increases the known range of extant members of
this genus. The only other extant members of the subfamily known from the West Indies
are members of the ozaenine genus Pachyteles: Pachyteles gyllenhali, from Cuba, an
undescribed flightless species known from the Jamaican highlands, and one or two
species in the Lesser Antilles (Ball and McCleve 1990).
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Figure 1. Eohomopterus bonfilsi n. sp., male, holotype. Dorsal aspect.
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Figure 2. Eohomopterus bonfilsi n. sp., male, holotype: A– dorsal view, B– pronotum, C–
lateral view, D– right antenna. Sc, scape. A3, antennomere 3.
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Figure 3. Eohomopterus bonfilsi n. sp., male, holotype, aedeagus: A– dorsal view, B–
close up of apex, dorsal view, C– ventral view, D– close up of apex, ventral view.
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Figure 4. Eohomopterus bonfilsi n. sp., female, allotype, retractable styles (broken),
dorsal view.
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ABSTRACT
Whether bombardier beetles evolved once or twice has been the subject of heated debate
voiced in the systematic literature for over 150 years. Bombardier beetles are classified
in two carabid beetle subfamilies, Brachininae and Paussinae. Among insects, twochambered defensive glands and explosive defensive chemistry are known only from these
two groups of beetles. Although these traits may be indicative of a sister group relationship
between these subfamilies, many systematists hypothesize that these two subfamilies are not
each other’s closest relatives implying that the complex glands and biochemical pathways
evolved independently in the ancestors of these two subfamilies. Controversies exist over
the phylogenetic affiliation of paussines due to their unique combination of characters,
some of which have been traditionally thought of as plesiomorphic within the Carabidae
and some that are potentially apomorphic and shared with the derived brachinines. The
two most commonly expressed views of paussine relationship are: (1) the paussines are a
relatively basal lineage within Carabidae, and (2) the paussines are the sister group to the
derived subfamily Brachininae. Here, we test these two competing hypotheses with
phylogenies inferred from three nuclear genes amplified from 175 beetle species. In
addition to parsimony-based tree inference and Bayesian estimation of phylogeny, this
study includes two statistical hypothesis testing approaches, Bayes Factors and
parametric bootstrap, to test the specific hypotheses noted above. Inferred phylogenies
indicate paussines and brachinines are not each other’s closest relatives. In addition,
results of statistical hypothesis tests allow us to reject both previous hypotheses of how
paussines are related to other Adephaga (i.e., paussines are neither among the most basal
lineages of Adephaga, nor a sister-group to the brachinines). While our data do not
provide a strong new hypothesis as to how the Paussinae are related to other members of
the Adephaga, they do provide convincing evidence that bombardier beetles evolved
twice in evolutionary history.
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INTRODUCTION
Explosive defensive chemistry is unique to approximately two thousand known beetle
species, commonly called bombardier beetles, that discharge defensive chemicals at
temperatures between 55°C and 100°C (Aneshansley and Eisner 1969, Aneshansley et al.
1983). This remarkable defensive strategy effectively deters both invertebrate and
vertebrate predators (Eisner et al. 1977). Bombardier beetles have a pair of twochambered defensive glands, each consisting of a reservoir chamber and a heavily
sclerotized reaction chamber. Hydroquinones and hydrogen peroxide in the reservoir
chamber mix with catalases and peroxidases in the reaction chamber, creating defensive
benzoquinones in an exothermic reaction just before they are expelled from the body in
an audible explosion (Aneshansley et al. 1983, Schildknecht and Holoubek 1961). This
intricate defensive mechanism is broadly acknowledged as one of the most complex and
sophisticated biological systems known in the animal kingdom (Eisner 2003).
Bombardier beetles are classified in two subfamilies, the Paussinae and the Brachininae,
within the family Carabidae. The Carabidae is one of the ten largest beetle families and the
largest family in the coleopteran suborder Adephaga. Carabids comprise an estimated
35,000 described species, classified in approximately 100 tribes and 1,860 genera
(Lorenz 2005). Throughout the history of systematic work, carabids have attracted the
attention of many notable systematists, and thus evolutionary relationships among many
lineages within this family are relatively well known. For example, characters of the
larval head (Beutel 1993), thorax (Beutel 1992), and male aedeagus (Jeannel 1942, 1949),
analyses of 18S rDNA (Maddison et al. 1999) and 28S rDNA (Ober 2002), all provide
convincing evidence for a close relationship between the Brachininae and the Harpalinae,
a diverse, well-defined subfamily of derived carabids. However, the phylogenetic
position of some carabid lineages remains uncertain. For example, the relationship of the
subfamily Paussinae to the rest of the carabid beetles is controversial and it is one of the
most interesting and challenging questions in carabid systematics (Ball 1998).
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Controversies regarding the phylogenetic relationship of the Paussinae have been voiced
in the literature for the past 150 years due to their unique combination of characters, some
of which are potentially apomorphic (advanced) and shared with the derived subfamily
Brachininae, whereas others have been traditionally viewed as plesiomorphic (primitive)
within the Carabidae.
Most frequently, the subfamily Paussinae is viewed as a basal lineage within the family
(Figure 1). In fact, some authors hypothesize that Paussinae is the sister group of the rest
of the Carabidae (Liebherr and Will 1999). Paussine attributes that are considered to be
plesiomorphic within Carabidae and that have been cited in support of this basal position
include the presence of two spurs on the apical region of the foretibia (Hlavac 1971), the
presence of 12 tactile setae on the labrum (Bousquet 1986), and primitive features of the
female genitalia (Liebherr and Will 1999).
Other authors postulate a sister group relationship between Paussinae and Brachininae
based on their unique two-chambered defensive glands and defensive chemistry (Boyes
1843; Erwin 1970; Eisner et al. 1977; Ball 1979; Moore 1979; Erwin and Sims 1984;
Erwin 1985; Bousquet 1986). Although other characters of adults have been mentioned
in the literature in support of this relationship, the similar structure and chemicals of the
defensive systems provide the strongest arguments for bombardier beetle monophyly.
All carabids synthesize defensive chemicals, and most carabids store these chemicals in
single-chambered glands, and deliver them at ambient temperatures. Two-chambered
defensive glands and hot, explosive defensive chemistry are unique to the bombardiers
(Bousquet and Larochelle 1993). While these characters may represent synapomorphies
of the Paussinae + Brachininae, many taxonomists hypothesize that the similarity of these
structures and chemicals are the result of convergent evolution (Ball and McCleve 1990;
Beutel 1992, 1995; Arndt 1993; Vigna Taglianti et al. 1998).
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Phylogenetic analyses based on DNA sequence data have not provided convincing
evidence to date regarding how paussines are related to other carabid lineages. In the
phylogenetic analysis of the Carabidae based on 18S rDNA (Maddison et al. 1999), the
Paussinae were one of four lineages on long branches, Cicindelinae, Rhysodinae,
Paussinae, and Scaritini (the “CRPS quartet”), which grouped together as near-relatives
of Brachininae + Harpalinae. However, this analysis was not designed specifically to
address the evolution of bombardier beetles. Simulation studies suggested that the
relationships among lineages within these four groups could be the result of long-branch
attraction (Maddison et al. 1999), a phenomenon known to result in misleading
phylogenetic inference (Felsenstein 1978).
In this paper, we infer carabid beetle phylogeny using data from three nuclear genes. We
use a taxon sampling scheme designed specifically to address the question of bombardier
beetle evolution and to minimize the probability of incorrect phylogenetic inference due
to long branch attraction. We utilize parsimony and Bayesian inference methods to infer
the phylogeny of this large family of beetles. In addition, we use Bayesian hypothesis
testing and parametric bootstrap methods to test specific alternative hypotheses for the
relationship of the Paussinae to other members of this family.
METHODS
Phylogenetic Inference
Taxon Sampling, DNA Extraction, Gene Choice, PCR Amplification and Sequencing
Reactions
Our taxon sampling strategy was to include sequences for two taxa predicted from
morphological evidence to span the basal split of each tribe and within the family
exclusive of the tribes within subfamily Harpalinae. We succeeded in sampling 42 of the
46 such tribes, as well as 8 tribes within the Harpalinae. Omissions in our taxon
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sampling include tribes, such as Nototylini and Notiokasiini, for which only one, or very
few specimens are known and they were not available for molecular study. Many tribes
within the Harpalinae were also omitted, since this study focuses on the deeper splits
within the Carabidae. We included particularly heavy sampling of the Paussinae and
Brachininae, as well as the Scaritinae, Cicindelinae, and Rhysodinae in order to split long
internal branches of the CRPS quartet, which were problematic in past analyses
(Maddison et al. 1999). Data from species classified in other adepahagan families were
also heavily sampled, since the Paussinae are hypothesized by some authors to be the
sister group of the remaining Carabidae. Three members of the suborder Archostemata
and four members of the suborder Polyphaga were also included as outgroup taxa.
Taxonomic details of each voucher specimen are provided in Table 1.
Total genomic DNA was extracted from pterothoracic muscle tissue by following the
“Extraction Protocol for Animal Tissues” provided with the Qiagen DNeasy Tissue
Extraction Kit, and the DNA was stored at -20°C. Voucher specimens will be deposited
in the Insect Collection at the University of Arizona.
Three nuclear genes were selected for this study, including approximately 2000 base
pairs of 18S rDNA, 1000 base pairs of 28S rDNA, and 400 base pairs of the nuclear
protein-coding gene wingless (wg). PCR amplification reactions were performed on
either an Eppendorf Thermal Cycler or a MJ Research Thermal Cycler. Each 50 µl
volume reaction contained Eppendorf Hot Master Mix, 10 mmol dNTP, 5 pmol primers
each, and 0.02 µl of Eppendorf Hot Master Taq Polymerase. We used published primers
for each gene (Moore 2006). Each PCR reaction was preceded by a 3–5 min hot start at
94°C and followed by a 10 min final extension at 65°C. Cycling conditions included 30s
at 94°C, 30s at 50-55°C, and 1-2 min at 65°C for 35 cycles. Annealing temperatures and
extension times varied between genes.
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PCR products were sequenced in both directions at the University of Arizona’s Genomic
and Technology Core Facility using either a 3730 or 3730 XL Applied Biosystems
automatic sequencer. Chromatograms were assembled into contigs and base calls were
checked using Sequencher 4.5 or Chromaseq. New sequences will be deposited in
GenBank.
Sequence Alignment and Construction of Datasets
Sequence data were first aligned in ClustalX 1.83 (Thompson et al. 1997) with a gap
opening cost of 10 and an extension cost of 2 and a transition/transversion ratio of 0.1.
Then alignments of each gene were improved by manual adjustments in MacClade 4.08
(Maddison and Maddison 2005).
Aligned sequence data from both ribosomal genes were concatenated into one matrix
using MacClade. Large insertions and deletions in both ribosomal datasets resulted in
regions of ambiguous alignment. These regions were determined by visual inspection of
the alignment and they were excluded from phylogenetic analyses (1554 and 1202
characters were excluded from the 18S and 28S datasets, respectively).
Wingless nucleotides were translated into amino acids using MacClade. An alignment
was first performed on the amino acids using ClustalX with a gap opening cost of 10 and
an extension cost of 0.2 and a Gonnet series protein weight matrix. Then, the nucleotides
were aligned to match the protein alignment using MacClade.
Two concatenated data matrices were constructed of all three genes, Concatenated Matrix
1 (CM1) and Concatenated Matrix 2 (CM2). These two matrices differ only with respect
to the wg data. CM1 includes aligned nucleotides from the first and second codon
positions of wg (third positions were deleted), whereas CM2 includes aligned amino
acids. CM1 was assembled in MacClade. CM2 was assembled in a text editor following
the NEXUS formatting guidelines for mixed data as described in the MrBayes manual
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(Huelsenbeck and Ronquist 2004). All matrices can be downloaded from TreeBase
(Sanderson et al. 1994).
Phylogenetic Inference
Bayesian Inference.— Bayesian estimation of phylogeny was inferred using MrBayes
3.1.2 (Huelsenbeck and Ronquist 2001). A two-step inference procedure was designed to
allow for quicker processing time and longer run times and therefore attain a more
thorough sampling of parameter space. The goal of Step 1 was to infer optimal parameter
values for the GTR+I+Γ model for the nucleotide data and the optimal model of protein
evolution for the amino acid data. The goal of Step 2 was to estimate the topology
parameter, given the concatenated data set and the model of evolution and parameter
values inferred from Step 1.
In all three Bayesian searches described below the Metropolis Coupled Markov Chain
Monte Carlo (MC3) process was set such that one hot chain and three cold chains ran
simultaneously and all parameters were sampled every 1000 generations. Two
simultaneous analyses were conducted, with both analyses starting with a different
randomly chosen tree. The average standard deviation of split frequencies (SDSF) was
used as a convergence diagnostic for comparing the trees sampled during these two
concurrent runs. We determined the burn-in time by plotting the log likelihood scores of
each run against generation time in Tracer v.1.2.1 (Rambaut and Drummond 2005), and
the trees and parameters that were sampled prior to the stationary phase were deleted.
Step 1 – Inferring Optimal Parameter Values other than Topology
The matrix of ribosomal nucleotide data was separated into two partitions, one for
each gene. Bayesian analysis incorporated the GTR+I+Γ model of evolution, as
this model best fit both data partitions as determined by the hierarchical likelihood
ratio test (LRT) and the Akaike Information Criterion (AIC)) as implemented in
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ModelTest (Posada and Crandall 1998). Model parameters were treated as
unknown variables with uniform prior probabilities and were estimated as part of
the analyses, together with the tree topologies. Parameter values were allowed to
vary between partitions. MC3 process sampled the parameter space for 1,162,000
generations.
Analysis of wingless amino acids allowed for “model-jumping” between fixedrate amino acid models (aamodelpr=mixed), rather than selecting one fixed rate
model of amino acid evolution prior to the analyses. Under this option, MrBayes
explores all of the fixed rate models incorporated in the program and each model
contributes to the results in proportion to its posterior probability. MC3 process
sampled the parameter space for 676,000 generations.
Step 2– Inferring the Topology Parameter
The final Bayesian analysis was performed on CM2. This matrix was separated
into three data partitions, one for each gene. Analysis of the ribosomal gene
partitions incorporated the GTR+I+Γ model of evolution, with parameter values
set according to the results of Step 1. The MC3 process sampled the parameter
space for 8,443,000 generations.
Maximum Parsimony.— Searches for most parsimonious (MP) trees were performed on
CM1 using PAUP 4.0d81a (Swofford 2001) and the following settings in PAUP*’s
command language: hsearch, addseq=random, nreps=1000, nchuck=20, chuckscore=1,
swap=tbr; hsearch, start=current, chuckscore=no, swap=tbr. All characters were
weighted equally. A non-parametric bootstrap analysis was performed to assess nodal
support. Heuristic searches were conducted on 1000 bootstrap replicates, each with 5
random addition sequence replicates and TBR branch swapping.
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Tests of Alternative Hypotheses
Bayesian Hypothesis Testing.– A Bayes factor (B10) is a measure of the likelihood of one
hypothesis over another, given the prior and posterior information. It is the Bayesian
analog of the LRT; however, unlike the LRT, it does not require testing nested
hypotheses. B10 is calculated as two times the difference between the harmonic means of
the log likelihoods under two different hypotheses (Kass and Rafferty 1995, Nylander et
al. 2004). The Bayes factor cannot be used in the same manner as most statistical tests,
in which a hypothesis is accepted or rejected based on a p value; rather, it provides an
assessment of the relative merits of one hypothesis over another and the interpretation is
left up to the scientist (Lavine and Schervish 1999, Nylander et al. 2004). Interpretation
of the resulting value, as evidence against the alternate hypothesis, is assessed by the
following guidelines: Bayes factor values of 0-3 are not worth mentioning, 3-20 provide
positive evidence, 20-150 provide strong evidence, and values over 150 provide very
strong evidence (Kass and Rafferty 1995, Nylander et al. 2004).
We explored the strength of evidence in our data for the hypothesis that Brachinines and
Paussines form a monophyletic group, and therefore that bombardier beetles evolved only
once, by calculating the Bayes factor of this hypothesis. CM2 was re-analyzed as
described above in the phylogenetic inference section with two exceptions: bombardier
beetles were constrained to be monophyletic and the MC3 process sampled the parameter
space for 3,954,000 generations. The harmonic mean of the log likelihoods was
calculated in MrBayes from the parameters sampled during the stationary phase, both for
this search in which bombardier monophyly was enforced and for the previous search
that did not include a topological constraint.
Parametric Bootstrapping. – We used the parametric bootstrap procedure to statistically
evaluate three hypotheses of topology with respect to bombardier evolution (Huelsenbeck
et al. 1996, Goldman et al. 2000, Maddison 2004). This procedure uses DNA simulation
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technology to generate a null distribution with which statistical significance of an
alternate hypothesis is assessed. We used this approach to test the two published
hypotheses of relationship between the Paussinae and other members of the suborder
Adephaga. We performed a third parametric bootstrap test to control for our parametric
bootstrap procedure. In this analysis we used a constraint tree (Figure 6A) compatible
with the topology of the optimal tree inferred from unconstrained analyses. All steps
described below were repeated for each hypothesis.
Calculating the Observed Test Statistic
Observed test statistics were inferred from the CM1 matrix. We used MacClade
to build a constraint tree that enforced the topology of the alternate hypothesis.
Then, using PAUP we found the MPTs while enforcing the constraint (hsearch,
addseq = random, nreps = 5, swap = TBR) and the MPTs without enforcing a
constraint. The observed test statistic was the difference in the treelength (TL) of
the MPTs found in the constrained analysis and the TL of the MPTs found in the
unconstrained analysis.
Creating the Null Distribution
In order to determine whether the test statistic was significant (whether it was
larger than expected under the null hypotheses), we generated the null distribution
of test statistics by analyzing simulated data matrices.
The model tree with branch lengths and the parameter values for the GTR+I+Γ
model of evolution were estimated from the original data in MrBayes. The CM1
matrix was divided into four data partitions: 18S, 28S, wg codon position 1, and
wg codon position 2. Bayesian analysis of this matrix incorporated the GTR+I+Γ
model of evolution. Model parameters were treated as unknown variables with

254
uniform prior probabilities and were estimated as part of the analyses and
parameter values were allowed to vary between partitions. The MC3 process was
set such that four chains ran simultaneously for 2,000,000 generations and all
parameters were sampled every 1000 generations. Two simultaneous analyses
were conducted, with each analysis starting with a different randomly chosen tree.
The tree of the highest log likelihood was determined from the resulting
parameter files. This tree, with its associated branch lengths, was selected as the
model tree. A weighted average of the parameter values among the four data
partitions was incorporated into GTR+I+Γ model of evolution used in the DNA
simulations. Using this full model of evolution (inferred from the original data
but consistent with the alternative hypothesis), we generated 500 data matrices of
the same size as the original matrix by simulating evolution on the model tree in
Mesquite 1.06 (Maddison and Maddison 2005).
Two parsimony searches were performed on each simulated matrix in PAUP: one
without a constraint, and the other with a topological constraint compatible with
the alternative hypothesis (and the model tree). These searches were conducted
using the same search strategy that we used on the original data set to obtain the
value of the observed test statistic. The difference in TL of the MPT’s between
the constrained and unconstrained analyses was calculated for each of the 500
matrices. These 500 test statistics were then assembled into a histogram to
generate the null distribution.
Assessing Significance of the Observed Test Statistic
We then tested the hypothesis that the value of the observed test statistic was due
to chance alone by comparing it with the null distribution. The significance level
was calculated as the proportion of times that the observed test statistic exceeds
the values obtained in simulations (Huelsenbeck and Crandall 1997; Goldman et
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al. 2000). Since the simulations followed the constraint tree, most unconstrained
analyses of the simulated data should find that tree in most cases, but some
unconstrained analyses will not due to random error or to systematic error, such as
long-branch attraction. If 95% of the simulated test statistics are less (or greater)
than the observed test statistics, then one can reject the null hypothesis at α=0.05.
RESULTS
Phylogenetic Inference
Bayesian Inference.—
Step 1 – Inferring Optimal Parameter Values other than Topology
Parameter values inferred from the separate analyses of the ribosomal nucleotide
matrix and the wg amino acid matrix, as well as those values used as priors for the
final Bayesian analysis of combined data, are provided in Tables 2 and 3.
Step 2– Inferring the Topology Parameter
After 8,443,000 generations the SDSF between the two simultaneous runs equaled
0.043442. A generation plot of the marginal log likelihoods for the two runs
revealed a burn-in period of 5 million generations as determined by visual
inspection of the generation plot of the log likelihood produced by two
simultaneous MC3 processes (Figure 2). Trees saved during the first 5 million
generations during the final Bayesian analysis were deleted and the remaining
3444 trees from each run sampled during the stationary phase were summarized in
a majority rule consensus tree in PAUP*4.0d81a (Figure 3). Branch lengths of the
consensus tree and the harmonic mean of the log likelihoods sampled during the
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stationary phase were inferred in MrBayes. In the Bayesian consensus tree the
Brachininae are polyphyletic, with members of the genus Crepidogaster forming
a separate clade from other members of the subfamily. However, support for
brachinine polyphyly is low, with a posterior probability value of 58 (pp=58), and
all other trees sampled during the stationary phase included a monophyletic
Brachininae (pp=42). Brachinine polyphyly is not supported by published
morphological evidence. On the other hand, there is strong evidence in the
Bayesian consensus tree that the Brachininae and the Harpalinae form a
monophyletic group (pp=100), and that the Moriomophitae is the sister group of
this clade (pp=100). The Paussinae attach to the tree as the sister group of the
Moriomorphitae + Brachininae + Harpalinae (pp= 89). This placement of the
Paussinae has not been predicted in the literature before.
Maximum Parsimony.— One island of MPTs was found in five of the 1000 random
addition sequence replicates. In total, 24 MPTs were found (TL= 14488). The strict
consensus tree of the most parsimonious trees is provided in Figure 5. With respect to
the relationships between the Moriomorphitae, Brachininae and Harpalinae, the topology
of the MPTs closely matches the results of the Bayesian analysis. The only exception
being that the Brachininae are inferred to be monophyletic in the MPTs and their
monophyly is supported by a bootstrap value of 77. However, the inferred position of the
Paussinae differs greatly between the optimal parsimony trees and the Bayesian trees. In
the MPT’s, the Paussinae attach to the tree as the sister group of the Scaritinae, and as
part of a larger clade that also includes the Cicindelinae and Rhysodinae as well as
several other lineages supported by long branches. Whereas these subfamilies are
supported by bootstrap values of 100, the branches supporting the relationships between
them collapse in the bootstrap consensus tree.
Tests of Alternate Hypotheses
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Bayesian Hypothesis Testing. —The Bayes factor, calculated for trees with and without
bombardier monophyly, strongly favored the unconstrained topology (harmonic mean of
the log likelihood = -69698.57) over the constrained topology (harmonic mean of the log
likelihood = -69779.20) with B10 = 161.26. Bayes factors greater than 150 are interpreted
as very strongly favoring one hypothesis over another. This result suggests that trees in
which bombardier beetles are not monophyletic have a much higher posterior probability,
given the data and other prior information, than those trees in which bombardier beetles
are monophyletic. We summarized the trees sampled in the stationary phase of the
constrained analysis in order to determine where bombardier beetles attach to the tree,
given only the constraint of monophyly (Figure 4). Bombardier beetles attach to this tree
as the sister group of the Harpalinae (pp=100), and the Moriomorphitae attach as the
sister group of the bombardier beetles + the Harpalinae (pp=100).
Parametric Bootstrap.– Results of the parametric bootstrap tests are provided in Table 4.
Results indicate that both previously published hypotheses of the relationship of the
Paussinae to other members of the Adephaga are not supported by our data. The
hypothesis that the Paussinae and the Brachininae form a monophyletic group is rejected
(p < 0.05) and the hypothesis that the Paussinae attach near the root of the Adephaga tree
is also rejected (p < 0.01).
However, our test of the hypothesis that Paussinae attach near the root of the Adephaga
tree is complicated by the topology of our constraint tree (Figure 6C). The topology of
the constraint tests more attributes of phylogeny than only the hypothesis that Paussinae
attach near the root of the adephagan tree. It also tests whether or not the Hydradephaga,
Trachypachinae, and Carabitae also attach near the root and, at the same time, the
Nebriitae does not attach within this group (which is a possibility based on morphological
analyses. Ideally, the Trachypachinae, Carabitae and the Nebriitae would be excluded
from the constraint tree and they would be allowed to attach to the trees in the most
parsimonious position. Since MrBayes does not presently support the use of backbone
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constraint trees, the parameters of the model of evolution (including the model tree and
associated branch lengths) used in DNA simulation would have to be inferred differently
for this test. One alternative method would to use the maximum likelihood tree inferred
with the backbone constraint tree enforced in PAUP as the model tree and determine the
other model parameters on that tree.
DISCUSSION
Phylogenetic affiliation of the Paussinae
Results of this study do not provide a satisfactory hypothesis of how Paussinae are related
to the remaining Adephaga. In the trees generated based on these three nuclear genes, the
paussines rest on a relatively long branch of the tree which attaches in different places
based on the vagaries of the analyses. Interestingly, Rhysodinae and Cicindelinae both
reside on equally long branches and all three of these lineages have previously been
classified as separate adephagan families.
The relatively long branches that support these lineages may be the result of relatively
high rates of molecular evolution, or they may indicate that these groups are relatively
old. In a recent study of the phylogenetic structure within Paussinae, Moore (2006)
inferred an estimated age of the common ancestor of Paussinae and its sister group to be
approximately 225 million years old, based on Bayesian divergence time estimation using
molecular sequence data from four nuclear genes. The oldest known Adephagan fossil is
235 million years old (Ponomarenko 1977). If these dates reflect the approximate ages of
these groups then it would seem that Paussinae is an old lineage of Adephaga. At first
glance this would seem to support the hypothesis that Paussinae is among the oldest
lineages of Adephaga. We might therefore conclude that the inferred 225 million year
age of the Paussinae supports the concept that bombardier beetles evolved twice, since
Brachinines are unambiguously inferred to be close relatives of the Harpalinae, a group
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commonly thought to have evolved in the Cretaceous. However, it is possible that
brachinines and harpalines are much older than is evident by their presence (and by their
absence) in the fossil record. Therefore the phylogenetic affiliation of the Paussinae
within the Carabidae remains uncertain.
Convergent Evolution
While these data do not provide a strong new hypothesis of how the Paussinae are related
to other members of the Adephaga, they do provide convincing evidence that bombardier
beetles evolved twice in the evolutionary history of beetles. Therefore, the unique
similarities in the structure of the defensive glands and explosive defensive chemistry of
these two lineages must the products of convergent evolution. While this is a surprising
result, it is perhaps not as surprising as the alternative. If paussines and brachinines were
sister groups and they were most closely related to the Harpalinae, then many
morphological characteristics of both larvae and adults that place paussines near the base
of the carabid tree would need to be reassessed.
Gland Structure
All adephagan beetles have a pair of pygidial glands that store defensive chemicals. Two
morphological attributes that make the glands of bombardier beetles unique are that they
are two-chambered, rather than one-chambered, and their reaction chamber is heavily
scleritized. However, a detailed morphological study of the defensive glands has only
been made for brachinines (Schnepf et al. 1969). Similar studies on paussines might
reveal essential differences between the defensive gland structures in these two lineages.
This is certainly the case for the way in which members of these lineages direct their
defensive spray. Brachinines direct their defensive spray with specialized structures
called turrets that protrude from abdominal tip (Aneshansley et al. 1969). Paussines do
not have turrets. Rather they use folds in the posterior region of their elytra to direct their
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spray anteriorly by means of the Coanda effect (Eisner and Aneshansley 1982). The
Coanda effect is the tendency of moving fluids to adhere to a surface and move along it.
Comparative morphological study of defensive gland structure may indicate the process
by which this two-chambered gland structure evolved in brachinines and paussines.
Phlyogenies inferred in this paper indicate that the species in Harpalinae and
Moriomorphitae may be good taxa to be included in such a study, since their most recent
common ancestor also led to the evolution of the brachinines. Unfortunately these
phylogenies do not suggest a convincing placement of Paussinae within Adephaga.
However future phylogenetic studies involving additional genes might reveal the sister
group of the Paussine and thereby suggest other carabid taxa that would be useful to
include in a comparative morphological study of defensive glands. Several authors have
hypothesized a close relationship between the Paussinae and the Nototylinae (Deuve
1994, Nagel 1987). The Nototylinae is a subfamily of carabids represented by a single
female specimen described in 1863. Although Nototylus is not a bombardier beetle
(Deuve 1994), aspects of its morphology suggest that it may be the sister-group of the
Paussinae. Ideally, additional specimens of Nototylus will be collected in the future
which would allow for additional morphological studies of its defensive glands as well as
its inclusion in a molecular based study.
Chemical Precursors
Quinones are involved in cuticular sclerotization of all arthropods (Andersen et al. 1996).
Therefore, in order to employ quinones for defense, arthropods need not manufacture this
chemical from scratch, but rather they only need to have evolved the ability to
manufacture larger amounts of quinones and store them in a stable form. Many distantly
related arthropods use benzoquinones for defense - opilionids (Machado 2002),
millipedes (Eisner et al. 1998), termites, cockroaches, earwigs (Eisner et al. 2000),
tenebrionid beetles (Howard 1987, Tschinkel 1975) and carabid beetles (Eisner 1970).
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The scattered distribution of this defensive chemical among arthropods indicates that
different lineages have independently evolved ways of upregulating genes involved in the
synthesis of quinones and means of sequestering them in large quantities for defense. A
detailed examination of the genes that brachinines and paussines use in the process of
recharging their defensive glands may reveal that these two lineages use different
pathways to sequester hydroquinones and the other chemical precursors in their reservoir
chambers.
Given that the ability to bombard evolved twice in beetles, more detailed studies of the
defensive gland structure and the generation of defensive chemical precursors are
warranted. Perhaps the results of more detailed, future studies will reveal more
differences between the defensive systems of these two lineages. If so, then the fact that
two-chambered glands and defensive benzoquinones evolved independently in these
lineages would be no more surprising than other classic examples of convergent
evolution in nature, such as the eyes of vertebrates and cephalopods, and the spines and
leafs of cacti and euphorbs.
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Table 1. Taxonomic information for the specimens used in this study, with GenBank
accession numbers for each sequence. [This table will be updated with new accession
numbers after the manuscript has been accepted. DNA numbers serve as placeholders for
each sequence until that time. DNA numbers in bold font represent those sequences that
will be published with this paper. DNA numbers in regular, non-bold font represent those
sequences that are not presently published, but will be published in other papers by the
time this paper is published.]
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Higher Classification

Taxon

18S

28S

WG

Cupes capitatus Fabricius

782

782

535

Priacma serrata (LeConte)

340

340

310

Tenomerga cinerea (Say)

334

334

167

Prionocyphon sp.

862

862

862

AF201419

738

738

1374

1374

972

Archostemata
Cupedidae

Polyphaga
Scirtidae

Cyphon sp.

Hydrophilidae

Tropisternus sp.

Scarabaeidae

Dynastes granti Horn

AF002809

17

17

Xanthopygus cacti Horn

AF002810

117

117

Amphizoa lecontei Matthew

AJ318678

790

790

Amphizoa insolens LeConte

955

955

1776

536

536

Staphylinidae
Adephaga
Amphizoidae

Dytiscidae

Agabus semivittatus LeConte
Agabus bipustulatus (Linnaeus)

AJ318687

Copelatus chevrolati renovatus Guignot

AF012524

783

233

836

836

836

544

544

319

319

540

540

0551A

0551A

320

320

Hydrotrupes palpalis Sharp
Hydrovatus nigrita Sharp
Hydrovatus pustulatus (Melsh)

AJ318717

Laccophilus poecilus Klug
Laccophilus pictus Castelnau

AJ318714

Liodessus sp.
Liodessus affinus species complex

AJ318728

Rhantus grapii (Gyllenhal)
Rhantus gutticollis (Say)

AJ318695

Stictotarsus corvinus (Sharp)
Gyretes iricolor (Young)
Gyretes sp.

Gyrinidae

Gyrinus woodruffi (Fall)
Gyrinus sp.
Spanglerogyrus albiventris Folkerts

320
AJ318662/3

509
1474
493

493

1131

511

537

516

AF201412
1131

Haliplidae

Haliplus sp.
Haliplus lineatocollis (Marsham)
Peltodytes dispersus Roberts
Peltodytes sp.
Hygrobiidae

Hygrobia sp.
Hygrobia hermanni (Fabricius)
Hydrocanthus oblongus Sharp
Hydrocanthus atripennis Say

Noteridae

AJ318666
323
372

555

555

AF201414
AF201415

1174
1645

Noterus sp.
Noterus clavicornis (DeGeer)

AF201416

Notomicrus sp.
Notomicrus tenellus

AJ318671

(Clark)

372

344

344

490

490

AF012522

553

553

1373

1373

1373

838

838

838

AF002807

111

111

Carabidae
Trachypachinae

Systolosoma lateritium Nègre
Systolosoma breve Solier
Trachypachus slevini Van Dyke
Trachypachus holmbergi Mannerheim
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Higher Classification
Cicindelinae

Cicindelini

Taxon
Amblycheila sp.
Amblycheila baroni Rivers

AF423057

Omus californicus Eschscholtz

AF012519

376

858

858

858

AF012518

AF398660

AF398579

829

829

829

Ctenostoma erwini Naviaux
Cicindela sedecimpunctata sedecimpuncatata Klug
Oxycheila cf glabra

Mantichorini

Megacephalini

Mantichora sp.
Mantichora amygdaloides

18S

28S

WG

732

732

831
AF423056

Megacephala carolina (Linnaeus)

282

Metrius explodens Bousquet and Goulet

787

787

787

Metrius contractus Eschscholtz

AF012515

AF398687

AF398605

Goniotropis kuntzeni Bänninger

799

799

799

Microzaena n.sp

1021

1021

1021

Mystropomus regularis Bänninger

1588

796

796

Mystropomus subcostatus Chaudoir

786

786

786

Ozaena lemoulti Bänninger

719

719

719

AF012517

346

346

1353

1152

962

720

270

720

1488

788

1488

785

785

785

1372

1372

1372

AF012516

AF398644

AF398570

Carabidomemnus sp.

1022

1022

1022

Cerapterus sp.

1734

1734

1734

Paussus (Cochliopaussus)

1035

1035

1035

Homopterus steinbachi Kolbe

1024

1025

1613

873

541

Paussinae
Metriini

Ozaenini

Pachyteles striola species complex
Physea setosa Chaudoir
Platycerozaena panamensis Bates
Pseudozaena sp.
Sphaerostylus goryi
Tropopsis biguttatus Solier
Paussini

Arthropterus sp.

Clinidium baldufi Bell

Rhysodinae

Clinidium sp.
Clinidium calcaratum LeConte
Dhysores sp.
Dhysores sp.

874

874

AF012521

365

465

465
730

Leoglymmius sp.

1594

Grouvellina sp.

1061

Omoglymmius hamatus (LeConte)

1594

AF012520

364

510

510

AF398609

Scaritinae
Clivinini

Aspidoglossa sp.
Camptodontus sp.

861

Clivina ferrea LeConte

AF002796

351

351

Dyschirioides sphaericollis (Say)

AF002798

152

152

Akephorus obesus LeConte

954
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Higher Classification

Taxon

18S

28S

WG

AF002797

352

352

864

864

1785

1785

AF012491

415

scaritine

1788

1788

scaritine

1789

1789

Pasimachus sp.
Pasimachus obseletus atronitens Casey

AF002794

135

Scarites subterraneus Fabricius

AF002795

AF398708

Carabus granulatus Linnaeus
Carabus nemoralis O.F. Müller

AF012507

Calosoma scrutator (Fabricius)

AF002800

Ceroglossus sp.
Ceroglossus chilensis Eschscholtz

AF012509

Cychrus italicus Bonelli

AF012510

Scaphinotus petersi Roeschke
Scaphinotus petersi catalinae Van Dyke

AF002801

Schizogenius falli Whitehead
Semiardistomis sp.
clivinine
Scaritini

Carenum sp.
Carenum interruptum Macleay

524

523

AF398625

Carabitae
Carabiini

Cychrini

Pamborini

850
226
143
846

Pamborus transitus Darlington

399
1886

400

878

878

832
845

Pamborus guerinii Gory

AF012508

Nebria (Boreonebria) hudsonica LeConte

AF002805

AF398676

AF398608

Notiophilus semiopacus Eschscholtz

AF002804

87

87

Nebriitae
Nebriini
Notiophilini
Pelophilini

Pelophila borealis (Paykull)

225

225

225

Opisthiini

Opisthius richardsoni Kirby

AF012511

115

115

Amarotypus edwardsi Bates

AF012506

Blethisa multipunctata aurata Fischer von Waldheim

AF002803

other subfamilies
Amarotypini
Elaphrini

Diacheila polita Falderman

Gehringini
Loricerini

Omophronini

Psydrini

145

Elaphrus clairvillei Kirby

AF002802

847

522

Elaphrus californicus Mannerheim

AF012514

AF398639

AF398563

Gehringia olympica Darlington

AF012512

AF398702

AF398591

Loricera pilicornis pilicornis (Fabricius)

AF002799

503

503

Loricera foveata LeConte

AF012503

466

Omophron obliteratus G.H.Horn

AF012513

97

Omophron cf. brettinghamae

Promecognathini

145
583

Omophron (Phrator)

Patrobini

350

593
875

875

Diplous californicus (Motschulsky)

AF002785

AF398699

AF398587

Patrobus longicornis (Say)

AF002786

AF398700

AF398613

Promecognathus crassus LeConte

AF012492

AF398685

AF398621

Laccocenus ambiguus Sloane

AF012486

AF398675

AF398596

Psydrus piceus LeConte

AF002784

AF398684

367

893

AF438100

AF437971

Nomius pygmaeus (Dejean)
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Higher Classification
Siagonini

Apotomini

Taxon
Siagona jenissoni Dejean

18S

28S

AF012494

458

Siagona europea Dejean

AF012493

505

Apotomus rufithorax Pecchioli

AF012497

426

1158

1158

Apotomus sp.
Broscini

Broscosoma sp.
Broscosoma relictum Weissmandl

AF012502

Creobius eydouxi (Guérin-Ménéville)

AF012498

0455A

1779

1779

Axonya sp.

526

Broscus sp.
Miscodera sp.

505

526

1887
584

Percosoma sp.

Migadopini

WG

584
834

Mecodema fulgidum Broun

AF012501

470

470

Oregus aereus White

AF012500

469

469

Promecoderus nr. brunnicornis Dejean

AF012499

349

349

Migadopidius sp.
Antarctonomus sp.
Antarctonomus complanatus (Blanchard)
Migadops sp.
Stichonotus sp.

843
734
AF012504

456

632

632

1760

1760

1760

533

533

507

Monolobus sp.
Monolobus ovalipennis Straneo

AF012505

Cymbionotum pictulum Bates

AF012496

507

Cymbionotum semelederi (Chaudoir)

AF012495

425

Bembidion levettei carrianum Casey

AF002791

AF398647

AF398571

Asaphidion curtum (Heyden)

AF002792

267

267

Pogonini

Diplochaetus planatus G.H. Horn

AF002789

AF438060

AF437938

Tachyina

Pericompsis laetulus

AF002790

429

429

Trechus sp.
Trechus chalybeus species group

AF398673

AF398633

AF002793

Erwiniana hilaris (Bates)

AF012489

409

409

Merizodus angusticollis Solier

AF012487

453

453

Oopterus sp.

AF012488

387

387

Sloaneana tasmaniae (Sloane)

AF002788

339

339

Zolus helms i Sharp

AF002787

354

354

Melisodera picipennis Westwood

AF012481

AF398640

AF398602

Meonis sp.

AF398722

AF398692

AF398603

Raphetis sp.

AF012485

434

434

Amblytelus curtus (Fabricius)

AF012484

AF398683

AF398566

Mecyclothorax vulcanus (Blackburn)

AF012482

AF398648

AF398601

Cymbionotini

Trechitae
Bembidiini

Trechini

Xystosomina
Zolini

Moriomorphitae
Melisoderini
Meonini

Amblytelini

Tropopterini

Sitaphe rotundata Moore

669

Trephisa parallela Moore
Tropopterus sp.

1080
AF012483

459
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Higher Classification

Taxon

18S

28S

WG

1107

1107

637

AF398710

AF398568

Aptinus displosor Dufour

AF012480

454

AF398569

Brachinus (Metabrachinus) armiger Dejean

AF012479

AF398682

Brachinus (Neobrachinus) hirsutus Bates

AF012478

AF398693

AF398572

Pheropsophus aequinoctialis (Linnaeus)

Brachininae
Brachinini

Aptinomimus sp.
Aptinus alpinus Dejean & Boisduval

AF012477

AF398678

AF398619

Pheropsophus sp.

528

AF398658

AF398618

Styphlodromus sp.

AF398718

AF398641

AF398628

AF438139

AF438001

Styphlomerus vittaticollis Péringuey
Crepidogaster atrata Péringeuy

1346

1346

Crepidogaster (Tyronia) ambreana Deuve & Mateu

1041

AF438047

Chlaenius ruficauda Chaudoir

AF002777

AF398680

AF398578

Cnemalobini

Cnemalobus sulciferus Philippi

AF012474

AF398706

AF398580

Cyclosomini

Tetragonoderus latipennis LeConte

AF012471

AF398653

AF398631

Galeritini

Galerita lecontei lecontei Dejean

AF002780

AF398686

AF398590

Harpalini

Discoderus cordicollis Horn

AF002776

AF398652

AF398588

Pelmatellus sp.

AF398720

AF398690

AF398615

Calybe laetula LeConte

AF002772

AF398705

AF398576

Cymindis (Pinacodera) punctigera LeConte

AF002773

AF398651

AF398583

Loxandrus n.sp. nr. amplithorax Straneo

AF002778

AF398661

AF398600

Metius sp.

AF012475

AF398654

AF398604

Morion aridus Allen

AF002783

AF398698

AF398606

Moriosomus seticollis MacLeay

AF398721

AF398701

AF398607

Orthogonius sp.

AF398719

AF398709

AF398611

Eripus nitidus Chaudoir

AF398716

AF398642

AF398589

Pelecium n.sp. nr. sulcipenne Chaudoir

AF398715

AF398672

AF398614

Agonum extensicolle (Say)

AF002775

AF398643

AF398564

Pseudomorpha sp.
Pseudomorpha nr. angustata Horn

AF002782

Sphallomorpha sp.

AF398717

Crepidogastrini

Harpalinae
Chlaenini

Lachnophorini
Lebiini
Loxandrini
Metiini
Morionini

Orthogoniini
Peleciini

Platynini
Pseudomorphini

AF398714
AF398622
AF398679

AF398636

Abacetus sp.

AF398681

AF398635

Caelostomini

Caelostomus sp.

AF398704

AF398573

Pterostichini

Pterostichus melanarius Illiger

AF398707

AF398623

AF398677

AF398620

Abacetini

Poecilus scitulus LeConte

AF002779
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Table 2. Parameter values for the GTR+I+Γ model of evolution for the 18S and 28S data
as estimated during Step 1 of Bayesian analysis and those parameter values set as priors
during Step 2 of Bayesian analysis.

r(A<->C)
r(A<->G)
r(A<->T)
r(C<->G)
r(C<->T)
r(G<->T)
pi(A)
pi(C)
pi(G)
pi(T)
alpha
pinvar

r(A<->C)
r(A<->G)
r(A<->T)
r(C<->G)
r(C<->T)
r(G<->T)
pi(A)
pi(C)
pi(G)
pi(T)
alpha
pinvar

18S

28S

Parameter

0.071
0.274
0.164
0.100
0.334
0.057
0.311
0.142
0.197
0.350
0.779
0.183

0.101
0.254
0.169
0.036
0.359
0.080
0.283
0.198
0.226
0.293
0.460
0.399

Mean

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.001
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.001
0.000

Variance

0.061
0.257
0.152
0.089
0.313
0.050
0.296
0.134
0.185
0.333
0.726
0.152

0.088
0.226
0.150
0.029
0.328
0.068
0.265
0.185
0.209
0.277
0.384
0.353

Lower

0.080
0.297
0.175
0.111
0.355
0.063
0.327
0.153
0.208
0.365
0.831
0.213

0.115
0.282
0.190
0.044
0.392
0.092
0.300
0.214
0.244
0.309
0.504
0.431

Upper

Bayesian Run 1

0.071
0.275
0.164
0.100
0.335
0.057
0.311
0.142
0.197
0.350
0.779
0.183

0.101
0.254
0.169
0.036
0.359
0.080
0.283
0.198
0.225
0.293
0.464
0.400

Median

0.071
0.273
0.166
0.097
0.337
0.056
0.309
0.143
0.200
0.348
0.778
0.176

0.100
0.249
0.174
0.035
0.361
0.081
0.282
0.200
0.229
0.289
0.395
0.373

Mean

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.001
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.006
0.001

Variance

0.064
0.253
0.157
0.088
0.317
0.050
0.295
0.132
0.189
0.334
0.726
0.147

0.087
0.220
0.155
0.028
0.332
0.069
0.265
0.185
0.208
0.273
0.286
0.314

Lower

0.081
0.289
0.177
0.108
0.360
0.062
0.323
0.153
0.210
0.364
0.834
0.206

0.115
0.280
0.195
0.044
0.391
0.093
0.300
0.216
0.248
0.307
0.494
0.422

Upper

Bayesian Run 2

0.070
0.273
0.166
0.097
0.338
0.055
0.309
0.143
0.199
0.349
0.779
0.176

0.100
0.248
0.175
0.035
0.361
0.080
0.282
0.200
0.229
0.289
0.424
0.377

Median

0.07
0.27
0.16
0.10
0.33
0.06
0.31
0.14
0.20
0.35
0.78
0.18

0.10
0.25
0.16
0.04
0.36
0.08
0.28
0.20
0.23
0.29
Not Specified
0.38

Prior Values used in
Final Bayesian Analysis
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Table 3. Optimal models of protein evolution for the wg amino acids from Step 1 of
Bayesian analysis and the fixed model of protein evolution used during Step 2 of
Bayesian analysis.

Poisson (Bishop and Friday 1987)
Jones (Jones et al. 1992)
Dayhoff (Dayhoff et al. 1978)
Mtrev (Adachi and Hasegawa 1996)
Mtmam (Cao et al. 1998)
Wag (Whelan and Goldman 2001)
Rtrev (Dimmic et al. 2002)
Cprev (Adachi et al. 2000)
Vt (Muller and Vingron 2000)
Blosum (Heniko and Heniko 1992)

Amino Acid Model
0
1.000
0
0
0
0
0
0
0
0

Bayesian Run 1
Posterior Probability
0
1.000
0
0
0
0
0
0
0
0

Bayesian Run 2
Posterior Probability

X

Fixed Amino Acid Model
in Final Bayesian Analysis
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Table 4. Results of parametric bootstrap tests of alternate hypotheses.

14488
14488
14532
14528

Paussinae and Branchininae are not sister groups (Constraint A)

Paussinae and Branchininae are sister groups (Constraint B)

Paussinae attach near the root of Adephaga (Constraint C)

Tree Length

Most parsimonious tree (without constraints)

Hypothesis

40

44

0

–

Observed
Test Statistic

0.604

24.728

0.008

–

Mean of the
Null Distribution

< 0.001

< 0.02

0.99

–

P

Yes

Yes

No

–

Rejected
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Figure 1. An unresolved tree of the order Coleoptera, with details of the suborder
Adephaga based on morphological and molecular evidence (Liebherr and Will 1998,
Maddison et al. 1999, Ober 2002). The Paussinae is in its most frequently hypothesized
position as sister group of the rest of the Geadaphaga; the asterisk indicates the
alternative position next to the subfamily Brachininae. Colors in this tree highlight
specific lineages and are included in this figure as an introduction to the convention used
throughout this paper.
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Figure 2. Generation plot of the marginal log likelihood produced by two simultaneous
MC3 processes during Step 2 of the Bayesian analysis.
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Figure 3. Bayesian consensus tree estimated from the CM2 matrix and the prior
parameter values for the GTR+I+Γ model of evolution provided in Tables 2 and 3.
Posterior probabilities are provided above internal branches; values of 95 and higher are
indicated by thick branches. The harmonic mean of the log likelihood of the summarized
trees is -69698.57.
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Figure 2. CM2 Bayes Unconstrained
ADEPHAGA

GEADEPHAGA

Scaritini

Cicindellinae
Rhysodinae

Paussinae

Moriomorphitae

Brachininae

Harpalinae
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Figure 4. Bayesian consensus tree estimated from the CM2 matrix and the prior
parameter values for the GTR+I+Γ model of evolution provided in Table 2 and 3 given
the constraint that bombardier beetles evolved only once. The constrained clade is
indicated by a black box. Posterior probabilities are provided above internal branches;
values of 95 and higher are indicated by thick branches. The harmonic mean of the log
likelihood of the summarized trees is -69779.20.

Figure 3. CM2 Bayes Constrained

ADEPHAGA

GEADEPHAGA

Scaritini

Cicindellinae
Rhysodinae

Moriomorphitae

Paussinae

Brachininae

Harpalinae
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Figure 5. Strict consensus tree of the 24 most parsimonious trees found for the CM1
matrix (TL, 9106; CI, 0.385; RI, 0.540). Bootstrap values are provided above each
branch; values of 100 are indicated by thick branches.
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Figure 1. Parsimony Unconstrained CM1 - TL=14488

ADEPHAGA

GEADEPHAGA
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Moriomorphitae
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Figure 6. Constraint trees used in three parametric bootstrap analyses. Constraint A is
compatible with the clades found in the unconstrained analyses, rather than constraining a
novel clade. This test served as a control for the parametric bootstrap test itself.
Constraint B is compatible with the published hypothesis that bombardier beetles evolved
only once in evolutionary history (Boyes 1843; Erwin 1970; Eisner et al. 1977; Ball
1979; Moore 1979; Erwin and Sims 1984; Erwin 1985; Bousquet 1986). Constraint C is
compatible with the published hypothesis that the Paussinae are lower grade carabids,
that is, that they attach near the root of the Adephaga (Liebherr and Will 1998).
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