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DNA barcoding has been successfully implemented in the identification of previously described
species, and in the process has revealed several cryptic species. It has been noted that such methods
could also greatly assist in the discovery and delineation of undescribed species in poorly studied
groups, although to date the feasibility of such an approach has not been examined explicitly. Here,
we investigate the possibility of using short mitochondrial and nuclear DNA sequences to delimit
putative species in groups lacking an existing taxonomic framework. We focussed on poorly known
tropical water beetles (Coleoptera: Dytiscidae, Hydrophilidae) from Madagascar and dung beetles
(Scarabaeidae) in the genus Canthon from the Neotropics. Mitochondrial DNA sequence variation
proved to be highly structured, with >95% of the observed variation existing between discrete sets of
very closely related genotypes. Sequence variation in nuclear 28S rRNA among the same individuals
was lower by at least an order of magnitude, but 16 different genotypes were found in water beetles
and 12 genotypes in Canthon, differing from each other by a minimum of two base pairs. The
distribution of these 28S rRNA genotypes in individuals exactly matched the distribution of mtDNA
clusters, suggesting that mtDNA patterns were not misleading because of introgression. Moreover, in
a few cases where sequence information was available in GenBank for morphologically defined
species of Canthon, these matched some of the DNA-based clusters. These findings demonstrate that
clusters of close relatives can be identified readily in the sequence variation obtained in field collected
samples, and that these clusters are likely to correspond to either previously described or unknown
species. The results suggest that DNA-assisted taxonomy will not require more than a short fragment
of mtDNA to provide a largely accurate picture of species boundaries in these groups. Applied on a
large scale, this DNA-based approach could greatly improve the rate of species discovery in the large
assemblages of insects that remain undescribed.

Keywords: taxonomy; large subunit ribosomal RNA; Madagascar; DNA barcoding;
coxl; COI

1. INTRODUCTION

A reliable and accessible classification of species is
fundamental to research in ecology, evolutionary
biology, biodiversity and conservation biology. While
ca 1.5 million species have been described to date, this
represents only a fraction of the actual diversity on
Earth (Tudge 2000; Wilson 2003). Owing to the
constant threat of biodiversity loss, there is an
increasingly urgent need to accelerate the pace of
species discovery and taxonomic databasing (Godfray
2002). Even the routine identification of known species
can be difficult, often requiring highly specialized
knowledge and representing a limiting factor in
ecological studies and biodiversity inventories. In
response, recent proposals have called for a more
prominent role of efficient DNA-based methods in the
delineation and identification of species (Blaxter 2004;
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Floyd er al. 2002; Hebert er al. 2003a; Tautz et al.
2003). Reactions to such proposals have ranged widely,
from strongly supportive (Janzen 2004; Proudlove &
Wood 2003; Stoeckle 2003) to vigorously opposed
(Lipscomb er al. 2003; Seberg er al. 2003; Wheeler
2004; Will & Rubinoff 2004). The use of DNA-based
methods for the delineation and discovery of new
species, and thus their broader role in taxonomy,
represents an especially contentious issue in this regard.
Unfortunately, much of this debate has remained
rhetorical, with limited empirical assessment of the
benefits and limitations of a DNA-assisted programme
of species discovery.

The objective of any method of species delinea-
tion, including DNA-based approaches, is to identify
reproductively isolated groups of organisms that
warrant classification as distinct species. It is widely
acknowledged, and reflected in the Linnaean taxo-
nomic system, that living organisms fall into largely
discrete groupings recognizable by differences in
morphology or other traits. It is then the role of
taxonomy to define and name these groupings.
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However, their recognition may be difficult because
diagnostic traits are lacking, or species divergences
are very small. Hence, even for cases of biologically
distinct species, their delineation will depend on the
thoroughness of study and the interpretation of
complex, sometimes variable traits. Further, the
accuracy of species delineation depends on the degree
of sampling, as local variation may affect the
conclusions about population separation (Davis &
Nixon 1992).

To date, DNA barcoding studies have focussed on
the identification of pre-defined species (e.g. Hebert
et al. 2003a, 2004b; Hogg & Hebert 2004; Vences ez al.
2005; Smith ez al. 2005, etc.), and have yet to address
the issue of species delineation per se. However, where
more than a single individual per species has been
sequenced, a minimum threshold of approximately
one-tenth of the average p-distance found between
well-established species in a lineage has been inter-
preted as intra-specific variation, while greater diver-
gences are thought to indicate misidentifications of
specimens or overlooked cryptic species (Hebert ez al.
2004a). These cut-off values roughly correspond to
maximum intra-specific divergences in mtDNA of
1-2%, and at the upper bound of this range may
include several geographically defined ‘phylogroups’
(Avise & Walker 1999).

The discovery of new, cryptic species from existing,
morphologically indiscriminate groups using DNA is
neither controversial nor novel (Knowlton 1993), and
potential taxonomic revisions inspired by DNA
barcoding results have been typically left to experts to
resolve on the basis of morphology, behaviour and
other features (Hebert er al. 2004b). It is to be expected
that a successful global DNA barcoding program
would provide a comprehensive barcoding inventory
for a majority of described taxa in the foreseeable
future, facilitating the systematic discovery of cryptic
species. However, with 85% or more of species still
unknown to science, a much greater challenge lies in
the potential application of DNA-based methods to the
discovery and delineation of new species in poorly
characterized taxa.

To explore the utility of DNA-based approaches to
species recognition in poorly known groups, we
evaluated patterns of variation in both mitochondrial
and nuclear genes in a broad sample of water beetles
collected from Madagascar. These samples exhibited
an unknown level of species diversity within the families
Dpytiscidae and Hydrophilidae. Using the same
methods, we also examined specimens from a single
genus of Neotropical dung beetles (Canthon). Speci-
mens were collected from various localities in the
Neotropics, comprising an unknown number of species
in a group that is acknowledged to present difficulties
for morphological discrimination. The analysis shows
that sequences cluster into cohesive, well-differentiated
groups, and identical groups are recovered by both
nuclear and mitochondrial markers. Based on multiple
lines of evidence, these DNA-based clusters are taken
to represent putative species boundaries and could
assist with the assembly of a framework for the
taxonomy of poorly studied lineages.
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2. METHODS
(a) Field sampling, selection of specimens and DNA
sequencing
Water beetles (Dytiscidae and Hydrophilidae) were collected
at five sites in the North and central parts of Madagascar as
part of a survey of insect biodiversity in 2004 (Monaghan
et al., unpublished). Specimens were collected by sieving
through small stream pools, ponds, and packs of leaf litter,
and were sorted under a dissecting microscope (10X) into
externally distinct morphological groups. Between two and
five individuals from each group and each locality were
selected for DNA analysis, as a representative sample of the
variation of this group. This initial morphological treatment
was superficial and was intended to maximize the disparity
included in the subset of samples used for sequencing.
Specimens of Canthon were obtained using baited pitfall traps
from locations in Belize, French Guyana, Ecuador and Costa
Rica between 1997 and 2001 (Inward 2003). Additional
samples were collected from Belize in 2004 (L. Powell, MSc,
Imperial College London, 2004). They were assigned to the
genus Canthon based on a phylogenetic analysis combining
them with unpublished sequences for most major groups of
Scarabaeinae that also included five species of Canthon:
C. doesburgi, C. indigaceus, C luteicollis, C. smaragdulus and
C. wviridis, plus the closely related Scybalocanthon pygidialis
(GenBank accessions: AY131633-7 for 28S, AY131814-7 for
cox1, plus AY131673 and AY 131849 for Scybalocanthon).
Genomic DNA extraction was performed using Wizard SV
96-well plates (Promega, UK). For both groups, a ca 700 bp
fragment of 28S rRNA was amplified using primers FF and
DD (Inward 2003). Fragments of cox! were amplified with
primers Pat and Jerry (Simon ez al. 1994) for Canthon (800 bp)
or with LCO1490 and HCO2198 (Folmer ez al. 1994) for
water beetles (660 bp). Sequencing was performed in both
directions using a BIGDYE v. 2.1 terminator reaction with the
same primers used for PCR. Sequences were analysed on an
ABI3730 automated sequencer and forward and reverse
strands were assembled in SEQUENCHER software. The 28S
fragment was length-variable and was aligned separately for
the two datasets using BLASTALIGN (Belshaw & Katzourakis
2005). Cox1 was not length-variable for either group.

(b) Tree construction

Parsimony trees were obtained with PAUP v. 4b10 (Swofford
2002), with gap characters treated as a ‘fifth character state’,
and branch length optimized under accelerated transform-
ation. Heuristic searches were performed using TBR branch
swapping and 100 replicates. We performed 1000 random
addition replicates saving only a single tree in each case.
Because the dataset contained many identical or very similar
haplotypes, a large number of trees were found, one of which
was selected arbitrarily for further analysis. To calculate
Bremer Support (Bremer 1994), constraint files for parsi-
mony searches enforcing the absence of the focal nodes were
produced with TREEROT v. 2.0a. Bremer Support values of 0
indicate unresolved nodes which would be collapsed in a strict
consensus of all shortest trees. Trees were rooted with
sequences from related Carabidae taken from GenBank in
the case of water beetles, and using a sequence from the
Canthon dataset generated here for rooting the 28S tree. The
single species of Scybalocanthon was used as the outgroup to
root the tree of Canthon.

(¢) Variation in coxl1
We examined cox! variation within and among clusters of
sequences (see §3) using analysis of molecular variance
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Figure 1. Parsimony trees for water beetles using 288S (a) and cox! (b) sequences. Cluster names are given to the right of groups.
Italics in 28S denote groups for which no cox! data were available, and vice versa. Bremer Support values (see table 2) are

reported above branches.

(AMOVA) (Excoffier er al. 1992) of pairwise differences as
implemented in ARLEQUIN v.2.000 (Schneider ez al. 2000). We
used a two-level hierarchical analysis to partition total cox!
variation into within-cluster and among-cluster covariance
components. Individuals were included into a single cox!
cluster if they exhibited identical sequences in the 28S gene
(below) or, if no 288 sequence was available for a specimen,
the cox1 sequence grouped within these clusters. The fixation
index calculated among groups (analogous to a population
genetics Fg7) was tested for significance using ARLEQUIN V.
2.000. Groups with only one representative cox! sequence
(e.g. WB-6, WB-11, see figure 1) were excluded from analysis
because within-group variation could not be measured.

3. RESULTS

A total of 75 and 71 individuals were included in the
analysis of water beetles and Canthon, respectively.
Sequencing of 28S rRNA was successful for 63 and 62
specimens, and aligned matrices contained 699 and
746 characters in the respective groups. In the water
beetle dataset, we detected 16 different 28S genotypes.
Four genotypes were present in only a single individual,
and the remaining occurred in groups ranging in size
from two to nine individuals (figure 1a). Sequences
differed from one another by a minimum of two
nucleotides, e.g. an AC insertion separated WB-4 and
WB-5 (figure 1a). DNA sequencing for coxI revealed

Phil. Trans. R. Soc. B

42 haplotypes. Parsimony tree searches uncovered 14
clusters of similar cox! sequences, plus five isolated
sequences without close relatives (‘singletons’) (figure
1b). Results for Canthon were very similar. There were
12 different 28S genotypes and all but two were
represented by >1 individual (figure 2a). The 46
cox1 haplotypes grouped into 12 clusters, with two
singletons (figure 2b).

The clustering of cox! sequences in the parsimony
trees showed complete congruence with the 28S
genotypes for both the water beetle and Canthon
datasets. Closely related cox! haplotypes all exhibited
the same 28S genotype and none of the groups defined
by 28S genotypes were polyphyletic in the coxl tree
(figures 1 and 2). It was not possible to judge
incongruence in the 12 water beetles for which the
28S sequencing had failed (figure 15). Equally, the
Canthon dataset included missing sequences in both the
28S and coxI datasets, although there was perfect
congruence for the 50 individuals sequenced for both
genes (called ‘core terminals’, below).

Sequences making up the coxl clusters were very
similar to each other, but very different from other
clusters. Based on pairwise differences in AMOVA,
within-group variation accounted for only 4.1% of the
total variation in the dataset in Canthon, and only 2.5%
in water beetles (table 1). Absolute divergence
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Table 1. Cox1 variation among and within clusters (figures 1 and 2) measured with AMOVA (Excoffier ez al. 1994).

(*p<0.001.)

source of variation

among clusters within clusters

df Var % variation df var % variation
Canthon 9 1632.451 95.69%* 40 68.089 4.31
water beetles 14 3130.381 97.49% 56 68.400 2.51

(uncorrected p-distance) of sequences within clusters
ranged from 0 to 2%, whereas the mean divergence
between clusters was 10 and 19% for Canthon and
water beetles, respectively (table 2). These patterns of
divergence are similar to those reported for intra versus
inter-species comparisons in other barcoding studies
(Hebert et al. 2003b). The findings also appear to
indicate that clusters in Canthon were more closely
related to one another than were the clusters in the
more diverse sample of water beetles.

The monophyly of the coxI clusters was highly
supported. When Bremer Support was considered
separately for three categories of node levels (tip
nodes within a cluster, nodes immediately subtending
a cluster, and nodes defining basal relationships
between the clusters), the majority of total tree support
was derived from nodes immediately below (i.e.
defining) the clusters (88% of total Bremer Support
for water beetles, 80% for Canthon; table 3). Tip nodes
within clusters, and basal nodes had low support
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Table 2. Mean uncorrected p-distances for cox! within and
among clusters.

(Singletons were included in the among-cluster calculation,
but within-cluster p-distance could not be measured.)

among clusters within clusters

mean  range mean range
Canthon 0.115  0.099-0.125 0.005 0-0.010
water beetles 0.162  0.140-0.190 0.005 0-0.018

(figures 1 and 2, table 3). To test for congruence in
phylogenetic signal, a simultaneous analysis of cox! and
28S datasets was conducted for Canthon. Because some
individuals were successfully sequenced for only one
fragment, we either combined all terminals in a single
‘supermatrix’ (coxI1+28S all terminals, n=71), or
removed all terminals which were not complete for
either one of the two gene partitions (core terminals,
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Table 3. Parsimony analysis on the four datasets produced trees with minimal length and homoplasy values as indicated.
(Bremer Support was calculated for three categories of nodes, corresponding to those near the tips within a cluster (tips), the
nodes immediately below a cluster (sub-cluster) and the nodes defining basal relationships between the clusters (basal). The
number given is the sum of the nodal Bremer Support values for this category in the entire tree, and numbers in parentheses give
the number of nodes assigned to each category (many of them collapsed near the tips because sequences are identical or very
similar). Total Bremer Support refers to the sum of the values for the entire tree. For Canthon, a combined analysis of cox! and
28S datasets was conducted, either combining all terminals in a single ‘supermatrix’ (all terminals), or removing all terminals
which were not complete for either one of the two gene partitions (core terminals, #z=50).)

no. variable

data Bremer support (no. nodes) terminals  positions no. steps CI RI

total tips sub-cluster basal
water beetles
cox1 284 17 (41) 249 (14) 18 (20) 77 255 1155 35 85
28S 62 0 (32) 28 (14) 34 (16) 63 157 332 76 93
Canthon (all terminals)
cox1 296 13 (39) 240 (10) 42 (10) 61 287 705 52 88
28S 24 0 (39) 17 (10) 7 (10) 62 34 66 68 94
cox1+28S 92 7 (48) 68 (10) 17 (10) 71 321 784 53 89
Canthon (core terminals)
cox1 260 10 (27) 214 (10) 36 (11) 50 284 695 52 85
28S 24 0 (27) 16 (10) 8 (11) 50 34 66 68 94
cox1+28S 277 12 (27) 224 (10) 41 (11) 50 318 774 53 86

n=>50; table 3). Total tree support was much higher in
the analysis of core terminals as compared to when all
individuals were included in the combined analysis
(figure 3, table 3). However, the incongruence length
difference was minimal, indicating that the drop is not
due to conflict between both markers but the reduced
discriminatory power of the dataset once a large
number of missing entries is included in the data
matrix. In all cases, total tree support was higher for
cox] than 28S for all analyses, regardless of whether all
Canthon or only core individuals were used in the
calculation (table 3), presumably due to the larger
number of character changes in the former.

4. DISCUSSION

(a) The partitioning of genetic variation

The most striking result of the DNA analysis was the
strong clustering of the sequence variation, with
comparably large distances between groups of closely
related sequences. In addition, these clusters showed
remarkably high levels of nodal support for their
monophyly according to coxI and 28S genes. Support
in the combined analysis was even higher and is
essentially the sum of the individual partitions, showing
a high degree of congruence for the two markers.
Nodes defining the clusters included > 80% of the total
Bremer Support provided by the datasets, although
they specify only one-third or less of the total number of
nodes in the tree. Variation in the 28S nuclear gene,
while showing overall fewer character changes, was also
strongly clustered. Genotypes were shared by many
individuals and were separated by a minimum of a
single base pair (bp) in Canthon and a minimum 2 bp
insertion differentiating two water beetle genotypes
(e.g. WB-4 and WB-5). For the cox! variation, >95%
of variation occurred among these different clusters,
with only ca 2.5-4.5% of the variation within these
groups. Remarkably, the observed pattern of clustering
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was very similar in the two groups of beetles, even
though they are composed of members of two different
suborders Adephaga and Polyphaga, and obtained
from different parts of the world (Madagascar and the
Neotropics).

A further key finding of this study is that the nuclear
and mitochondrial gene data were completely con-
gruent for both samples of beetles. Individuals were
grouped into clusters in the exact same way whether
based on the cox! or 28S genotypes. CoxI sequences
were more variable than 28S, but multiple cox!
haplotypes in a cluster were monophyletic with respect
to a single 28S genotype. For the water beetles this may
be biased by the fact that these were field-samples from
a given locality, raising uncertainty as to whether sister
or even closely related taxa co-occur and were
collected. For Canthon, by contrast, a single lineage
was deliberately chosen from a larger sample of dung
beetle communities (unpublished), and a wider
sampling range covered, in order to increase the
probability of sampling sister taxa. Notably, even in
the case of the very closely related Can-1 and Can-2
clusters, where only a 2 bp insertion segregated 28S
genotypes, the cox! phylogenetic analysis was comple-
tely congruent with separation into two distinct groups.

(b) What is the nature of the clusters?

Several lines of evidence suggest that the clusters
identified in this study represent distinct species, rather
than any other level of hierarchical organization.
Phenetic sequence divergence in mtDNA within these
groups never exceeded 2% and usually was much
lower, whereas divergence between the clusters was
often greater by more than an order of magnitude. This
is in general agreement with empirical levels of
divergence found between species in phylogeographic
analyses (Avise & Walker 1999) and barcoding studies
(Hebert er al. 2003b). For Canthon, the existing
molecular phylogenetic and taxonomic framework
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Figure 3. Tree from the combined data matrix (28S-cox! all terminals; table 2) for Canthon. Bremer Support values are reported
above branches for the tree pictured. Values in parentheses are from the analysis of only the core terminals (50 individuals; table 2).

also supports this conclusion, as clusters from our
study necessarily represent subgroups below the genus
level, and GenBank database entries of various species
of Canthon correspond to different clusters in our
analysis.

Beyond simple comparisons of phenetic divergence,
inspection of the phylogenetic trees revealed a striking
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shift in branch length, long branches leading to
subtending nodes and short branches within tip
clusters, as seen in other studies of closely related
species (Barraclough unpublished; Pons er al.
unpublished). In addition, the strong support for the
sub-cluster nodes (and no other node level) also
confirms the unique status of this particular level of
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hierarchy in the trees. Whether or not this represents
the species boundary remains to be investigated
further. Ultimately, additional information, such as
field studies of the sampled populations and broader
genetic surveys including sister species, is required to
confirm that the groups defined by these nodes are
defining the species. However, the species category
does take up a special place in the taxonomic hierarchy
as the only ‘natural’ level of organization of the
classificatory system, in contrast to the higher levels,
such as genera and families (Cracraft 1983). It is our
hypothesis that the transition in branching patterns,
and the shift from strong to negligible branch support,
represents a genetic signature of this unique level of
organization.

(¢) Methodological issues of species delineation
Jrom sequence data

Existing approaches to species delineation from
sequence variation alone have been applied mainly to
very small organisms, such as prokaryotes or soil
nematodes, in which morphological discrimination is
difficult or impossible (Floyd ez al. 2002; Gregory &
DeSalle 2005). In the case of nematodes, Molecular
Operational Taxonomic Units (MOTUs) have been
assigned based solely on sequence divergence (Blaxter
2004). While there may be no better way to classify
these organisms to date, it remains unclear how these
MOTUs correspond to evolutionarily differentiated
groups, and how meaningful they are with respect to
species cohesion. While the observation of large inter-
and low intra-species variation promises easy identifi-
cation of described species and the discovery of many
cryptic species (Hebert er al. 2003b; Hebert et al.
2004b), there is concern regarding variability in the
threshold values both between individual sister species
pairs and among major lineages (DeSalle er al. 2005;
Moritz & Cicero 2004).

In part, the problem of quantitative species delimita-
tion could be overcome by searching for diagnostic
character variation (Cracraft 1983), or complex
character combinations (DeSalle ez al. 2005) to define
the species limits based on quantitative methods (Sites
& Marshall 2003). These tests, which are rooted in the
phylogenetic species concept, establish whether a prior:
populations can be ‘aggregated’ into a single species
based on the distribution of characters or tree topology.
These methods may not be practical when applied to
large-scale species discovery and barcoding studies,
where the cohesion of populations is unknown and
broad sampling across species’ geographic ranges may
not be possible.

A possible alternative to aggregation methods is to
interpret branch length itself as being suggestive of
species boundaries, assuming that the long branches
defining the clusters could only have arisen if
populations diverged longer than around N, (effective
population size) generations ago (Hudson & Coyne
2002). Appropriate methods for estimating these shifts
include Templeton’s statistical parsimony analysis that
partitions the variation into homoplastic (i.e. long
branches) and non-homoplastic (short branches)
variation (Templeton 2001). Similarly, it may be
possible to statistically differentiate the shifts of lineage
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branching from interspecific, long branches to intra-
specific, short branches using maximum likelihood
methods (Barraclough, unpublished; Pons er al. sub-
mitted). A further approach could be based on
population genetics analyses. It is possible to interpret
the AMOVA results used to calculate intra- versus
inter-cluster variation in a way analogous to F-statistics
(Wright 1978). In this scenario, Fst>0.95 for both
water beetles and Canthon datasets, meaning that
>95% of the total genetic variation in the dataset
arises from differences among groups. A threshold
of <5% within-group variation seems a reasonable
means of minimizing the chance of overlooking distinct
taxa. As an example, combining Can-1 and Can-2 into
a single group (‘Canl-2’) and recalculating AMOVA
statistics results in a 15.6% value for within-group
variation, as opposed to the 2.5% value when these two
groups are considered as separate entities (table 1).
This demonstrates the stringent clustering of the data,
and provides a simple procedure to identify groups that
have been grouped incorrectly.

(d) Conclusions and prospects

The aim of the present study was to investigate the
efficacy of short sequence fragments for use in the
discovery, delineation and routine identification of
species. The analysis neither strictly constitutes a test
of whether DNA can delimit pre-defined species, nor
was it an analysis of Type I or Type II errors of species
assignment (Quicke 2004). Instead, we used parsi-
mony analysis to simultaneously examine a large
number of sequences to assess patterns of variation in
nature, and enquired whether this conforms to
expectations of clustering at the species level of the
biological hierarchy. The results were striking:
sequence variation clustered very strongly for both
nuclear and mitochondrial markers, and nodes defining
these clusters were well supported whereas tip nodes,
connecting closely related individuals, were not.
Whether all the clusters we identified correspond to
pre-existing, named species remains to be tested, and
would require the input of specialists experienced in
these taxonomic groups. Notably, comparisons with
GenBank sequences indicated that at least three of the
clusters identified here do indeed correspond to named
species of Canthon.

The analytical approach will allow these clusters to
be delineated objectively and repeatedly by anyone
using the sequence data matrix. As a result, DNA data
can form the basis of testable taxonomic hypotheses
that could be examined with additional types of data in
the future. The benefits of this approach are manifold:
it provides a rapid division into probable groups of
reproductively isolated individuals and generates more
direct links to their evolutionary past; it will facilitate
the determination of distinctive morphological features
(i.e. through a focussed comparison of pre-delineated
groups); it would allow the study of these putative
species to proceed even while formal description is
pending; it would link individuals from the same
species collected in different localities or in different
studies in a way that arbitrary designations (e.g.
‘Canthon sp.1’) do not; and it would immediately
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provide the data needed for future DNA barcoding
identification.

The results of the present study are based on a
relatively small number of species, but nonetheless
demonstrate the general feasibility of using DNA-based
methods in the large-scale delineation and discovery of
new species, even in poorly characterized groups.
While more research is needed to establish the best
approach for species delineation using DNA (e.g.
through phylogenetic or coalescent methods, with
phenetic barcode ‘thresholds’, or some combination
thereof), it is becoming evident that DNA methods
present a promising new means of assessing and
identifying biological diversity in some of the most
species rich taxa and environments on Earth. There is
reason for optimism that, if fully developed and
implemented on a broad scale, DNA-based tools such
as those examined here may provide the first opportu-
nity for creating a comprehensive inventory of life.

We are grateful to Daegan Inward, Richard Davies and Liz
Powell for collecting Canthon dung beetles; to David Lees,
Ravomiarana Ranaivosolo, Pierre Razafindraire, Roger
Andriamparany and Doug Ottke for assistance with water
beetle collection; to Ruth Wild and Miranda Elliot for
laboratory analysis; and to Silvia Fabrizi for mounting
specimens. In Madagascar, we thank York Pareik at King de
la Piste and Madame Liva and Benjamin Andriamihaja at
MICET (Madagascar Institut pour la Conservation des
Ecosystemes Tropicaux). Tim Barraclough and an anon-
ymous referee provided helpful comments on the manuscript.
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