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Abstract
Background: Evolutionary relationships among the 11 extant orders of insects that undergo complete
metamorphosis, called Holometabola, remain either unresolved or contentious, but are extremely
important as a context for accurate comparative biology of insect model organisms. The most
phylogenetically enigmatic holometabolan insects are Strepsiptera or twisted wing parasites, whose
evolutionary relationship to any other insect order is unconfirmed. They have been controversially
proposed as the closest relatives of the flies, based on rDNA, and a possible homeotic transformation in
the common ancestor of both groups that would make the reduced forewings of Strepsiptera homologous
to the reduced hindwings of Diptera. Here we present evidence from nucleotide sequences of six singlecopy nuclear protein coding genes used to reconstruct phylogenetic relationships and estimate
evolutionary divergence times for all holometabolan orders.
Results: Our results strongly support Hymenoptera as the earliest branching holometabolan lineage, the
monophyly of the extant orders, including the fleas, and traditionally recognized groupings of
Neuropteroidea and Mecopterida. Most significantly, we find strong support for a close relationship
between Coleoptera (beetles) and Strepsiptera, a previously proposed, but analytically controversial
relationship. Exploratory analyses reveal that this relationship cannot be explained by long-branch
attraction or other systematic biases. Bayesian divergence times analysis, with reference to specific fossil
constraints, places the origin of Holometabola in the Carboniferous (355 Ma), a date significantly older
than previous paleontological and morphological phylogenetic reconstructions. The origin and
diversification of most extant insect orders began in the Triassic, but flourished in the Jurassic, with
multiple adaptive radiations producing the astounding diversity of insect species for which these groups
are so well known.
Conclusion: These findings provide the most complete evolutionary framework for future comparative
studies on holometabolous model organisms and contribute strong evidence for the resolution of the
'Strepsiptera problem', a long-standing and hotly debated issue in insect phylogenetics.
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Background
Insects that undergo complete metamorphosis, collectively known as Holometabola, represent the vast majority of animal life on Earth. There are close to 1 million
named species of insects [1], and the most reliable estimates suggest that the global total is between 5 and 10
million species [2,3]. Holometabola are by far the most
successful group of insects, and comprise just over 80% of
the named species. As far as we know, this represents
about 50% of all animal diversity [4]. Understanding the
relationships of the major lineages, or orders, of holometabolous insects has been a great challenge, not least
because of their megadiversity, and represents one of the
truly significant challenges of systematic biology.
The life history of holometabolous insects is divided into
discrete developmental stages, including a distinct larval
(feeding) and pupal (quiescent) stage. Most of the speciesrichness of this group is found in the four largest orders of
insects: Coleoptera (beetles), Hymenoptera (bees, ants,
and wasps), Diptera (true flies), and Lepidoptera (moths
and butterflies), in addition to seven smaller orders: Neuroptera (lacewings), Megaloptera (dobsonflies and alderflies),
Raphidioptera
(snakeflies),
Trichoptera
(caddisflies), Mecoptera (scorpionflies), Siphonaptera
(fleas), and Strepsiptera (twisted-wing parasites). Important model species such as Drosophila melanogaster, Apis
mellifera (honey bee), Bombyx mori (silkworm) and Tribolium castaneum (flour beetle) are members of Holometabola and understanding evolutionary relationships within
this diverse insect radiation is increasingly critical for
comparative studies in genomics, development, and evolutionary biology.
The monophyly of the orders included in Holometabola
(also known as the Endopterygota) is well established,
with the exception of Mecoptera, which in some molecular analyses is rendered paraphyletic due to the inclusion
of the fleas [5,6]. There is, however, less unanimity regarding the relationships between the orders. Traditional morphological hypotheses and emerging molecular results
have converged on the division of Holometabola into two
major lineages, Neuropteroidea, which includes Coleoptera + Neuropterida (Neuroptera, Megaloptera, and
Raphidioptera), and Mecopterida (= Panorpida), including Lepidoptera, Trichoptera, Diptera, Mecoptera, and
Siphonaptera [7,8]. Evidence on holometabolan phylogeny is both limited and controversial. Identification of the
earliest branching extant holometabolan lineages, and
resolution of the phylogenetic positions of Hymenoptera
and the unusual order Strepsiptera, remains among the
most disputed issues in insect phylogeny.
Hymenoptera and Strepsiptera have been placed in various positions in the holometabolan tree, the former most
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often placed as sister to Mecopterida and the latter traditionally included either within, or as sister to, Coleoptera
[9,10]. The consensus view is that most morphological
features of Hymenoptera and Strepsiptera are too highly
modified to unequivocally resolve their phylogenetic
positions [11,12]. Thus the placement of these two orders
will necessarily rely on the use of molecular data. However, the conflicting results of the molecular studies completed to date contribute to the indeterminate nature of
their evolutionary relationships. Two recent phylogenomics projects, with limited taxon sampling but including
large numbers of genes, addressed the placement of
Hymenoptera; mitochondrial genomes provide evidence
for a sister group relationship between Hymenoptera and
Mecopterida [13], while combined analysis of 185
nuclear genes shows strong support for Hymenoptera as
the earliest branching holometabolan lineage, sister to all
other orders [14].
Most other molecular analyses of holometabolan phylogeny rely on ribosomal DNA, and the results have been
highly dependent on taxon sampling, alignment, and
method of analysis [5,15-18]. The most provocative rDNA
results involve Strepsiptera, a small (600 spp.) enigmatic
order that maintains a degree of phylogenetic ambiguity
that is unique amongst insects. Their affinity to any other
order is unconfirmed, and until relatively recently, even
their inclusion in Holometabola was questioned [19,20].
Strepsipterans are endoparasites of other insects, with
free-living males and eyeless, larviform, viviparous
females that remain inside their host (with the exception
of members of the family Mengenillidae). Ribosomal
DNA analyses show support for a sister group relationship
between Diptera (true flies) and Strepsiptera, united in a
clade called Halteria [5,17,21-24]. Dipterans and strepsipterans both possess halteres, paired knob-like structures that are homologous to wings, although dipteran
halteres are found on the third thoracic segment, in place
of hindwings, while strepsipteran halteres are on the second thoracic segment, in place of forewings. The initial
18S findings implied that a homeotic mutation, similar to
those documented in laboratory studies with the ultrabithorax gene (Ubx) in Drosophila melanogaster [25], could
have been responsible for the differing wing arrangement
found in the two orders [21]; however, no supporting
genetic evidence for this transformation has since been
found [8,26]. Additionally, all of the morphological characters that unite Mecopterida and Antliophora (in which
Halteria would be included) are lacking or inapplicable in
Strepsiptera [7,8,24]. The Halteria concept also contradicts traditional interpretations of morphological characters uniting Strepsiptera and Coleoptera based on
structural modifications due to posteromotorism or hindwing-powered flight [7].
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Subsequent reanalyses of 18S data along with additional
ribosomal DNA sequences resulted in the 'Strepsiptera
problem' becoming the best known empirical example of
long-branch attraction [27-30]. In a 1999 review of
holometabolan phylogeny, Kristensen [8] stated that if
further evidence supports Halteria, the hypothesis will be
considered one of the 'most spectacular contributions of
molecular characters to systematic zoology'. No additional multi-gene phylogenetic analyses have yet been
completed to address the Strepsiptera question, but three
additional molecular studies, one that examined an
engrailed homeobox intron [26], and two that investigated the structure and evolutionary rate dynamics of
ecdysone receptor and ultraspiracle proteins [31,32],
failed to find any evidence of a close relationship between
Diptera and Strepsiptera.

with Siphonaptera as its sister group. Hymenoptera are
the basal-most branching lineage, concordant with the
phylogenomic findings of Savard et al. [14]. The enigmatic
Strepsiptera are unequivocally placed as the sister group to
Coleoptera, providing additional evidence for the traditional morphological placement of the twisted-wing parasites. In accordance with previous morphological and
molecular hypotheses, our study finds Holometabola to
be divided into two major lineages, Neuropteroidea and
Mecopterida. Within these two lineages, the traditional
respective supra-ordinal groupings are recovered; Neuropteroidea includes Coleoptera, Strepsiptera, and Neuropterida (Neuroptera, Megaloptera, and Raphidioptera),
and Mecopterida includes Amphiesmenoptera (Lepidoptera and Trichoptera) + Antliophora (Diptera, Mecoptera,
and Siphonaptera).

Palaeontological and phylogenetic evidence suggest an
origin for Holometabola in the late Carboniferous (318300 Ma) [1,32,33], but definitive fossil evidence is lacking
until the Permian (280 Ma), a time when most of the
extant orders had their origins [1]. An insect gall, presumed to be from a member of Holometabola, has been
identified from the Late Pennsylvanian (302 Ma), that if
accurately diagnosed provides the earliest physical evidence of their existence [34]. A molecular analysis that
relied on mitochondrial data (cox1) and maximum likelihood (ML) global and local molecular clocks to date the
origin of the insects included both dipterans and lepidopterans, and found the origin of this taxon-limited Holometabola to be between 338 Ma and 351.4 Ma [35].

It appears that the use of nuclear protein-coding genes, six
in our study and 185 in Savard et al. [14], has brought
decisive and robust results to the previously obscured
phylogenetic placement of Hymenoptera. Most previous
morphological hypotheses favored a sister group relationship between Hymenoptera and Mecopterida, although
strong supporting evidence was lacking [7,8]. Mitochondrial genomes also favor the Hymenoptera + Mecopterida
relationship, although not definitively, as the authors suggest that another 'plausible alternative placement is at the
base of Holometabola' [13]. 18S rDNA paradoxically supports both previously mentioned and novel Hymenoptera
hypotheses depending on alignment strategy and taxon
sampling [5,15,22]. Our results constitute the tipping
point of the compounding evidence (extensive sample of
nuclear genes, fossil evidence, wing characters, and
introns of elongation factor 1-alpha) that Hymenoptera
are the earliest branching lineage of the holometabolan
radiation [14,37-41].

To further resolve the evolutionary relationships of
Holometabola and to clarify specifically the sister group
to Diptera, we provide the first phylogenetic analysis to
include multiple nuclear genes and representative taxa
from all 11 holometabolous orders. rRNAs analyzed in
previous studies were not included specifically to avoid
documented biases due to alignment, long branches,
compositional bias, and the unusual, divergent nature of
strepsipteran rRNA [15,36,51]. Our new molecular phylogenetic data are also used to provide divergence time estimates that reveal the range of most likely dates in earth
history for the origin and subsequent diversification of the
extant lineages of holometabolous insects.

Results and discussion
We analyzed six nuclear genes (AATS, CAD, TPI, SNF,
PGD, and RNA POL II), comprising 5736 base pairs (bp),
to infer the phylogeny of 29 species representing all 11
holometabolous orders and two hemimetabolous insect
outgroups (see Table 1). ML and Bayesian (BI) analyses
yielded congruent trees with high posterior probabilities
and mixed bootstrap values (Figures 1 and 2). All orders
were found to be monophyletic, including Mecoptera

Currently, the hypothesis that fleas are actually members
of the scorpionfly order Mecoptera has gained wide
acceptance [5-7]. Analyses based on morphology, ribosomal and mitochondrial DNA have strongly supported
the collapse of the Siphonaptera and their inclusion
within the Mecoptera as the sister group to the wingless
family of snow scorpionflies, Boreidae [5-7]. Our data
provide no indication of a close relationship between
fleas and boreids. We found the traditional grouping of
Mecoptera, with the exclusion of the fleas, to be highly
supported in our analyses. No variation of taxon sampling, character inclusion, or methodology resulted in the
placement of the fleas within Mecoptera. Our results suggest that the morphological characters grouping the fleas
and the boreids, such as wing reduction and characters of
oogenesis, be further investigated [7].
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Table 1: Genes sampled for Holometabola and out-groups.

Genes

Number of base pairs

AATS alanyl-tRNA synthetase

915

CAD carbamoylphosphate synthase domain

2057

PGD 6-phosphogluconate dehydrogenase

802

SNF sans fille

560

TPI triosephosphate isomerase

498

RNA Pol II RNA polymerase II 215 Kda subunit

899

Taxa

Order

Genus species

Genbank number

Dictyoptera

Blatella germanica

GQ265573, GQ265596
GQ265621, GQ265633
GQ265647, GQ265663

Thysanoptera

Frankliniella fusca

GQ265566, GQ265588
GQ265614, --------------GQ265641, GQ265657

Hymenoptera

Ametastegia equiseti

GQ265565, GQ265586*
GQ265587*, GQ265613
GQ265628, GQ265640
GQ265656

Hymenoptera

Muscidifurax raptorellus

GQ265578, GQ265604*
GQ265605*, GQ265606*
GQ265624, GQ265634
GQ265650, GQ265668

Hymenoptera

Apis mellifera

XM_395392, XM_393888,
XM_625087, XM_393440,
XR_014889, XM_623278

Coleoptera

Tribolium castaneum

XM_970534, EU677538,
XM_966958, XM_963178,
XM_970400, XM_968377

Coleoptera

Strangalia bicolor

GQ265574, GQ265599
---------------,-----------------------------, GQ265664
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Table 1: Genes sampled for Holometabola and out-groups. (Continued)

Neuroptera

Austronevrorthus brunneipennis

GQ265575, GQ265600
---------------,--------------GQ265649, GQ265665

Neuroptera

Kempynus sp.

GQ265567, GQ265589
GQ265615, -----------------------------,----------------

Neuroptera

Platystoechotes sp.

GQ265568, GQ265590
GQ265616, GQ265629
GQ265642, GQ265658

Raphidioptera

Mongoloraphidia martynovae

---------------, GQ265597
GQ265622, -----------------------------,---------------

Megaloptera

Nigronia sp.

---------------, GQ265598
GQ265623, --------------GQ265648, ---------------

Trichoptera

Hydropsyche phalerata

GQ265569, GQ265591
GQ265617, GQ265630
GQ265643, GQ265659

Lepidoptera

Heliothis virescens

GQ265570, GQ265592
GQ265618, --------------GQ265644, GQ265660

Lepidoptera

Bombyx mori

M55993, EU032656,
NM_001047060,
DQ202313,
NM_001126258, ---------------

Diptera

Anopheles gambiae

XM_318757, XM_310823,
XM_313091, XM_320869,
XM_321467, XM_313929

Diptera

Tipula abdominalis

GQ265563, GQ265584
GQ265611, GQ265626
---------------, ---------------

Diptera

Musca domestica

GQ265564, GQ265585
GQ265612, GQ265627
GQ265639, ---------------
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Table 1: Genes sampled for Holometabola and out-groups. (Continued)

Diptera

Drosophila melanogaster

NM_205934, X04813,
M80598, NM_078490,
NM_176587, NM_078569

Strepsiptera

Halictophagidae sp.

GQ265562, GQ265583
GQ265610, --------------GQ265638, GQ265655

Strepsiptera

Mengenilla sp.

---------------, GQ265580
---------------, -----------------------------, GQ265651

Mecoptera

Nannochorista sp.

GQ265571, GQ265593*
GQ265594*, GQ265619
GQ265631, GQ265645
GQ265661

Mecoptera

Panorpa sp.

GQ265572, GQ265595
GQ265620, GQ265632
GQ265646, GQ265662

Mecoptera

Boreus brumalis

GQ265576, GQ265601
---------------, -----------------------------, GQ265666

Mecoptera

Australobittacus sp.

GQ265577, GQ265602*,
GQ265603*, -----------------------------, GQ265667

Mecoptera

Microchorista philpotti

GQ265560, --------------GQ265608, --------------GQ265635, GQ265652

Mecoptera

Boreus sp.

---------------, GQ265582
---------------,--------------GQ265637, GQ265654

Siphonaptera

Neotyphloceras sp.

GQ265579, GQ265607
---------------, -----------------------------, GQ265669

Siphonaptera

Ctenocephalides felis

GQ265561, GQ265581
GQ265609, GQ265625
GQ265636, GQ265653

Gene fragments that were unobtainable for this analysis are indicated by a horizontal line. Asterisks denote portions of CAD amplified in separate
non-overlapping fragments.
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Figure
The
phylogeny
1
of holometabolous insects with divergence time estimates
The phylogeny of holometabolous insects with divergence time estimates. Posterior probabilities/maximum-likelihood bootstrap values are shown at each node. Error bars reflect the 95% confidence interval surrounding each date of divergence. NEU = Neuropterida; AMP = Amphiesmenoptera; ANT = Antliophora.

The controversial placement of Strepsiptera has been the
subject of much debate, particularly in regard to whether
strepsipterans are affected by a methodological artifact
known as long-branch attraction (LBA). LBA is an analytical phenomenon in phylogenetic studies in which rapidly evolving sequences cluster counter to their true
evolutionary history due to non-inherited similarity of
rapidly accumulating mutations in independent lineages.
Theoretical demonstrations of LBA identify it as a particularly difficult problem for parsimony analyses [42,43] in

which the interpretation of shared derived features are
maximized as the basis for explaining common ancestry
[44,45]. Model-based approaches, such as ML and BI
methods, make corrections for the increased chance of
spurious grouping in these lineages by including information about the probability of specific changes along a
branch of the tree into the analysis. However, molecular
models are still widely considered to be under-developed
and model-based methods can still be subject to long-
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Figure
The
congruent
2
maximum-likelihood and Bayesian topology
The congruent maximum-likelihood and Bayesian topology. Maximum-likelihood branch lengths, posterior probabilities are shown above and maximum-likelihood bootstrap values below. Although one strepsipteran in the family Halictophagidae has an exceptionally long branch, the Tribolium branches are only slightly longer than average.

branch grouping errors due to the unpredictability of evolutionary rates [46-48].
Halteria, as supported by 18S rDNA, is often cited as the
first empirical evidence for LBA and initiated the development and use of parametric simulation as a statistical test
for detecting LBA [28]. Both flies and strepsipterans have
exhibited 'long' branches in previous 18S analyses. Similarly, in our current study one strepsipteran has a uniquely
long branch, and the taxon with the next longest branch is
the coleopteran Tribolium. To address the possibility that

in our analyses the Strepsiptera + Coleoptera relationship
is a spurious artifact due to LBA, we thoroughly examined
our data and modified our analyses to detect and potentially rectify effects of LBA.
Although LBA is a well-documented phenomenon, its
precise detection is a challenge [28,29]. Currently, the
retrieval of conflicting results from maximum parsimony
(MP) and ML, parametric simulation, and the visualization of conflict in a dataset can all provide suggestive evidence that LBA may be affecting an analysis [48,49]. Our
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parsimony trees agree with the topology generated by
both ML and BI, a finding not suggestive of LBA.
Parametric simulation, a method developed by Huelsenbeck [29] to test the rDNA-based Halteria findings for
LBA, can provide statistical support that branches are long
enough to attract. In a procedure similar to a parametric
bootstrap, simulated datasets are generated according to a
tree in which taxa with elevated rates of evolution are separated in the topology; in this case, the strepsipterans are
separated from the coleopterans and constrained to the
base of Holometabola. The simulated datasets are then
analyzed to determine whether the putative longbranched taxa will cluster counter to their placement in
the tree on which the data were simulated. If Strepsiptera
and Coleoptera consistently form a clade in analyses of
the simulated datasets, we would conclude that grouping
to be the result of LBA. None of our 100 ML analyses of
the simulated data resulted in the attraction of longbranched strepsipterans and coleopterans to each other.
This finding signifies that in our dataset, in contrast to the
original rDNA data, there is no statistical evidence to suggest that the rates of evolution in the strepsipteran and
coleopteran branches are sufficiently elevated to attract
each other, counter to their accurate (simulated) evolutionary placement.
In contrast to other methods that are implemented postanalysis, visualizing conflict in a dataset can be used to
identify the potential for LBA prior to analysis [50]. A
dataset likely to be affected by LBA should exhibit conflicting signal supporting both the artifactual relationship and
the actual evolutionary relationship. We utilized two visualization methods, likelihood mapping and neighbornets, and our results were not definitive. Likelihood mapping, a quartet puzzling method, showed little conflict
(revealed by only 0.4% of unresolved quartets while 10%
to 15% is considered high) (Figure 3a). However, our
neighbor-net analysis, a network showing all compatible
and incompatible splits, did show conflicting signal
throughout our dataset (Figure 4). The conflicting splits
exist across many regions of the tree, not just regarding
Strepsiptera, indicating that there is no reason to suspect
LBA in regards to Strepsiptera more than other clades. Yet
when a network including Strepsiptera is directly compared with a network with Strepsiptera excluded, it is evident that the conflict in this dataset is substantially
alleviated by the absence of the strepsipterans, particularly
in respect to the reticulation at the base of Diptera. This is
not a clear sign of LBA, but it does suggest that there is
conflicting support for the placement of Strepsiptera and
their relationship to Diptera.
To explore further the potential for LBA identified by the
neighbor-net, we utilized a four- cluster likelihood map-

http://www.biomedcentral.com/1741-7007/7/34

ping analysis to again visualize the degree of conflicting
signal regarding the placement of Strepsiptera. We divided
the taxa into four clusters: (1) Neuropteroidea (which
includes Coleoptera); (2) Mecopterida (which includes
Diptera); (3) Hymenoptera; (4) Strepsiptera. The possible
relationships between these four clades generate three
possible topologies, each represented by a tip of the triangle. This quartet puzzling method plots the probability of
each possible quartet closest to the topology that it favors.
Each region of the triangle or 'basin of attraction' contains
a percentage of quartets that support a particular topology. This analysis again reveals the conflicting signal in
our dataset and shows that we have signal supporting all
three hypotheses regarding the placement of Strepsiptera,
with slightly more support in this analysis for a close relationship of Strepsiptera and Mecopterida (including the
flies) (Figure 3b).
Though our concatenated dataset clearly results in the
placement of Strepsiptera with Coleoptera in MP, ML, and
BI, there is evidence that some signal supports a closer
relationship between Strepsiptera and Diptera. To determine the source of this conflicting signal, we examined
ML analyses of the six individual gene trees. Data contributing phylogenetic information for the placement of
Strepsiptera is available for five out of six genes, and three
out of those five genes place Strepsiptera within the close
vicinity of Coleoptera or Neuropterida. The gene tree for
CAD, however, recovers Halteria, with Strepsiptera as the
sister group to Diptera. At 2000 bp, CAD is the longest
gene in the dataset and in recent years has become a staple
for resolving Mesozoic-age divergences among flies. The
topology of the CAD ML tree reveals that Diptera and
Strepsiptera all have the longest branches in the tree, similar to the initial 18S findings, suggesting the possibility
that LBA may play a role in the CAD recovery of Halteria.
It has been hypothesized that Diptera have experienced
accelerated evolution in comparison to other insects [52],
and by observing their long branches in various datasets
we can surmise that Strepsiptera may have as well. Rapid
evolution in specific loci, such as 18S and CAD, could lead
to LBA and the erroneous grouping of Diptera and Strepsiptera. The reliance on a single locus for phylogenetic resolution, though useful in some circumstances, can clearly
result in inaccurate conclusions. No single gene in our
dataset recovers our well-supported phylogeny that is congruent to morphological hypotheses. Our phylogeny
relies on the concatenation of all six genes to overcome
the misleading signal in CAD placing Strepsiptera as the
sister group to Diptera.
Our findings are robust over multiple phylogenetic methods intended to counter LBA including: the removal of
third positions, RY coding of first and third positions, the
removal of out-groups and long branches, and the use of
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Conflict
Figure 3visualization using likelihood mapping in Tree Puzzle
Conflict visualization using likelihood mapping in Tree Puzzle. (a) The tips of the triangle are considered 'basins of
attraction' that contain the likelihoods of the percentage of quartets that are fully resolved. The center of the triangle represents the percentage (0.5%) of quartets that are unresolved; 0.4% indicated that there is not substantial conflict within our
dataset [64]. (b) Four-cluster likelihood mapping analysis of Mecopterida, Neuropteroidea, Strepsiptera, and Hymenoptera
indicates there is conflicting data supporting the affinity of Strepsiptera to each of these three groups.
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Figure 4
Neighbor-nets
showing conflicting splits when all taxa are included compared with when Strepsiptera are excluded
Neighbor-nets showing conflicting splits when all taxa are included compared with when Strepsiptera are
excluded. The decreased level of conflict in the dataset exhibited when the fast-evolving Strepsiptera are excluded may be
considered indicative of long-branch attraction.
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a conservative alignment (with fast evolving positions
removed by the program Gblocks [49,50,52] (Table 2). In
light of the fact that our many attempts to identify or
ameliorate LBA did not result in a positive detection of
LBA or a change in our results, we concluded that the
Strepsiptera + Coleoptera relationship is not a clear case of
systematic error due to LBA. Our study is the first to rely
on multiple genes to re-address the placement of Strepsiptera and our robust findings should reignite the debate
regarding the morphologically dissimilar orders Strepsiptera and Diptera as sister groups. In light of our findings, upcoming work involving much larger genomic
datasets (S. Longhorn, pers. comm.), and the re-examination of existing morphological characters shared by strepsipterans and beetles [7], we anticipate that the
phylogenetic placement of Strepsiptera will cease to be
considered the most controversial issue in holometabolan
phylogenetics.
We used the concatenated nucleotide sequence data for all
six genes, the BI phylogenetic tree topology of Figure 1,
and several fossil-based minimum age constraints to estimate divergence times for major holometabolous lineages
using the relaxed clock BI method implemented in the
programs Estbranches and Multidivtime [53]. Congruent
to the findings of Gaunt and Miles [35], multiple nuclear
genes place the origin of Holometabola around 355 Ma,

within the Carboniferous, but substantially earlier than
traditional estimates and older than any clearly assignable
holometabolan fossil (Figure 1).
As the earliest branching lineage in the phylogeny, the
Hymenoptera originate just after the mean estimated age
for Holometabola. This date is considerably older than
existing fossil estimates (an increasingly common feature
of most molecule-based divergence time estimates), a pattern suggesting either an incomplete fossil record, biases
in parameter choice, model mis-specification, or some
combination of these [54]. The split between the two
major sub-clades Neuropteroidea and Mecopterida took
place just within the Permian (300 Ma), with the
Amphiesmenoptera/Antliophora diverging at 284 Ma.
The origins of the extant holometabolous orders (excluding the Hymenoptera) appear to have occurred in relatively rapid succession, with dates of origin falling in the
range of approximately 274 Ma to 213 Ma; the earliest
divergences were the Coleoptera/Strepsiptera (274 Ma),
while the most recent were the Raphidioptera and Megaloptera, splitting at 213 Ma. According to current evidence, Diptera and Mecoptera + Siphonaptera last shared
a recent common ancestor approximately 256 Ma.
Though some of our findings for the mean age of origin
do not precisely correspond with traditional ages based
on fossils, most of the published fossil-based values do

Table 2: Clade recovery results from maximum-likelihood analyses with varied taxon and character inclusion used to counter longbranch attraction.
Experiment
Maximum
likelihood

Clade recovery
Coleoptera +
Strepsiptera

Halteria

Basal
Hymenoptera

Mecopterida

Neuropteroidea
(with Strepsiptera)

Amphiesmenoptera

Antliophora

Neuropterida

Third position
included

+

-

+

+

+

+

+

+

Amino acids

+

-

+

+

+

+

+

+

Strepsiptera
removed

N/A

N/A

+

+

+

+

+

+

Out-groups
removed

+

-

N/A

+

+

+

+

+

Third RY coded

+

-

+

+

+

+

+

+

First and third
RY coded

-

-

+

+

+

+

+

+

Conservative
alignment

+

-

+

+

+

+

+

+

Taxa with base
composition bias
excluded

-

-

+

+

+

+

+

+

These variations on taxon and character inclusion (with the exception of the inclusion of third positions) are cited as a means to rectify the effects
of long-branch attraction. Clade recovery from these various methods is substantially in agreement with each other and with our final results.
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fall within the 95% posterior probability range interval for
our molecule-based estimates. Additionally, the insect
fossil record is currently dramatically expanding
[1,55,56], and thus, better fossil calibrations coupled with
larger samples of genes and taxa, as well as improved analytical methods, should continue to sharpen divergence
time estimates for the major holometabolous clades.
Molecular divergence time estimates and fossils agree that
Holometabola had its origins within the Paleozoic, most
likely in the late Carboniferous. The subsequent origins of
the extant orders (excluding Hymenoptera) took place
primarily within the Triassic, with primary splits occurring
at the end of the Permian, and with the crown group
diversification of many orders beginning in the early
Jurassic. Most explanations for the enormous species
diversity of holometabolous insect clades that have dominated the earth's terrestrial ecosystems since the Jurassic
feature 'key innovations', such as adaptations associated
with feeding on vascular plants, separation of adult, larval, and pupal stages, or morphological developments
like the 'wasp waist', beetle elytron, and fly puparium
[8,57-59]. Ultimately, these disparate adaptations seem to
have had similar macro-evolutionary effects repeated
widely across holometabolous groups; they allowed specific clades to exploit the resources provided by an increasingly complex environment and rapidly speciate in an
expanding arena of biological interactions, undoubtedly
propelled in many cases by flowering plant diversification
[57,58,60]. The testing of key innovation hypotheses to
explain the prodigious diversity of holometabolous
insects remains a major task of insect phylogenetic
research [33,59,61], but extreme diversity has made it difficult to resolve phylogenetic relationships among the
major lineages. Consequently, conflicting lines of evidence will continue to make holometabolan phylogeny
one of the most important, and revisited questions in
insect phylogenetics.
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Methods
Taxa sampled, DNA extraction, amplification and
sequencing
A total of 29 taxa representing the 11 holometabolous
orders and two hemimetabolous out-groups were sampled for sequence data from six nuclear protein-coding
genes: CAD, AATS, TPI, RNA POL II, SNF, and PGD (Table
1). Taxonomic information and Genbank accession numbers are available in Table 1 and nucleotide alignments
are deposited in TreeBase http://www.treebase.org.
Sequence alignments and trees are available for download
from Treebase.org. Genomic DNA was extracted using the
DNeasy DNA extraction kit and the RNA extraction kit
(real time – polymerase chain reaction (PCR)) (QIAGEN
Inc., Valencia, CA, USA). The standard protocol was
altered by extending the amount of time the specimen was
in the proteinase K solution to 2 days in order to allow
enzymes to penetrate the cuticle without grinding the
specimen. Final elution was reduced to 30 Pl to avoid
diluting the DNA solution. Genes were amplified and
sequenced using degenerate primers designed by Moulton
[62] for CAD and by JWK for the remaining five genes.
PCR parameters varied for the six genes, but followed typical three-step reaction protocols (available on request
from BMW). PCR products were extracted from agarose
gels and purified with the Qiaquick Gel Extraction kit
(Qiagen, Santa Clara, CA, USA). Big Dye Sequencing kits
(Applied Biosystems, Foster City, CA, USA) were used for
sequencing reactions and sequencing was completed at
the North Carolina State University, Genomic Sciences
Laboratory. Sequences were assembled and edited using
Sequencher 4.1 (Gene Codes Corp., Ann Arbor, MI, USA).
Alignment was carried out manually according to the
amino acid translation using Se-Al 2.0 [63]. Introns and
other positions of ambiguous alignment were removed
from the analysis. To detect existing base compositional
bias, a chi-square test of homogeneity of base frequencies
across taxa was performed for the concatenated dataset
using Tree Puzzle [64].

Conclusion
A new and taxonomically complete phylogenetic hypothesis for the relationships among holometabolous insect
orders is presented based on six nuclear protein-coding
genes. This evolutionary framework provides a critical
foundation for comparative studies of insect model
organisms. We have also added to the growing debate
regarding the phylogenetic placement of Strepsiptera by
providing the first molecular evidence that they are close
relatives of beetles. The extensive analyses confirmed that
the placement of Strepsiptera is not a methodological artifact, as previously proposed in other studies. Divergence
time estimates show that the Holometabola emerged in
the Carboniferous, while the spectacular radiations of the
primary groups that exist today, wasps and bees, beetles,
butterflies and flies, occurred in the Triassic.

Phylogenetic analyses
MP, ML, and BI analyses were completed with all positions included, third positions excluded, third positions
RY coded (purine/pyrimidine coding), first and third
positions RY coded, as amino acids, and of each independent gene with the third positions removed. In addition, a conservative alignment was generated in the
program GBlocks, which identifies and removes areas of
ambiguous alignment from the dataset [52] and analyzed
with MP, ML, and BI. The following exploratory analyses
with adjusted taxon sampling were completed with third
positions removed: the removal of taxa with base composition bias, strepsipterans removed, coleopterans
removed, and out-groups removed. These variations on
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character and taxon inclusion have all been suggested as
means to rectify LBA [49,65].
MP analyses
MP analyses were done using Paup* 4.0b10 [66]. Heuristic searches with tree bisection-reconnection branch swapping and 100 random addition replicates were completed
to find the shortest trees. Node support was obtained by
acquiring bootstrap values from heuristic searches of 500
re-sampled datasets and 10 random addition replicates.
BI analyses
An appropriate model of nucleotide evolution, in this case
GTR + I + G, was chosen by using Mr.Modeltest [67].
Using MrBayes [68,69], analyses were conducted for 5
million generations, trees sampled every 1000, with the
first 25% discarded as burn-in. For nucleotide analyses,
the model GTR + I + G was used with each gene treated as
a separate partition; however, when third positions were
included, each codon position was treated as a separate
partition. For amino acid analyses, the WAG model [70]
and a mixed model [71] were used, with each gene treated
as a separate partition.
ML analyses
ML analyses were performed using Garli [72] with a GTR
+ I + G model for nucleotides and the WAG model for
amino acids. To obtain bootstrap values, 500 bootstrap
replicates were performed.
Conflict visualization
In order to visualize conflicting phylogenetic signal in our
dataset, likelihood mapping and four-cluster likelihood
mapping analyses were completed using the program Tree
Puzzle [64]. Analyses of 10,000 quartets were completed
using quartet sampling and a neighbor-joining tree with
exact parameter estimates and a GTR + I + G model of substitution. To generate neighbor-nets, we analyzed a Paup*
[66] generated matrix of ML inferred distances in the program SplitsTree [73]. Neighbor-nets were generated with
all taxa included and with Strepsiptera excluded.
Parametric simulation
In an effort to statistically determine whether our recovery
of the Strepsiptera/Coleoptera clade was the result of LBA,
we carried out a parametric simulation similar to that
described by Huelsenbeck [29]. First, an input tree topology was constructed on which Coleoptera and Strepsiptera were separated (the strepsipterans were
constrained to group at the base of Holometabola).
Branch lengths, substitution rates, base frequencies, and
gamma parameters for both first and second positions
independently were calculated using Paup* 4.0b10 [66].
Using the program Mesquite v. 2.5 [74], 100 individual
datasets of 1912 bp were simulated according to the con-
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straint tree and with ML branch lengths and model
parameters for both positions 1 and 2 of our empirical
data. These position 1 and 2 datasets were then concatenated, resulting in 100 datasets of 3824 bp. The 100 datasets were analyzed using Garli [72]. To determine if, and
how frequently, the strepsipterans grouped with the beetles, a consensus network showing all splits in the 100
resulting trees was generated in SplitsTree [73].
Divergence time estimation
Divergence time estimates were calculated using the
relaxed-clock BI MCMC method implemented in the program Multidivtime [53,75]. Inputs to the program include
our dataset of six concatenated nucleotide gene sequences
(excluding third position sites), the tree topology of Figure 1, and empirical model parameters and ML branch
lengths calculated in the BASEML routine of the program
PAML 3.4 [53,76]. To better delimit the search space and
constrain ages based on several known fossils, we
bounded the holometabolan root age to fall between 360
Ma (maximum age) or the approximate age of the Neoptera (a group that includes the majority of winged insects),
and 280 Ma, a hypothetical minimum age for Holometabola [1]. Four additional minimum ages were set for lineages represented in the tree based on firmly established
fossils: 220 Ma for Mecoptera (Thaumatomerope neuropteroides) [77], 227 Ma for Diptera (Grauvogelia arzvilleriana)
[78], and 270 Ma for Coleoptera (Sylvacoleus sharovi) [77].
All other analysis conditions were identical to those used
in Wiegmann et al. [75]. The effects of model prior designations on age estimates were investigated using runs that
exclude the nucleotide data [53]. For analyses that
included the data, multiple independent runs of the
Markov chain from differing starting conditions were carried out to confirm convergence and robustness of estimated ages and rates [54].

Abbreviations
BI: Bayesian; bp: base pairs; LBA: long-branch attraction;
ML: maximum likelihood; MP: maximum parsimony;
PCR: polymerase chain reaction.

Authors' contributions
BMW, JWK, MDT, MAB, SLW, and BKC conceived and
designed the experiments. JWK and BKC designed oligonucleotides and collected data. MDT, JWK, and BMW performed the experiments and analyzed the data. SLW,
MAB, DKY, and BKC contributed specimens/reagents/
materials/analysis tools. MDT, BMW, and DKY wrote the
paper.

Acknowledgements
We thank the following individuals and laboratories for providing insect
specimens used in this study: G. Kennedy, F. Gould, M. Scoble, C. Mitter,
A. Borkent, T. Rogers, and W. Watson. We also thank A. Deans, J. Regier,
and I. Winkler for comments on an early draft of the paper.

Page 14 of 16
(page number not for citation purposes)

BMC Biology 2009, 7:34

References
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.

11.
12.
13.

14.

15.
16.
17.

18.
19.
20.

21.
22.

23.
24.
25.
26.

27.

Grimaldi D, Engel MS: Evolution of the Insects. New York: Cambridge; 2005.
Gaston KJ: The magnitude of global insect species richness.
Conserv Biol 1991, 5:283-296.
Raven PH, Yeates DK: Australian biodiversity: threats for the
present, opportunities for the future. Aust J Entomol 2005,
46:177-187.
Wilson EO: The Diversity of Life. Cambridge, MA: Belknap Press;
1992.
Whiting MF: Phylogeny of the holometabolous insect orders:
molecular evidence. Zool Scr 2002, 31:3-15.
Whiting MF, Whiting AS, Hastriter MW: A comprehensive phylogeny of Mecoptera and Siphonaptera. Entomol Abh 2003,
61:169.
Beutel RG, Pohl H: Endopterygote systematics – Where do we
stand and what is the goal (Hexapoda, Arthropoda)? Syst
Entomol 2006, 31:202.
Kristensen NP: Phylogeny of endopterygote insects, the most
successful lineage of living organisms. Eur J Entomol 1999,
96:237.
Crowson RA: The phylogeny of the Coleoptera. Annu Rev Entomol 1960, 5:111-134.
Beutel RG, Gorb S: Ultrastructure of attachment specializations of hexapods (Arthropoda): evolutionary patterns
inferred from a revised ordinal phylogeny. J Zoolog Syst Evol Res
2001, 39:177.
Hornschenmeyer T: Phylogenetic significance of the wing base
of Holometabola (Insecta). Zool Scr 2002, 31:17-29.
Hunefeld R, Beutel RG: The sperm pumps of Strepsiptera and
Antliophora (Hexapoda). J Zoolog Syst Evol Res 2005, 43:297-306.
Castro LR, Dowton M: The position of the Hymenoptera within
the Holometabola as inferred from the mitochondrial
genome of Perga condei (Hymenoptera: Symphyta: Pergidae). Mol Phylogenet Evol 2005, 34:469-479.
Savard J, Tautz D, Richards S, Weinstock GM, Gibbs R, Werren JH,
Tettelin H, Lercher MJ: Phylogenetic analysis reveals bees and
wasps (Hymenoptera) at the base of the radiation of holometabolous insects. Genome Res 2006, 16:1334-1338.
Kjer KM: Aligned 18S and insect phylogeny. Syst Biol 2004,
53:506-514.
Carmean D, Kimsey LS, Berbee ML: 18S rDNA sequences and the
holometabolous insects. Mol Phylogenet Evol 1992, 1:270-278.
Chalwatzis N, Hauf J, Peer YVD, Kinzelbach R, Zimmerman FK: 18S
ribosomal RNA genes of insects: Primary structure of the
genes and molecular phylogeny of the Holometabola. Ann
Entomol Soc Am 1996, 89:788-803.
Pashley DP, McPheron BA, Zimmer EA: Systematics of the
holometabolous insect orders based on 18S ribosomal RNA.
Mol Phylogenet Evol 1993, 2:132-142.
Kristensen NP: Phylogeny of insect orders. Annu Rev Entomol
1981, 6:135-157.
Kristensen NP: Phylogeny of extant hexapods. In The Insects of
Australia Edited by: The Commonwealth Scientific and Research
Organization (CSIRO). Carlton: Melbourne University Press;
1991:125-140.
Whiting MF, Wheeler WC: Insect homeotic transformation.
Nature 1994, 368:696.
Whiting MF, Carpenter JC, Wheeler WC, Wheeler QD: The Strepsiptera problem: Phylogeny of the holometabolous insect
orders inferred from 18s and 28s ribosomal DNA sequences
and morphology. Syst Biol 1997, 46:1-68.
Whiting MF: Phylogenetic position of Diptera: Review of the
evidence. In The Evolutionary Biology of Flies Edited by: Yeates DK,
Wiegmann BM. Columbia University Press: New York; 2005:3-13.
Wheeler WC, Whiting M, Wheeler QD, Carpenter JM: The phylogeny of the extant hexapod orders. Cladistics 2001, 17:113-169.
Lawrence P: The Making of a Fly: The Genetics of Animal
Design. Blackwell Publishing: Oxford, UK; 1992.
Rokas A, Kathirithamby J, Holland PWH: Intron insertion as a phylogenetic character: the engrailed homeobox of Strepsiptera
does not indicate affinity with Diptera. Insect Mol Biol 1999,
8:527-530.
Carmean D, Crespi BJ: Do long branches attract flies? Nature
1995, 373:666-670.

http://www.biomedcentral.com/1741-7007/7/34

28.
29.
30.

31.

32.

33.

34.
35.
36.

37.
38.
39.
40.
41.
42.
43.
44.
45.

46.
47.
48.
49.
50.

51.
52.
53.

Huelsenbeck JP: Is the Felsenstein zone a fly trap? Syst Biol 1997,
46:69-74.
Huelsenbeck JP: Systematic bias in phylogenetic analysis: is the
Strepsiptera problem solved? Syst Biol 1998, 47:519-537.
Hwang UW, Kim W, Tautz D, Friedrich M: Molecular phylogenetics at the Felsenstein Zone: Approaching the Strepsiptera
problem using 5.85 and 28S rDNA sequences. Mol Phylogenet
Evol 1998, 9:470-480.
Hayward DC, Trueman JWH, Bastiani MJ, Ball EE: The structure of
the USP/PXR of Xenos pecki indicates that Strepsiptera are
not closely related to Diptera.
Dev Genes Evol 2005,
215:213-219.
Bonneton F, Brunet FG, Kathirithamby J, Laudet V: The rapid divergence of the ecdysone receptor is a synapomorphy for
Mecopterida that clarifies the Strepsiptera problem. Insect
Mol Biol 2006, 15:351-362.
Nel A, Roques P, Nel P, Prokop J, Steyer JS: The earliest holometabolous insect from the Carboniferous: a 'crucial' innovation with delayed success (Insecta Protomeropina
Protomeropidae). Ann Soc Entomol Fr 2007, 43:349-355.
Labandeira CC, Phillips TL: A Carboniferous insect gall: Insight
into early ecological history of the Holometabola. Proc Natl
Acad Sci USA 1996, 93:8470.
Gaunt MW, Miles MA: An insect molecular clock dates the origin of the insects and accords with palaeoentological and biogeographic landmarks. Mol Biol Evol 2002, 19:748-761.
Gillespie JJ: Assessing the odd secondary structure properties
of nuclear small subunit ribosomal RNA sequences (18S) of
the twisted-wing parasites (Insecta: Strepsiptera). Insect Mol
Biol 2005, 14:625-643.
Rohdenorf BB, Rasnitsyn AP: Historical Development of the
Class Insecta. Moscow: Nauka Press; 1980.
Rasnitsyn AP: Cohors Scarabaeiformes Laicharting, 1781. The
Holometabolans. In History of Insects Edited by: Rasnitsyn AP,
Quicke DLJ. Dordrecht: Khuwer Academic Publishers; 2002:157-159.
Kukalova Peck J, Lawrence JF: Relationships among coleopteran
suborders and major endoneopteran lineages: Evidence
from hind wing characters. Eur J Entomol 2004, 101:95-144.
Krauss V, Pecyna M, Kurz K, Sass H: Phylogenetic mapping of
intron positions; a case study of translation initiation factor
elF2. Mol Biol Evol 2005, 22:74-84.
Zdobnov EM, Bork P: Quantification of insect genome divergence. Trends Genet 2006, 23:1.
Felsenstein J: Cases in which parsimony or compatibility methods will be positively misleading. Syst Zool 1978, 27:401-410.
Hendy MD, Penny D: A framework for the quantitative study of
evolutionary trees. Syst Zool 1989, 38:297-309.
Hennig W: Phylogenetic Systematics. Urbana: University of Illinois Press; 1966.
Swofford DL, Olsen GJ, Waddell PJ, Hillis DM: Phylogenetic inference. In Molecular Systematics 2nd edition. Edited by: Hillis DM,
Moritz C, Mable B. Sunderland, MA: Sinauer Associates;
1996:407-514.
Kuhner M, Felsenstein J: A simulation comparison of phylogeny
algorithms under equal and unequal evolutionary rates. Mol
Biol Evol 1994, 11:459-468. (Erratum Mol Biol Evol 1995, 12:525.)
Bruno WJ, Halpern AL: Topological bias and inconsistency of
maximum likelihood using wrong models. Mol Biol Evol 1999,
15:564-566.
Pol D, Sidall ME: Biases in maximum likelihood and parsimony:
A simulation approach to a 10-taxon case. Cladistics 2001,
17:266-281.
Bergsten J: A review of long-branch attraction. Cladistics 2005,
21:163-193.
Kennedy M, Holland BR, Gray RD, Spencer HG: Untangling long
branches: identifying conflicting signals using spectral analysis, neighbor-net, and consensus networks. Syst Biol 2005,
54:620-633.
Savard J, Tautz D, Lercher M: Genome-wide acceleration of protein evolution in flies (Diptera). BMC Evol Biol 2006, 6:7.
Castresana J: Selection of conserved blocks from multiple
alignments for their use in phylogenetic analysis. Mol Biol Evol
2000, 17:540-552.
Thorne JL, Kishino H, Painter IS: Performance of a divergence
time estimation method under a probabilistic model of rate
evolution. Mol Biol Evol 1998, 15:1647-1657.

Page 15 of 16
(page number not for citation purposes)

BMC Biology 2009, 7:34

54.
55.
56.

57.
58.
59.
60.
61.
62.
63.
64.
65.

66.
67.
68.
69.
70.
71.
72.

73.
74.
75.
76.
77.
78.

Thorne JL, Kishino H: Divergence time and evolutionary rate
estimation with multilocus data. Syst Biol 2002, 51:689-702.
Blagoderov V, Grimaldi DA, Fraser NC: How time flies for flies:
Diverse Diptera from the Triassic of Virginia and early radiation of the order. Am Mus Novit 2007, 3572:1-40.
Labandeira CC: Assessing the fossil record of plant-insect associations: ichnodata versus body-fossil data. In Sediment-Organism Interactions: A Multifaceted Ichnology Volume 88. Edited by: Bromley
R, Buatois L, Genise J, Mángano MG, Melchor R. SEPM Special Publication, The Geological Society of America: Boulder, CO; 2008.
Mitter C, Farrell BD, Wiegmann BM: The phylogenetic study of
adaptive radiation: Has phytophagy promoted insect diversification? Am Nat 1988, 132:107-128.
Farrell BD: 'Inordinate fondness' explained: Why are there so
many beetles? Science 1998, 281:555-559.
Mayhew PJ: Why are there so many insect species? Perspectives from fossils and phylogenies. Biol Rev 2007, 82:425-454.
Labandeira C: Silurian to Triassic plant and hexapod clades
and their associations: new data, a review and interpretations. Arthropod Syst Phylogeny 2006, 64:53-94.
Wheat CW, Vogel H, Wittstock U, Braby MF, Underwood D, Mitchell-Olds T: The genetic basis of a plant-insect coevolutionary
key innovation. Proc Natl Acad Sci USA 2007, 104:20427-20431.
Moulton JK, Wiegmann BM: Evolution and phylogenetic utility of
CAD (rudimentary) among Mesozoic-aged eremoneuran
Diptera (Insecta). Mol Phylogenet Evol 2004, 31:363-378.
Rambaut A: Sequence Alignment Editor. Ver. 2.0. [http://
tree.bio.ed.ac.uk/software/seal/].
Strimmer K, Von Haeseler A: Likelihood-mapping: a simple
method to visualize phylogenetic content of a sequence
alignment. Proc Natl Acad Sci USA 1997, 94:6815-6819.
Brinkmann H, Geizen M van der, Zhou Y, de Raucourt GP, Philippe
H: An empirical assessment of long-branch attraction artefacts in deep eukaryotic phylogenomics. Syst Biol 2005,
54:743-757.
Swofford DL: PAUP* Phylogenetic Analysis Using Parsimony
(*and Other Methods), Version 4. Sunderland, MA: Sinauer
Associates; 2002.
Nylander JAA: MrModeltest v2. [Program distributed by the
author.]. Evolutionary Biology Centre: Uppsala University; 2004.
Huelsenbeck JP, Ronquist F: MRBAYES: Bayesian inference of
phylogeny. Bioinformatics 2001, 17:754-755.
Ronquist A, Huelsenbeck JP: MrBayes 3: Bayesian phylogenetic
inference under mixed models.
Bioinformatics 2003,
19:1572-1574.
Whelan S, Goldman N: A general empirical model of protein
evolution derived from multiple protein families using a
maximum-likelihood approach. Mol Biol Evol 2001, 18:691-699.
Lartillot N, Philippe H: A Bayesian mixture model for acrosssite heterogeneities in the amino-acid replacement process.
Mol Biol Evol 2004, 21:1095-1109.
Zwickl DJ: Genetic algorithm approaches for the phylogenetic
analysis of large biological sequence datasets under the maximum likelihood criterion. In PhD thesis The University of Texas
at Austin; 2006.
Huson DH, Bryant D: Application of phylogenetic networks in
evolutionary studies. Mol Biol Evol 2006, 23:254-267.
Maddison WP, Maddison DR: Mesquite: a modular system for
evolutionary analysis. Version 2.5. [http://mesquiteproject.org].
Wiegmann BM, Yeates DK, Thorne JL, Kishino H: Time flies, a new
molecular time-scale for brachyceran fly evolution without a
clock. Syst Biol 2003, 52:745-756.
Yang Z: PAML: a program package for phylogenetic analysis
by maximum likelihood. Comput Appl Biosci 1997, 15:555-556
[http://abacus.gene.ucl.ac.uk/software/paml.html].
Ponomarenko AG: Historical development of Archostematan
beetles. Tr Paleontol Inst Akad Nauk 1969, 125:1-240.
Krzeminski W, Krzeminska E, Papier F: Grauvogelia arzvilleriana
sp. n. – the oldest Diptera species (Lower/Middle Triassic of
France). Acta Zool Cracov 1994, 37:95-99.

http://www.biomedcentral.com/1741-7007/7/34

Publish with Bio Med Central and every
scientist can read your work free of charge
"BioMed Central will be the most significant development for
disseminating the results of biomedical researc h in our lifetime."
Sir Paul Nurse, Cancer Research UK

Your research papers will be:
available free of charge to the entire biomedical community
peer reviewed and published immediately upon acceptance
cited in PubMed and archived on PubMed Central
yours — you keep the copyright

BioMedcentral

Submit your manuscript here:
http://www.biomedcentral.com/info/publishing_adv.asp

Page 16 of 16
(page number not for citation purposes)

