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Abstract—The current views on the phylogeny of arthropods are at odds with the traditional system, which
recognizes four independent arthropod classes: Chelicerata, Crustacea, Myriapoda, and Insecta. There is compelling evidence that insects comprise a monophyletic lineage with Crustacea within a larger clade named Pancrustacea, or Tetraconata. However, which crustacean group is the closest living relative of insects is still an
open question. In recent phylogenetic trees constructed on the basis of large gene sequence data insects are
placed together with primitive crustaceans, the Branchiopoda. This topology is often suspected to be a result of
the long branch attraction artifact. We analyzed concatenated data on 77 ribosomal proteins, elongation factor
1A (EF1A), initiation factor 5A (eIF5A), and several other nuclear and mitochondrial proteins. Analyses of
nuclear genes confirm the monophyly of Hexapoda, the clade uniting entognath and ectognath insects. The
hypothesis of the monophyly of Hexapoda and Branchiopoda is supported in the majority of analyses. The
Maxillopoda, another clade of Entomostraca, occupies a sister position to the Hexapoda + Branchiopoda group.
Higher crustaceans, the Malacostraca, in most analyses appear a more basal lineage within the Pancrustacea.
We report molecular synapomorphies in low homoplastic regions, which support the clade Hexapoda + Branchiopoda + Maxillopoda and the monophyletic Malacostraca including Phyllocarida. Thus, the common origin
of Hexapoda and Branchiopoda and their position within Entomostraca are suggested to represent bona fide
phylogenetic relationships rather than computational artifacts.
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Insects are among the most abundant groups of living organisms on earth. From this fact, when joking
that all animals are roughly insects [1] we might not
be telling lies. However, the phylogenetic relationships of insects with other arthropod taxa remain
vague [2]. The traditional grouping of insects with the
Myriapoda in one subphylum, Tracheata, or Atelocerata [1–3], gains no support from DNA sequence analyses, which instead favor the hypothesis of a close
relationship between insects and crustaceans [4–14] –
a clade named Pancrustacea [15], or Tetraconata [16].
This phylogenetic view conforms with a number of
common features in anatomy and nervous system
development [7, 13–22], which synapomorphic
nature, however, is yet questionable [23]. So far, the

hypothesis of Pancrustacea has not superseded the traditional, more familiar system [24, 25].
If the Pancrustacea does exist, an immediate question [17] is which crustacean group is the closest relative of insects and, if insects diverged from the stem
of the crustaceans, the monophyly of all extant crustaceans is to be verified. Until recently, neither zoological nor molecular data sufficed to comprehensively
solve this problem [24]. Massive arrival of cDNA
sequence data for a wide range of non-model organisms has quickly changed the situation. A phylogenetic tree obtained for the first time with a really large
set of genes (133 predicted proteins, over
30 000 amino acid residues) containing insects and
crustaceans was published two years ago[26]. In this
tree, two groups of crustaceans—Decapoda and Cla-

804

THE PHYLOGENETIC POSITION OF INSECTS IN THE PANCRUSTACEA CLADE

docera—diverge from the common stem with insects
as two independent branches, thus making crustaceans paraphyletic with respect to insects. However,
this remarkable fact was dropped from the discussion,
as the work [26] aimed at studying systematic errors
associated with analyses of large molecular data, and
the phylogenetic relationships within Pancrustacea
clearly fell beyond the scope. During past two years,
cDNA sequence data became available for a wide
range of arthropod taxa providing for the possibility to
re-evaluate the phylogenetic relationships between
insects and crustaceans and clarify whether the paraphyly of crustaceans is the reality or a computational
artifact.
EXPERIMENTAL
Nucleotide sequences of arthropods and the outgroup were obtained from GenBank, NCBI Trace
Archive (www.ncbi.nlm.nih.gov), and NEMBASE
(http://www.nematodes.org)
[27].
Orthologous
sequences were selected with the BLAST algorithms
[28], translated according to the universal genetic
code and aligned using MUSCLE [29]. The alignment
was manually corrected with BioEdit [30]. The nucleotide sequences were used further only for frameshift
error corrections in conserved protein regions. Erroneously annotated sequences were screened off in
analyses of trees constructed for each protein family
with the TREEFINDER and SEMPHY programs [31,
32]. Individual gene family alignments were concatenated using SCaFoS [33], and hypervariable regions
that could not be unambiguously aligned were
removed. The following chimeric operational taxonomic units were formed for closely related species
with missing data: Peracarida (comprising sequences
of the amphipods Gammarus pulex and Parhyale hawaiiensis and isopod Eurydice pulchra) and Onychophora
(Epiperipatus sp. and Euperipatoides kanangrensis).
At the stage of selecting data for phylogenetic
analyses, we pursued two goals: first, to minimize
missing data in the matrix and, second, to avoid paralogs. Ribosomal proteins proved to be nearly ideal for
achieving the both. They are easy to classify into
groups of orthologs, their paralogs are seldom and
usually easily detectable, and the amount of ribosomal
transcripts is very high in the cell and so well represented in cDNA libraries of many species. We concatenated 77 ribosomal proteins, an almost complete kit
of a “typical” eukaryotic ribosome, except for the
short protein L41 and ribosomal stalk proteins P0, P1,
and P2. Other nuclear encoded proteins used in the
study were tested for orthology by a unidirectional
BLAST search over completely sequenced genomes.
Aligned sequences of mitochondrial proteins were
obtained
from
the
NCBI
database
(www.ncbi.nlm.nih.gov/genomes/ORGANELLES/or
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ganelles.html) and OGRe (http://drake.physics.mcmaster.ca/ogre/index.shtml) [34]. The alignment was manually inspected and corrected. Highly
variable regions were removed with Gblocks [35]. All
predicted mitochondrial proteins, except for variable
ATP6, ATP8, and NAD6, were taken in analyses.
Preliminary analysis of the concatenated set was
conducted with maximum likelihood using Phyml
[36]; a more refined analysis was done with MrBayes
3.1.2 [37]. The optimal matrix of amino acid substitutions was selected with ModelGenerator [38] using
distributed computing [39] or using the mixed model
option of MrBayes 3.1.2. All parameters, except for
branch topology and lengths, were calculated independently for all proteins in the concatenated dataset
(the partition function). Potential synapomorphies
were detected in a semiautomatic mode. At the first
stage, the protpars program of the PHYLIP package
[40] was used to display predicted sequences at nodes
of the tree, then all substitutions at the node were
checked for changes in sites with low levels of
homoplasy.
Alternative topologies (generated using TreeView
[41]) were evaluated with TREE-PUZZLE 5.2 [42],
and statistical approximately unbiased (AU) test [43]
was carried out with CONSEL [44]. The mitochondrial protein tree was visualized with the Treecon software package [45].
RESULTS
Complete Set of Ribosomal Proteins
The analyzed set contained the aligned and concatenated amino acid sequences of 77 ribosomal proteins. After elimination of variable regions with
ambiguous alignment, the concatenated alignment
comprised 11 349 positions. The completeness of data
for each operational taxonomic unit is shown in Fig. 1
as a percent rate that represents the proportion of filled
positions to the total number of positions in the concatenated alignment. Individual ribosomal proteins
considerably differ in the degree of conservation: the
calculated fraction of invariant positions varies from
0.02 (RpS12, RpL30, and RpL18) to 0.19–0.21
(RpL13, RpL11, and RpL10). They also differ in the
evolutionary rate of individual sites: the α-parameter
of Γ-distribution in our set (containing a well represented outgroup) varies from 0.17–0.38 (RpS28,
RpL40, RpS14, RpS23, RpS9, and RpS5) to 1.31–
1.49 (RpL28, RpS12, RpS19, RpL24, and RpL24like). For the majority of proteins (54 of 77), the pattern of amino acid substitutions is best described by
the rtREV model [46]; for 16 proteins, by the WAG
[47]; for 5 proteins, by the JTT [48]; and for two proteins, the rtREV and WAG models are approximately
equally adequate. A long-term computation using a
Monte Carlo procedure (ngen = 10 000 000), coupled
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Daphnia pulex 97%
Artemia franciscana 99%
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outgroup
Fig. 1. Bayesian tree of concatenated sequences of 77 ribosomal proteins. The total length of the alignment after the removal of
poorly alignable regions is 11349 amino acid residues. The percentage of filled positions in the alignment is given after the names
of operational taxonomic units. Posterior probabilities over two independent runs are shown if not 1.0. Run parameterization:
nruns = 2, nchains = 4, rates = invgamma, ngammacat = 8, aamodelpr = mixed, ngen = 10000000, burnin = 5000000, partition =
by_gene, partition by_gene = 77, unlink statefreq = (all), shape = (all), pinvar =(all), and aamodel = (all). The chimeras are described
in the text. The branches of insects and collembolans are in bold; the species of Entomostraca (Branchiopoda and Maxillopoda) are
in semi-bold.

with the Markov chains in the MrBayes program,
failed to converge in two parallel runs. In each run, we
observed the stabilization of an alternative topology,
leading to a posterior probability of 0.5 for some
nodes of the tree. However, these differences only
concern the relationship in the outgroup (Fig. 1). In
the resulting tree, the insects cluster together with
springtails forming a Hexapoda clade, which in turn
clusters with Branchiopoda. This is not a fundamentally new result; it supports the hypothesis on a monophyly of insects and brachiopods that was proposed
earlier [11, 14, 49, 50]. The branch of copepods on the
tree is somewhat more distant from insects; this is the
only Maxillopoda group sufficiently represented in
the cDNA database. Finally, the branch of “higher
crustaceans”, Malacostraca, diverges at the base of
Pancrustacea. The posterior probability for all groups
within Pancrustacea is 1.0.
Taking the tree constructed by MrBayes (Fig. 1) as
a basis, we tested 63 alternative topologies changing
the positions of insects (including Collembola) and
Myriapoda (represented in our set by a single species).
To speed up the computation, partitioning of the align-

ment was not performed, and the concatenated alignment was evaluated as a single sequence. The statistical significance of the differences between topologies
were calculated with Γ-distribution approximated by
eight categories plus the invariant positions in the
WAG model of amino acid substitutions. According to
AU test [43], only six of the 63 alternative topologies
overcame a 5% significance threshold and only three
more according to Kishino–Hasegawa (KH) test [51].
The topology recognized as the best according to
Bayesian analysis received the highest likelihood
value.
The nine highest scoring phylograms are shown in
Fig. 2. All of them demonstrate the tendency of insects
to cluster with “lower” crustaceans, Entomostraca,
while none of them recovers a group with Myriapoda.
Myriapods are found outside the Pancrustacea, i.e.,
the taxon Tracheata, or Atelocerata, appears polyphyletic. In the best scoring tree, myriapods cluster with
chelicerates; nonetheless, their phylogenetic position
still remains unsettled, because there are two alternative variants that are insignificantly worse than the
“best” topology, namely, when myriapods are placed
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Fig. 2. Alternative topologies based on 77 concatenated ribosomal proteins, which are not significantly different according to the
AU and/or KH statistical tests. The topologies were constructed on the basis of the Bayesian tree (Fig. 1) by reshuffling the insects
and myriapods with respect to other arthropod branches. Site likelihoods were calculated with TREE-PUZZLE 5.2 under WAG +
I + Γ with 8 rate categories. (a–i) Nine best phylograms ranged by the AU test,(j) the top ten lines of the CONSEL output with statistics for the 10 best topologies out of the 63 tested. In bold are common branches of insects and Entomostraca.

within the Mandibulata (Fig. 2e, f) or when they are
placed at the base of Arthropoda (Fig. 2g–i). Previous
studies have also failed to resolve the position of Myriapoda [10, 12, 52].
Synapomorphies in Individual Genes
(1) Protein RpS28. The consistent grouping of
insects with crustaceans, more specifically Entomostraca(Figs. 1 and 2), is expected to be a result of similarities in their ribosomal protein sequences. However, the results briefed in the previous section fail to
answer the question whether similar states of characters had been inherited from the remote common
ancestor (are symplesiomorphic) or originated in the
nearest common ancestor and are therefore true synapomorphic indicators of kinship. Yet another possibility is their independent emergence via homoplastic
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changes in genetic material. The logic of phylogenetic
analysis ascribes different meanings to symplesiomorphic and synapomorphic similarities (for review,
see [53, 54]). To assess the characters common for
insects and Entomostraca from the standpoint of cladistics, we used protpars program to find the particular characters supporting this group. First and foremost, we were interested in the similarities at conserved positions, where any substitutions are rare, and
the substitutions in the sites with varying evolutionary
rate.
RpS28 is a small relatively conserved ribosomal
protein. The calculated fraction of invariant sites for
our set of RpS28 sequences is 0.089; this value is similar to the mean value for ribosomal proteins. However, RpS28 differs from the other ribosomal proteins
by having the highest level of among site rate hetero-
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geneity: the value of the α-parameter of the Γ-distribution for this protein is 0.169, which is a minimal
value over the entire set. In other words, RpS28 contains both highly conserved sites (but not invariant
sites, the number of which in RpS28 does not considerably deviate from the mean across all set; see above)
and highly variable sites. This is a favorable combination for phylogenetic markers.
Figure 3 shows a small (according to the number of
species) fragment of the RpS28 alignment, highlighting three synapomorphic substitutions in Hexapoda
and Entomostraca. The established evolutionary
direction from plesiomorphic Lys6, Agr27, and Asp32
to the apomorphic states Val6, Lys27, and Gly32 (the
residues are numbered according to the Drosophila
melanogaster RpS28) in the arthropod RpS28
sequences is fairly sound. Although, the sample of
Entomostraca species with the known RpS28
sequences is currently confined to the sequences
shown (two Branchiopoda and one Maxillopoda species); the number of insects, higher crustaceans (Malacostraca), and representatives of the outgroup (Chelicerata and nonarthropod invertebrates) with the
determined sequences of this protein is large. The substitution pattern of the highlighted sites (their apomorphic or plesiomorphic states according to the expectations for the group) is maintained on a much larger
sample.
(2) Protein eIF5A. The initiation factor 5A
(eIF5A) is a highly conserved and vitally important
protein of eukaryotes and Archaea with undetermined
functions [55]. The inhibition of eIF5A gene expression with specific microRNAs decreases the overall
level of translation initiation by more than one-quarter; there are data demonstrating that this factor is also
involved in the programmed cell death in response to
the onset of pathogens in plants and in the regulation
of differentiation of animal muscle and nervous tissues. A short sequence at the C end of eIF5A is variable; however, a specific motif characteristic of
Hexapoda and Entomostraca is preserved in these
groups (Fig. 4). In our sample, only the eIF5A of the
water bear Richtersius coronifer matches the consensus characteristic of Hexapoda and Entomostraca,
although the sequences of several other species display a certain similarity to it. Within the phylum
Arthropoda, Chelicerata and Malacostraca clearly differ from Hexapoda and Entomostraca by having a
truncated C end of eIF5A. The C-terminal fragment of
Chelicerata and pantopode eIF5A is truncated by four
amino acid residues as compared with the corresponding sequences of Hexapoda and Entomostraca or by
two to three residues as compared with the majority of
other animals. The C-terminal eIF5A fragment in
Malacostraca is also by one–two amino acid residues
shorter than in the majority of animals, which most
likely suggests that it has been truncated during the

evolution of this taxon. It cannot be excluded however
that these differences are connected with the evolutionary changes specific to Hexapoda and Entomostraca (autapomorphies). Altogether this character supports the group of Hexapoda and Entomostraca to the
exclusion of Malacostraca but the cladistic interpretation of its state is ambiguous.
(3) Protein eEF1A. The elongation factor 1A
(eEF1A) is a multifunctional, vitally important, and
moderately conserved protein. It has been widely used
in phylogenetics, in particular, for reconstructing the
phylogenetic relationships within the arthropods [13,
56]. We have noticed that the higher crustaceans (Malacostraca) have a unique set of amino acid substitutions in the EF1A, which distinguish them not only
from other arthropod orthologs, but also from all the
remaining animals, as well as fungi and plants. Nonetheless, the elongation factor of Malacostraca is a
clear ortholog of EF1A and does not belong to the
recently described family of EF-like (EFL) proteins
[57]. On the EF1A tree, Malacostraca are located at its
root seemingly unrelated to animals, which is obviously an artifact of long branch attraction (Fig. 5). It
is generally accepted that the most primitive of higher
crustaceans are the species belonging to the superorder Phyllocarida [1, 3, 58]. Nebalia hessleri, a representative of this superorder, displays the autapomorphies in EF1A protein common with the remaining
Malacostraca
taxa
(Decapoda,
Mysidacea,
Amphipoda, Isopoda, and Stomatopoda) and clusters
with them in this tree.
A monophyly of the phyllocarids and other higher
crustaceans has been earlier inferred from 18S rRNA
[59] and confirmed by analyzing the protein-coding
genes; here the monophyly of Malacostraca is illustratively demonstrated by the set of autapomorphic substitutions in EF1A [13, 56]. It seems as if the presence
of autapomorphy in this taxon in no way assists in
solving the problem of the origin of insects, which
retain a plesiomorphic state with other arthropods.
However, the plesiomorphies in the insect EF1A protein suggest that they could not diverge from the Malacostraca branch later that the Phyllocarida, as was
hypothesized by several authors [18].
Mitochondrial Genes
The initial set prepared for the analysis comprised
the amino acid sequences of ten concatenated mitochondrial proteins from 178 Arthropoda species, two
Onychophora species, and one Priapulida species;
Onychophora and Priapulus were taken as an outgroup for this set. The tree reconstructed by Phyml
from this set(not shown) has demonstrated a considerable heterogeneity of evolutionary rates of mitochondrial proteins between species, which likely caused
the grouping of the abnormally rapidly evolving
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CHOAHOFLAGELLATA (Monosiga brevicollis)
PORIFERA (Amphimedon queenslandica)
PORIFERA (Suberites domuncula)
CNIDARIA (Acropora millepora)
CHORDATA (Homo sapiens)
ECHINODERMATA (Patiria pectinifera)
HEMICHORDATA (Saccoglossus kowalevskii)
ANNELIDA (Hirudo medicinalis)
ANNELIDA (Lumbricus rubellus)
ANNELIDA (Arenicola marina)
NEMERTINI (Cerebratulus lacteus)
BRACHIOPODA (Terebratalia transversa)
MOLLUSCA (Crassostrea virginica)
MOLLUSCA (Aplysia californica)
PLATYHELMINTHES (Schistosoma japonicum)
ROTIFERA (Philodina roseola)
PRIAPULIDA (Priapulus caudatus)
KINORHYNCA (Echinoderes horni)
NEMATOMORPHA (Spinochordodes tellinii)
NEMATODA (Caenorhabditis elegans)
NEMATODA (Xiphinema index)
TARDIGRADA (Hypsibius dujardini)
TARDIGRADA (Richtersius coronifer)
ONYCHOPHORA (Euperipatoides kanangrensis)
ARTHROPODA
PANTOPODA (Anoplodactylus eroticus)
CHELICERATA (Mesobuthus gibbosus)
CHELICERATA (Acanthoscurria gomesiana)
CHELICERATA (Ixodes scapularis)
CHELICERATA (Suidasia medanensis)
MYRIAPODA (Scutigera coleoptrata)
PANCRUSTACEA
DECAPODA (Homarus americanus)
DECAPODA (Panulirus japonicus)
DECAPODA (Litopenaeus vannamei)
DECAPODA (Penaeus monodon)
EUPHAUSIIDA (Euphausia superba)
“ENTOMOSTRACA” + HEXAPODA
MAXILLOPODA (Lepeophtheirus salmonis)
BRANCHIOPODA (Artemia franciscana)
BRANCHIOPODA (Daphnia pulex)
COLLEMBOLA (Folsomia candida)
COLLEMBOLA (Onychiurus arcticus)
INSECTA (Locusta migratoria)
INSECTA (Gryllus bimaculatus)
INSECTA (Diaphorina citri)
INSECTA (Nilaparvata lugens)
INSECTA (Acyrthosiphon pisum)
INSECTA (Maconellicoccus hirsutus)
INSECTA (Myzus persicae)
INSECTA (Aedes aegypti)
INSECTA (Culex pipiens)
INSECTA (Anopheles gambiae)
INSECTA (Chironomus tentans)
INSECTA (Phlebotomus papatasi)
INSECTA (Drosophila melanogaster)
INSECTA (Diabrotica virgifera)
INSECTA (Diaprepes abbreviatus)
INSECTA (Tribolium castaneum)
INSECTA (Apis mellifera)
INSECTA (Solenopsis invicta)
INSECTA (Nasonia vitripennis)
INSECTA (Ctenocephalides felis)
INSECTA (Bombyx mori)
INSECTA (Spodoptera frugiperda)

Fig. 3. A fragment of the ribosomal protein S28 alignment . Gray boxes mark the synapomorphies of Hexapoda + Entomostraca.
Within the infraorder Culicomorpha successive substitutions Gly32
Asn32
Ser32 are shown. The residue numbering as
in the RpS28 protein of D. melanogaster.

sequences of some insects and Chelicerata at the base
of the tree. This factor also contributed to the unusual
placement of other sequences, for example, of some
crustaceans forming abnormally long branches.
To reduce the evolutionary rate heterogeneity of
the set, we discarded the abnormally rapidly evolving
sequences and difficult to align variable regions. The
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resulting alignment contained 82 sequences and comprised 2361 positions. Similar to the tree based on the
sequences of ribosomal proteins (Fig. 1), the mitochondrial data tree constructed with MrBayes 3.1.2
(not shown) contained highly supported group Pancrustacea (all Hexapoda + all Crustacea): with an a
posteriori probability of 0.95. The Myriapoda diverge
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CHOAHOFLAGELLATA (Monosiga)
PORIFERA (Amphimedon)
CNIDARIA (Nematostella)
CNIDARIA (Hydra)
PLACOZOA (Trichoplax)
CHORDATA (Homo)
HEMICHORDATA (Saccoglossus)
ANNELIDA (Lumbricus)
BRACHIOPODA (Terebratalia)
MOLLUSCA (Agropecten)
MOLLUSCA (Crassostrea)
MOLLUSCA (Venerupis)
MOLLUSCA (Haliotis)
MOLLUSCA (Aplysia)
BRYOZOA (Bugula)
PLATYHELMINTHES (Schistosoma)
ROTIFERA (Brachionus)
GNATHOSTOMULIDA (Gnathostomula)
NEMATODA (Caenorhabditis )
NEMATODA (Meloidogyne)
NEMATODA (Ascaris)
NEMATODA (Trichinella)
NEMATODA (Xiphinema)
TARDIGRADA (Richtersius)
ONYCHOPHORA (Euperipatoides)
NEMATOMORPHA (Spinochordodes)
ARTHROPODA
PANTOPODA (Anoplodactylus)
CHELICERATA (Acanthoscurria)
CHELICERATA (Ixodes)
CHELICERATA (Ornithoctonus)
DECAPODA (Callinectes)
DECAPODA (Celuca)
DECAPODA (Penaeus)
AMPHIPODA (Gammarus)
“ENTOMOSTRACA” + HEXAPODA
MAXILLOPODA (Calanus)
MAXILLOPODA (Lepeophtheirus)
MAXILLOPODA (Caligus)
BRANCHIOPODA (Artemia)
BRANCHIOPODA (Daphnia)
COLLEMBOLA (Folsomia)
COLLEMBOLA (Onychiurus )
INSECTA (Locusta)
INSECTA (Gryllus)
INSECTA (Pediculus)
INSECTA (Diaphorina)
INSECTA (Nilaparvata)
INSECTA (Acyrthosiphon)
INSECTA (Maconellicoccus)
INSECTA (Diabrotica)
INSECTA(Tribolium)
INSECTA (Lysiphlebus)
INSECTA (Solenopsis )
INSECTA (Drosophila)
INSECTA (Chironomus)
INSECTA (Aedes)
INSECTA (Culex)
INSECTA (Bombyx)
INSECTA (Danaus)
INSECTA (Spodoptera)

Fig. 4. A fragment of the alignment of the initiation factor
5A (eIF5A) C-terminus region. Gray boxes mark the consensus of the C-terminus in Hexapoda and Entomostraca
consisting of eight amino acids CX5CX3CX7TAV/LD/EK
and a stop codon; asterisks designate the stop codons.

at the base of this group, thereby supporting the Mandibulata concept, whereas in the ribosomal protein
tree, they cluster with Chelicerata. A number of poorly
represented groups (Cirripedia, Collembola, and
Diplura) successively branch at the base of Pancrusta-

cea between myriapods and the main group of crustaceans. The fundamental difference between the mitochondrial and nuclear protein trees is that the mitochondrial tree does not recover monophyly of
Hexapoda (which implies a recurring emergence of a
“Hexapod” bauplan) and does not support sister relationship between groups Branchiopoda and
Hexapoda.
Low level of posterior probabilities for several
groups in the mitochondrial protein tree suggests the
existence of alternative topologies, which are insignificantly worse than the best Bayesian topology. Tracing the course of Bayesian analysis in two parallel
runs, we found that 50% support values for some
groups (the main Crustacea clade, the group Collembola + Diplura + Crustacea + Insecta sensu stricto,
and the group Myriapoda + all Crustacea + all
Hexapoda) are associated with the relocation of individual groups of sequences. In the case of Crustacea,
low support value is connected with the clustering of
several rapidly evolving crustacean sequences with
collembolans and relocation of the ostracod sequence
(also rapidly evolving) to chelicerates, which also
influences the support for second group. In the case of
the Mandibulata, a 50% support is a result of frequent
clustering of myriapods with chelicerates in many different trees.
After the removal of another six rapidly evolving
sequences, the reconstructed tree grouped myriapods
and chelicerates with 64% support. The new tree also
enjoyed a higher level of statistical support for the
main groups (Fig. 6a). The other regions of the tree
retained the same groups as the previously described
tree with 82 species.
The compliance of mitochondrial data with several
possible phylogenetic hypotheses was assessed by statistical tests using parametric bootstrap analysis. The
topology of the tree shown in Fig. 6a was modified as
described in the caption. Sixteen different topologies
were compared with the initial Bayesian topology
using TREE-PUZZLE and CONSEL. The results are
shown in Fig. 6b. The first column in table shows the
numbers of compared topology variants ordered
according to the increase in their difference from the
Bayesian topology. The second column lists values of
corresponding topologies according to their log likelihood differences from the initial topology. The next
six columns contain statistical data on the topological
difference determined by various statistical tests. The
value of 0.05 is a statistical threshold for assessing the
significance of the difference between topologies.
According to these tests, the second best topology
after the initial is 7, which differs from the Bayesian
topology (1) by grouping myriapods with chelicerates; the difference between these two variants is statistically insignificant. The next nine tree variants
MOLECULAR BIOLOGY

Vol. 43

No. 5

2009

THE PHYLOGENETIC POSITION OF INSECTS IN THE PANCRUSTACEA CLADE

811

100

Orchesella imitari
Tomocerus sp
Metajapyx
subterraneus
35
Eumesocampa
frigillis
63
100
Ctenolepisma lineata
Machiloides
banksi
54
60
Lestes congener
Homalodisca coagulata
58
Gryllus
bimaculatus
77
92
Drosophila melanogaster
Tribolium
castaneum
2
86
79
Tribolium castaneum 1
Bombyx mori
100
98
Cypridopsis vidua
Argulus sp
89
Triops longicaudatus
Artemia franciscana
88
Lynceus sp
100
Daphnia pulex
76
Leptodora kindtii
85
100
Docodesmus trinidadensis
89
99
Hanseniella
sp
92
Scolopendra
viridis
83
Ballophilus australiae
50
Symphylella sp
Mesocyclops edax
39
Lepeophtheirus salmonis
80
100
Euryetemora affinis
100
Allopauropus proximus Myriapoda
100
Loxothylacus texanus
60
Lepas anserifera
Hutchinsoniella macracantha
28
87
Speleonectes tulumensis
Carcinoscorpius rotundicauda
60
Idiogaryops paludis
100
55
Ixodes scapularis
96
Aphonopelma chalcodes
99
Endeis laevis
55
Tanystylum orbiculare
100
Skogsbergia lerneri
11
Priapulus caudatus
57
Lumbricus rubellus
Homo sapiens
15
Ascaris
suum
12
Xiphinema index
100
Trichoplax adhaerens
82
Axinella verrucosa
41
Saccoglossus kowalevskii
95
Sycon lingua
Acropora millepora
29
Mytilus galloprovincialis
34
Branchiostoma
floridae
95
Rhizopus oryzae
Candida albicans
100
Neurospora crassa
99
Arabidopsis thaliana
Nebalia hessleri
Neogonodactylus oerstedii
100
Heteromysis formosa
99
Gammarus pulex
90
Armadillidium vulgare
54
Marsupenaeus japonicus
88
Callinectes sapidus
95
Upogebia major
100
100

Hexapoda

Ostracoda: Podocopa
Branchiura
Branchiopoda
Myriapoda
Maxillopoda: Copepoda

Maxillopoda: Cirripedia
Cephalocarida

Remipedia
Chelicerata

Pantopoda
Ostracoda: Myodocopa

non-arthropod taxa

95

Fungi
Plantae

Malacostraca

Fig. 5. Bayesian (MrBayes 3.1.2) tree of the elongation factor EF1A of various eukaryotic taxa, including the three main arthropod
groups. Posterior probabilities of nodes (%) are shown. The root position of the Malacostraca is caused by the long branch attraction
artifact (see text for details).

(from topology 2 to 11 excluding variant 7) are also
insignificantly worse than the initial tree according to
the majority of tests except for the most stringent ones
(np and pp columns). All these variants have monophyletic Crustacea (Malacostraca + Branchiopoda)
but varying position of Diplura and Collembola. The
remaining six variants, displaying a close relationship
between Hexapoda and Branchiopoda and, consequently, a paraphyly of the Crustacea independently
of the position occupied by Myriapoda, differ from the
best topology in a statistically significant manner
according to all employed tests.

the hypotheses for the monophyletic Hexapoda +
Branchiopoda, i.e., with the hypotheses that derive
hexapods from an ancestor common with branchiopods. On the other hand, the variants where all the
Hexapoda and Crustacea species are united in monophyletic groups also cannot be excluded with a statistical significance; however, the variants that place
Collembola at the base of Pancrustacea look statistically preferable.

Thus, the analysis of mitochondrial protein
sequences demonstrates that it is incompatible with

The obtained results are evidently contradicting. In
earlier works numerous mutually exclusive phyloge-
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b

Topology

Hexapoda (37)
100

98
92
100
100
100
100
64

100

100

100

Crustacea (10)
100
100
100

Diplura (2)
Collembola (3)
Cirripedia (2)
Myriapoda (3)

Chelicerata (16)
Priapulus caudatus
Onychophora (2)

Values calculated by the following test

∆Ln au
L

np

pp

kh

7

cwkh
ELW
–0.7 0.655+ 0.271+ 0.669+ 0.522+ 0.278+ 0.522+

1

0.7

0.608+ 0.203+ 0.321+ 0.478+ 0.212+ 0.478+

8

4.9

0.519+ 0.220+ 0.005- 0.360+ 0.206+ 0.360+

4

5.2

0.523+ 0.138+ 0.004- 0.355+ 0.133+ 0.336+

2

6.9

0.323+ 0.075- 0.001- 0.295+ 0.070+ 0.254+

3

9.7

0.212+ 0.020- 0.000- 0.234+ 0.019+ 0.182+

9

12.7 0.200+ 0.041- 0.000- 0.201+ 0.033+ 0.199+

11

16.1 0.133+ 0.015- 0.000- 0.154+ 0.016+ 0.154+

5

16.7 0.168+ 0.017- 0.000- 0.177+ 0.016+ 0.138+

10

19.1 0.061+ 0.003- 0.000- 0.109+ 0.005- 0.100+

6

20.4 0.066+ 0.003- 0.000- 0.128+ 0.004- 0.098+

16

27.3

0.030- 0.003- 0.000- 0.037- 0.002- 0.031-

17

27.3

0.030- 0.003- 0.000- 0.037- 0.001- 0.031-

13

27.6

0.004- 0.001- 0.000- 0.005- 0.002- 0.005-

12

28.0

0.009- 0.001- 0.000- 0.020- 0.002- 0.005-

14

30.7

0.007- 0.001- 0.000- 0.051- 0.002- 0.009-

15

33.3

0.012- 0.001- 0.000- 0.029- 0.001- 0.019-

Fig. 6. (a) Bayesian (MrBayes 3.1.2) tree of the mitochondrial proteins from 73 arthropod species and three outgroups. Statistical
support (%) for the nodes is shown. Grey triangles mark monophyletic groups, with their base proportional to the size of the group
and the height – to branch lengths. In brackets are species numbers in large groups. Dashed arrows indicate the floating of groups
under different taxonomic sampling. (b) Statistical significance of differences between possible topologies estimated with parametric bootstrap (TREE-PUZZLE and CONSEL programs). The tres are given in Newick format: (1) ((Cirr, (Coll, (Dipl, (Hexa,
Crus)))), (Myri, Cheli)); (2) ((Cirr, (Dipl, (Coll, (Hexa, Crus)))), (Myri, Cheli)); (3) ((Cirr, (Coll, (Dipl, (Hexa, Crus)))), (Myri,
Cheli)); (4) ((Cirr, ((Hexa, Crus), (Dipl, Coll))), (Myri, Cheli)); (5) (((Hexa, (Crus, Cirr)), (Dipl, Coll)), (Myri, Cheli)); (6) ((Coll,
(Dipl, (Hexa, (Crus, Cirr)))), (Myri, Cheli)); (7) (Cheli, (Myri, (Cirr, (Coll, (Dipl, (Hexa, Crus)))))); (8) (Cheli, (Myri, (Coll, (Dipl,
(Hexa, (Crus, Cirr)))))); (9) (Cheli, (Myri, (Dipl, ((Hexa, Coll), (Crus, Cirr))))); (10) (Cheli, (Myri, ((Coll, (Hexa, Dipl)), (Crus,
Cirr)))); (11) (Cheli, (Myri, ((Hexa, (Dipl, Coll)), (Crus, Cirr)))); (12) ((Cirr, (Coll, (Dipl, ((Hexa, Bran), Mala)))), (Myri, Cheli));
(13) (((Cirr, (Coll, (Dipl, ((Hexa, Bran), Mala)))), Myri), Cheli); (14) ((Cirr, (Mala, (Bran, (Coll, (Dipl, Hexa))))), (Myri, Cheli));
(15) (Cheli, (Myri, (Cirr, (Mala, (Bran, (Coll, (Dipl, Hexa))))))); (16) (Cheli, (Myri, (Cirr, (Mala, (Bran, (Hexa, (Coll, Dipl)))))));
and (17) ((Cirr, (Mala, (Bran, (Hexa, (Coll, Dipl))))), (Myri, Cheli)). The pluses stand for statistically insignificant, minuses – for
statistically significant differences.

netic hypotheses were published on the evolution of
arthropods and Pancrustacea in particular, partly substantiated by molecular evidence. In this situation,
more reliable data or type of analysis are to be chosen.
Consider several factors that might introduce technical artifacts in the tree inference and lead to inadequate test statistics.
Most importantly, there is a sensible difference in
the amount of data used in analyses of nuclear genes
(over 11 000 positions) and mitochondrial genes
(slightly more than 2000 positions after the elimination of variable blocks). The results based on more

characters can be considered more reliable. From this
view, we might prefer the tree shown in Fig. 1. However, larger samples should be trusted more when no
bias is expected. Here we have no reason to exclude
the systematic bias at all. The tree in Fig. 1 is nonultrametric. Thus, the branches leading to Diptera are
the longest among Hexapoda. Therefore, dipterans
accumulated more amino acid substitutions in protein
sequences compared to other hexapods. This can be
expected from the accelerated rates of molecular evolution in Diptera, which was demonstrated before
[60]. The Bayesian tree in Fig. 1 is not a distance tree:
the MrBayes program uses a discrete method-based
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optimality criterion for tree construction. However, it
is still susceptible to heterogeneity in evolutionary
rates and may produce artifacts. Such is the basal position of Diptera in the insect tree, with the Orthoptera
and termites in the crown (Fig. 1). It looks zoologically nonsense and is likely to be associated with the
disparities in branch lengths. Similarly, Malacostraca
may be placed closer to the base due to longer
branches compared to the Branchiopoda.
Rejecting the nuclear ribosomal proteins tree
because of their high evolutionary rates in favor of the
mitochondrial proteins tree is however premature, as
the mitochondrial proteins display an even sharper
disparity of rates but across different lineages. Branch
lengths differ considerably (data not shown) and very
distant arthropod taxa are artificially placed together.
Interestingly, Diptera do not display accelerated evolutionary rates of mitochondrial proteins,and occupy a
presumably correct position in the crown of the insect
tree. On the other side, the mitochondrial proteins of
paraneopteran and hymenopterans do display an
abnormal acceleration. The extremely long branches
leading to these groups in the trees attract, and in some
trees join the Chelicerata clade uniting there with
long-branched ticks.
Another property of the mitochondrial protein set,
which suggests its low resolving power is the inability
to recover the monophyly of Hexapoda. Moreover, the
Diplura may group with insects depending on the taxonomic sampling or tree reconstruction parameters,
while the grouping of Collembola and Insecta is
rejected over the entire range of studied parameters.
The latter is in agreement with earlier published studies of mitochondrial proteins [61, 62] but contradicts
other molecular phylogenies, which strongly suggest
close relationships between collembolans and insects
[49, 63, 64].
An important factor in analyses of multiple genes
is the adequate choice of evolutionary models and correct estimation of rate heterogeneity across sites. We
found large variation of the model parameters
between different ribosomal proteins. Certainly, one
could average the parameter space over the concatenated alignment. However, it seems more reasonable
to parameterize the analysis for partitions individually. Only few inference programs, such as MrBayes
3.1.2 with the partition function, allows to do so.
However, individual partitions are not accounted for
during the estimation of the total likelihood of a concatenated alignment during statistical tests of topologies, which results therefore should be taken with caution.
Even more important is parameter variation not
across different partitions within an alignment but
between different genes (i.e. taxa) within a partition.
The general thinking that orthologous proteins usually
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carry the same function in cells of, say, beetles and
spiders, with certain substitution types being
equiprobable in both taxa, is true partly. More likely,
some long branches actually reflect the changes in the
pattern of allowed substitutions. The evolutionary
model parameters in mitochondrial proteins (substitution weight matrix and stationary amino acid frequencies) were shown to be specific for mammals, arthropods, and even Pancrustacea [62, 65, 66]. For the latter two, the models were published recently and are
not incorporated in MrBayes 3.1.2. Therefore, one has
to choose between using optimal substitution models
or using MrBayes for partition-specific Γ-parameter
estimation. This problem may aggravate if smaller
subtaxa within Pancrustacea will have appeared to
have their own specific substitution patterns.
Another important factor is the taxonomic sampling. Today the mitochondrial genomes are sampled
for many key arthropod taxa, while nuclear gene
sequence data is mainly confined to ribosomal RNA
and a few proteins. Expanding the taxon sampling is
vital for phylogenetic analysis not only because of
getting more taxa on the tree but also for the accurate
estimation of various model parameters, e.g. site-specific rate variation. Because the model specification
affects the entire phylogeny, increasing the taxon sampling often improves the accuracy better than increasing the amount of characters [67, 68]. The patchiness
of the genome sampling of extant taxa is temporal and
will smooth over in the near future, hopefully, along
with the advancement of computing hardware. Nowadays, a supercomputer is unable to run a fully parameterized likelihood or Bayesian analysis of a molecular matrix severalfold larger than the one used for
computing the tree in Fig. 1.
If using the correct empiric amino acid substitution
model is not always easy, maybe nucleotide sequence
data is a more adequate choice for phylogenetic analyses [69]? Experimental evidence suggests that the
coding sequences of mitochondrial proteins produce
are informative for the comparative studies of insect
taxa of family rank or higher [70]. We strongly believe
that taking synonymous substitutions into account is
necessary in reconstructing the phylogeny of closely
related organisms; however, in the case of diverged
sequences, they will mostly introduce noise. Over
millions of years synonymous mutations usually
become saturated, and the similarity at degenerate
codon positions in lineages that diverged over 100 Ma
is almost entirely due to superimposed and back mutations, which are likely to decrease the reconstruction
accuracy. Other factors, such as nucleotide composition bias, typical for mitochondrial DNA, may contribute to the systematic error [71]. Therefore, only
amino acid sequences or nucleotide sequences of
genes encoding RNAs with complex functions, such
as rRNAs, are suitable for phylogenetic analyses of
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distant species. The first insect fossils are known from
the Carboniferous period and unlikely to have
emerged earlier than the Devonian [11, 25, 72],
whereas the crustacean origins are dated back to Cambrian [73]. Because of early emergence of these
groups we did not use nucleotide sequence data in this
study.
Despite the above stated, it is possible to formulate
a substantiated phylogenetic hypothesis. Thousands
of characters available from the multiple alignment
contain less homoplastic regions suitable for cladistic
analysis. Thus, in ribosomal protein S28 (Fig. 3) the
evolution of some characters can be unambiguously
polarized, and the relationship of Hexapoda and Entomostraca firmly established from synapomorphies.
The question remains, however, whether these similarities are due to convergence. The situation here is
not so simple. The substitutions K
V and D
G occur at a “medium” frequency, if we consider the
rtREV model, which better describes the evolution of
RpS28. The substitution R
K is actually among
the most frequent: among the 190 possible reciprocal
substitutions only three are observed more frequently
in the rtREV matrix [46]. Therefore, it may seem
likely that these synapomorphies are due to the
chance. However, applying the rtREV frequencies to
describe positions individually is premature. The
changes of lysine to arginine and back across the
entire proteome are frequently neutral, which explains
their high frequencies in the rtREV model. Although,
their frequency at position 27 in the RpS28 alignment
is very low. In fact, all the three characters in RpS28
are stabilized in Hexapoda and Entomostraca, while
other groups preserve their plesiomorphic states. The
changes are easily described under parsimony. For
example, the autapomorphies of Diptera (infraorder
Culicomorpha) can be accounted for by successive
substitutions Gly32
Asn32
Ser32 (residue
numbering as in RpS28 of Drosophila melanogaster).
This scenario is n good agreement with the known and
well grounded phylogenetic relationships within the
Culicomorpha [74, 75]. The selection principles suggest that position 27 in the RpS28 protein is under
strong functional constrains in different arthropod
groups.
Well established statistic models are not available
for phylogenetic analyses of deletions/insertions,
which occur in the C-terminus of the eIF5A protein.
Several groups outside Hexapoda and Entomostraca
share the same sequence pattern, which implies a possibility of their independent emergence in Hexapoda
and Entomostraca. But the conserved nature of this
motif in Hexapoda and Entomostraca suggests common selective constraints on this protein and its common ancestry.

Conserved synapomorphies of Hexapoda+Entomostraca are not confined to the RpS28 and eIF5A
proteins. In nuclear proteins, we detected other characters that support the groups Hexapoda + Branchiopoda and Hexapoda + Entomostraca, in agreement
with the tree in Fig. 7. Among their large numbers,
only very few appear to be conserved. Topologies 6
and 7 (Fig. 6) are not supported by any conserved
regions in the alignment of mitochondrial proteins,
which suggests their reconstruction due to contribution from variable homoplastic regions.
Morphology does not offer unambiguous evidence
of the monophyly of crustaceans with respect to
insects or sistership of insects with Branchiopoda or
Malacostraca, although the last scenario seems more
likely [17]. In this view, the monophyly of Phyllocarida and other Malacostraca is particularly important to
validate. Molecular data rejects the hypothesis of the
hexapod origin from Malacostraca. The only scenario
still to consider is their divergence before the split of
the Phyllocarida and Eumalacostraca. The Malacostraca + Phyllocarida clade has poor diagnostic characters, mainly from the body segmentation. Phyllocarida
exhibit similarities with the Branchiopoda, and both
were united by Schram in one class, the Phyllopoda
[76], which was proved to be paraphyletic on molecular trees. Having assumed the divergence of Hexapoda
before the split of Phyllocarida and Eumalacostraca,
we have equip their common ancestor with plesiomorphic features of the “Phyllopoda” (with the exception
of phylloid limbs), which makes it equally likely to
possess plesiomorphic characteristics of the Branchiopoda as well. This logic eliminates any contradiction
between the phylogenetic hypothesis of sister
Hexapoda and Branchiopoda (Figs. 1 and 7) and common knowledge on the morphological evolution in
Pancrustacea. There are solid reasons to consider the
filtration feeding of Entomostraca and Phyllocarida a
primary feeding strategy [16]. The grasping behavior,
typical for many Malacostraca [47] and insects, can
thus be assumed to have emerged independently in the
two groups.
A new era in phylogenetics has come with the
advent of genomic data on tens and hundreds (in prospect, thousands) of genes offering tens of thousands of
characters. Hopefully, advancing the analytical methods will take us on a new level of reliability of phylogenetic inference. Today, however, adding new genes
does not overwhelm the old known computational
artifacts, e.g caused by rate disparities across lineages.
Molecular evolution cannot freeze, unlike morphological change, and its severe deviations from the molecular clock-like rates hamper the inference methods.
Moreover, systematic errors tent to amplify with the
increase of gene sampling. In Fig. 1 the branch lengths
of Diptera and other insects are not so different. Our
experience tells that modern programs implementing
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Phyllocarida
Eumalacostraca
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Myriapoda

Pancrustacea

Maxillopoda

Malacostraca

Branchiopoda

“Entomostraca”
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Chelicerata

Fig. 7. The phylogenetic tree of Arthropods: (1) autapomorphies of the Malacostraca in elongation factor EF1A; (2 and 3) synapomorphies of the Hexapoda + Entomostraca in proteins RpS28 and eIF5A; (4) synapomorphies in moderately conserved regions of
the Hexapoda and Branchiopoda proteins.

the maximum likelihood optimality criterion are able
to correctly place such branches on individual gene
phylogenies. However, in analyses of large sequence
data the algorithm infers long branches over many
partitions and estimates a longer evolutionary time to
account for them, which imposes the artifact of earlier
divergence of Diptera in the insect tree. The new
genomic phylogenetics will require not only advanced
data mining and managing software (e.g. for contigs
assembly, contamination screening, orthologs identification, etc.) but will stimulate the development of
new models, algorithms and their efficient implementations for building trees.
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