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In animal mitochondrial genomes, gene arrangements are usually conserved across major lineages but
might be rearranged within derived groups, and might provide valuable phylogenetic characters. Here,
we sequenced the mitochondrial genomes of Cephalonomia gallicola (Chrysidoidea: Bethylidae) and
Wallacidia oculata (Vespoidea: Mutillidae). In Cephalonomia at least 11 tRNA and 2 protein-coding genes
were rearranged, which is the first report of protein-coding gene rearrangements in the Aculeata. In the
Hymenoptera, three types of protein-coding gene rearrangement events occur, i.e. reversal, transposition
and reverse transposition. Venturia (Ichneumonidae) had the greatest number of common intervals with
the ancestral gene arrangement pattern, whereas Philotrypesis (Agaonidae) had the fewest. The most sim-
ilar rearrangement patterns are shared between Nasonia (Pteromalidae) and Philotrypesis, whereas the
most differentiated rearrangements occur between Cotesia (Braconidae) and Philotrypesis. It is clear that
protein-coding gene rearrangements in the Hymenoptera are evolutionarily independent across the
major lineages but are conserved within groups such as the Chalcidoidea. Phylogenetic analyses sup-
ported the sister-group relationship of Orrussoidea and Apocrita, Ichneumonoidea and Aculeata, Vespi-
dae and Apoidea, and the paraphyly of Vespoidea. The Evaniomorpha and phylogenetic relationships
within Aculeata remain controversial, with discrepancy between analyses using protein-coding and
RNA genes.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

Animal mitochondrial genomes are widely used in population
genetics, species identification, phylogenetic and evolutionary
studies because of their unique features of conserved gene content,
lack of extensive recombination, maternal inheritance, relatively
high evolutionary rate and abundant marker types (Boore et al.,
1998; Curole and Kocher, 1999). Most animal mitochondrial
genomes are approximately 16 Kb and contain 37 genes and an
A + T-rich region (Zhang and Hewitt, 1997; Boore, 1999). Gene
arrangements are usually conserved across major lineages but
might be rearranged within groups, and may provide valuable phy-
logenetic characters (Boore et al., 1998; Dowton et al., 2002).
Genome rearrangements can be characterized into minor
rearrangements (tRNAs only) and major rearrangements
(protein-coding and rRNA genes) according to the types of involved
genes (Cameron et al., 2007a).

Previous studies have found gene rearrangements in many or-
ders of Hexapoda; however, accelerated gene rearrangement
events are restricted to the Hymenoptera (Dowton and Austin,
1999; Dowton et al., 2003), the hemipteroids (Shao et al.,
2001a,b; Shao and Barker, 2003; Covacin et al., 2006; Cameron
et al., 2007a, 2011) and the Protura (Chen et al., 2011). In the Phthi-
raptera, there is no variation in gene arrangement among species
within a family, but there is much variation among the three
suborders (Covacin et al., 2006). Protura have reverted to
the cox1–cox2 arrangement found in the ancestral bilaterian from
the arrangement cox1–trnL2–cox2 found in hexapod and
crustacean groups (Boore et al., 1998; Chen et al., 2011). In the
Hymenoptera, one of the most species-rich orders of insects, the
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gene rearrangement pattern is more complicated. Gene arrange-
ment is conserved in the suborder ‘‘Symphyta’’ but accelerated in
the Apocrita. Two hot spots of tRNA gene rearrangement within
mitochondrial genomes have been studied across an extensive tax-
onomic sample (Dowton and Austin, 1999; Dowton et al., 2003),
and the tRNA gene position was shown to be selectively neutral
(Dowton et al., 2009b). However, the rearrangement of protein-
coding genes is rare compared to the number of tRNA rearrange-
ments in the Hymenoptera. Among the currently sequenced
hymenopteran mitochondrial genomes, the rearrangement of
protein-coding genes are found in three species of Nasonia
(Chalcidoidea: Pteromalidae) (Oliveira et al., 2008), two
species from the Agaonidae (Chalcidoidea) (Xiao et al., 2011), one
species from the Aulacidae (Evanioidea) (Wei et al., 2013b),
one species from the Ichneumonidae (Dowton et al., 2009b)
and one species from the Microgastrinae (Ichneumonoidea:
Braconidae) (Wei et al., 2010a).

Here, we sequenced two representative mitochondrial genomes
from two families not previously studied, the Mutillidae (Aculeata:
Vespoidea) and the Bethylidae (Aculeata: Chrysidoidea), and report
a novel protein-coding gene rearrangement. The rearrangement of
the protein-coding genes is compared and analyzed across the
Hymenoptera. Finally, the phylogenetic relationships among major
lineages of the Hymenoptera are reconstructed using mitochon-
drial genome sequences.
2. Materials and methods

2.1. DNA extraction, sequencing and genome annotation

The specimens of Wallacidia oculata (Fabricius, 1804) collected
in Hainan (China) in May 2004 were identified with Lelej (2004)
and Lelej and Brothers (2008), while the specimens of Cephalono-
mia gallicola (Ashmead, 1887) collected in Hangzhou (Zhejiang,
China) in July 2008 was identified with Xu and He (2006). Both
specimens were stored at �80 �C in 100% ethanol prior to DNA
extraction in Zhejiang University. Total genomic DNA was ex-
tracted from individual specimens using the DNeasy tissue kit
(Qiagen, Hilden, Germany) following the manufacturer’s protocol.

A range of universal insect mitochondrial primers and hyme-
nopteran mitochondrial primers modified from universal insect
mitochondrial primers were used (Tables S1 and S2) (Simon et al.,
1994, 2006). When necessary, species-specific primers were
designed based on sequenced fragments and combined in various
ways to bridge gaps. PCR and sequencing of both strands was con-
ducted following the methods ofWei et al. (2009). Genome annota-
tion, including the determination of the protein-coding genes, tRNA
genes and rRNA genes, and the prediction of the secondary struc-
tures of tRNA genes, following the methods in Wei et al. (2009).
2.2. Comparison of gene rearrangement

Gene rearrangements were analyzed using the CREx software
package (Bernt et al., 2007). The arrangement of the protein-
coding, tRNA and rRNA genes in the two newly sequenced mito-
chondrial genomes was compared with the ancestral arrangement
of the insect mitochondrial genome. The arrangement of protein-
coding gene among all currently sequenced hymenopteran
mitochondrial genomes was also analyzed. A distance matrix of
the six patterns observed in Hymenoptera was calculated based
on common intervals (A subset of genes that appear consecutively
in two or more input gene orders). The rearrangement steps neces-
sary to transform the ancestral arrangement into the derived
patterns were analyzed.
2.3. Phylogenetic inference

2.3.1. Test of the substitution saturation
In the absence of saturation in the nucleotide substitution

process, the uncorrected p-distances coincide with GTR + G + I
distances; conversely, GTR + G + I distances are larger than
p-distances when the level of saturation increases (Negrisolo
et al., 2004). The level of saturation in different codon positions
and genes was analyzed using scatter plot graphics, comparing
the uncorrected p-distances with the distances calculated by
applying the best-fit evolutionary model GTR + G selected by the
jModeltest2 (Posada, 2009). All distances were calculated with
PAUP⁄4.0 b10 (Swofford, 2002). The slope value, correlation coeffi-
cient and the average GTR distance value were considered in the
evaluation of substitution saturation.

2.3.2. Taxa selection
There were 39 hymenopteran mitochondrial genomes available

in GenBank in October 2013 (Table 1). In several families, genera
and species, more than one mitochondrial genome has been se-
quenced. To avoid redundant sampling and the potential effect of
a complex lower-level phylogeny on higher-level relationships, at
most two representative species from each genus were included
in the analyses. Since the genes nad2, nad3 and nad5 have not been
sequenced from Primeuchroeus spp. (Chrysididae), this incomplete
genome was not included in our analysis. The mitochondrial gen-
ome data from Evania appendigaster (Evaniidae) was initially in-
cluded in our analyses, however, this taxa was always grouped
within Aculeata with a long branch both in previous reports (Wei
et al., 2010a; Mao et al., 2012) and in our preliminary analyses
(results are not shown). Thus, we used one representative of the
family Aulacidae from the Evanioidea instead of both Aulacidae
and Evaniidae. As a result 25 species representing 16 families of
the Hymenoptera were used for an analysis of phylogenetic
relationships among major groups of Hymenoptera. Three super-
families of ‘‘Symphyta’’ were included in the analyses, among
which, Tenthredinoidea is well accepted to be basal to Cephoidea
and Orussoidea (Sharkey, 2007; Dowton et al., 2009a; Sharkey
et al., 2012; Klopfstein et al., 2013). Thus, the Monocellicampa pruni
and Perga condei from Tenthredinoidea was set as outgroups in
phylogenetic inferences.

2.3.3. Sequence alignment and gene selection
The amino acid sequences of the protein-coding genes and RNA

genes were aligned independently using MAFFT v7.122 (Katoh and
Standley, 2013). The alignment of the nucleotide sequences of the
protein-coding genes was inferred from the amino acid sequence
alignment using RevTrans v1.4 (Wernersson and Pedersen, 2003).
In the Hymenoptera, many of the published mitochondrial gen-
omes are incomplete, leading to the missing genes in some taxa
used in phylogenetic analyses. First, we tested the exclusion of
the protein-coding gene nad2 and nad6 in the analyses, which
are both missing data from some taxa and display substitution sat-
uration in codon positions. Secondly, the exclusion of atp8 and
nad4l were tested due to their demonstrated substitution
saturation.

2.3.4. Data matrix, data partitioning and substitution model selection
The data matrix used in the phylogenetic analyses were gener-

ated in five combinations: first and second codon positions only
(P12), all codon positions (P123), and amino acid sequences (AA)
of the protein-coding genes, 22 tRNA and 2 rRNA genes (RNA),
and the P123 and RNA genes (P123RNA). In order to standardize
the partitioning strategy as recommended for phylogenetic analy-
ses using mitochondrial genome (Cameron, 2014), the Partition-
Finder v1.1.1 (Lanfear et al., 2012) was used to simultaneously



Table 1
The mitochondrial genomes currently sequenced in the Hymenoptera.

Species Superfamily Family Accession number References

Perga condei Tenthredinoidea Pergidae AY787816 Castro and Dowton (2005)
Monocellicampa pruni Tenthredinoidea Tenthredinidae JX566509 Wei et al. (2013a)
Cephus cinctus Cephoidea Cephidae FJ478173 Dowton et al. (2009b)
Orussus occidentalis Orussoidea Orussidae FJ478174 Dowton et al. (2009b)
Schlettererius cinctipes Stephanoidea Stephanidae FJ478175 Dowton et al. (2009b)
Evania appendigaster Evanioidea Evanidae FJ593187 Wei et al. (2010b)
Trissolcus basalis Platygastroidea Scelionidae JN903532 Mao et al. (2012)
Pristaulacus compressus Evanioidea Aulacidae KF500406 Wei et al. (2013b)
Vanhornia eucnemidarum Proctotrupoidea Vanhorniidae NC008323 Castro et al. (2006)
Nasonia giraulti Chalcidoidea Pteromalidae EU746609, EU746611, EU746614 Oliveira et al. (2008)
Nasonia longicornis Chalcidoidea Pteromalidae EU746612, EU746616 Oliveira et al. (2008)
Nasonia vitripennis Chalcidoidea Pteromalidae EU746615, EU746613, EU746610 Oliveira et al. (2008)
Philotrypesis pilosa Chalcidoidea Agaonidae JF808722 Xiao et al. (2011)
Philotrypesis sp. Chalcidoidea Agaonidae JF808723 Xiao et al. (2011)
Diadegma semiclausum Ichneumonoidea Ichneumonidae EU871947 Wei et al. (2009)
Enicospilus sp. Ichneumonoidea Ichneumonidae FJ478177 Dowton et al. (2009b)
Venturia canescens Ichneumonoidea Ichneumonidae FJ478176 Dowton et al. (2009b)
Aphidius gifuensis Ichneumonoidea Braconidae GU097658 Wei et al. (2010a)
Diachasmimorpha longicaudata Ichneumonoidea Braconidae GU097655 Wei et al. (2010a)
Macrocentrus camphoraphilus Ichneumonoidea Braconidae GU097656 Wei et al. (2010a)
Meteorus pulchricornis Ichneumonoidea Braconidae GU097657 Wei et al. (2010a)
Phanerotoma flava Ichneumonoidea Braconidae GU097654 Wei et al. (2010a)
Cotesia vestalis Ichneumonoidea Braconidae FJ154897 Wei et al. (2010a)
Spathius agrili Ichneumonoidea Braconidae FJ387020 Wei et al. (2010a)
Cephalonomia gallicola Chrysidoidea Bethylidae FJ823227 This study
Wallacidia oculata Vespoidea Mutillidae FJ611801 This study
Solenopsis geminata Vespoidea Formicidae HQ215537 Shoemaker et al. (2006)
Solenopsis invicta Vespoidea Formicidae HQ215538 Shoemaker et al. (2006)
Solenopsis richteri Vespoidea Formicidae HQ215539 Shoemaker et al. (2006)
Solenopsis invicta Vespoidea Formicidae HQ215540 Shoemaker et al. (2006)
Pristomyrmex punctatus Vespoidea Formicidae AB556946 Hasegawa et al. (2011)
Pristomyrmex punctatus Vespoidea Formicidae AB556947 Hasegawa et al. (2011)
Polistes humilis Vespoidea Vespidae EU024653 Cameron et al. (2008)
Abispa ephippium Vespoidea Vespidae NC011520 Cameron et al. (2008)
Philanthus triangulum Apoidea Crabronidae JN871914 Kaltenpoth et al. (2012)
Apis mellifera ligustica Apoidea Apidae NC001566 Crozier and Crozier (1993)
Bombus hypocrita sapporoensis Apoidea Apidae NC011923 Hong et al. (2008)
Bombus ignitus Apoidea Apidae NC010967 Cha et al. (2007)
Melipona bicolor Apoidea Apidae NC004529 Silvestre and Arias (2006)
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choose partitioning schemes and substitution models for each
matrix. The maximum possible partition schemes inputted into
the PartitionFinder software was defined by gene and by codon
position for nucleotide sequences of protein-coding genes (39
partitions) and by gene for both amino acid sequences of
protein-coding genes (13 partitions) and RNA genes (24 partitions).
The ‘‘greedy’’ algorithmwas used with branch lengths estimated as
‘‘unlinked’’ to search for the best-fit scheme.
2.3.5. Phylogenetic inference
Phylogenetic analyses were performed using Bayesian inference

(BI) with the parallel version of MrBayes v 3.2.2 (Ronquist et al.,
2012) and maximum likelihood (ML) with RAxML v7.9.6
(Stamatakis, 2006), both of which allows different models to be
applied to different partitions. The GTR + G model was selected
for each nucleotide partition while the MtArt + G + F model was
selected for each amino acids partition. All Bayesian analyses were
conducted with four independent Markov chains run for 10 million
Metropolis-coupled (MCMC) generations, with tree sampling
occurring every 1000 generations and a burn-in of 25% trees. After
10 million generations, all runs reached in stationarity examined
by the program Tracer v1.4 (Rambaut and Drummond, 2007). For
ML analyses, we used the GTRGAMMA model for each nucleotide
partition and MtArtF model for each amino acid partition. For all
analyses, 200 runs were conducted to find the best likelihood tree
followed by 1000 bootstrap replicates. Phylogenetic trees were
viewed and edited in Figtree v 1.4.0 (Rambaut, 2012).
3. Results and discussion

3.1. Sequencing results and genome size

The complete mitochondrial genome of Wallacidia (Genbank
Accession number: FJ611801) and the nearly complete mitochon-
drial genome of Cephalonomia (Genbank Accession number:
FJ823227) were determined to have lengths of 18,442 and
16,720 + bp, respectively (Fig. 1). The length of the mitochondrial
genome of Wallacidia is longer than the typical insect mitochon-
drial genome, which is approximately 16,000 bp (Wolstenholme,
1992). However, within the Hymenoptera a longer mitochondrial
genome was found in Diadegma semiclausum (18,728 bp), caused
by a large insertion between the cox1 and cox2 genes and a large
A + T-rich region (Wei et al., 2009). In the mitochondrial genome
of Cephalonomia, a region between trnP and cob could not be ampli-
fied, which might be caused by high A + T content and the presence
of long repeat sequences. According to the annotation of the se-
quenced portion of this genome, we inferred that the protein-cod-
ing gene nad6 and the tRNA genes trnC and trnS1 are located in the
un-amplified portion of the genome. High A + T content is common
in mitochondrial genomes of the suborder Apocrita (Crozier and
Crozier, 1993; Cameron et al., 2008).

3.2. A + T-rich regions of the newly sequenced mitochondrial genomes

Both species have two long A + T-rich regions (Fig. 1). In the
Wallacidia mitochondrial genome, the two A + T-rich regions are



Fig. 1. Mitochondrial genome organization of Cephalonomia gallicola (Chrysidoidea: Bethylidae) and Wallacidia oculata (Vespoidea: Mutillidae). Boxes with underscores
indicate that the gene is encoded on the minority strand. Rearranged protein-coding genes are shown in yellow-green. Gene abbreviations are as follows: cox1, cox2, and cox3
refer to the cytochrome oxidase subunits, cob refers to cytochrome b, nad1–nad6 refers to the NADH dehydrogenase components, and rrnL and rrnS refer to ribosomal RNAs.
Transfer RNA genes are denoted by a one-letter symbol according to the IPUC-IUB single-letter amino acid codes. L1, L2, S1 and S2 denote tRNALeu (CUN), tRNALeu (UUR),
tRNASer (AGN) and tRNASer (UCN), respectively. AT1 and AT2 indicate the A + T-rich regions. Region between wiggly lines indicates the unsequenced portion. Genes with
squiggle line means the breakpoint caused by failure of sequencing. (For interpretation of the references to color in this figure legend, the reader is referred to the web version
of this article.)
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1941 bp and 1832 bp long, with an A + T content of 83.62% and
83.95%, respectively. These two regions, separated by the trnI and
rrnS genes, are nearly identical except for the boundary regions,
indicating that a concerted evolution might have occurred in this
genome. Concerted evolution is common in insect A + T-rich
regions most obviously in species with repeat units in their
A + T-rich regions like termites (Cameron and Whiting, 2007), but
also in species with non-tandemly repeated A + T-rich regions like
thrips (Shao and Barker, 2003). The 30 region is composed of 12 (in
A + T-rich region 1) and 13 (in A + T-rich region 2) 43-bp repeat
units. In the Cephalonomia mitochondrial genome, the two A +
T-rich regions, separated by the trnP gene, are 1051 bp and
931 bp long, with an A + T content of 83.63% and 91.08%, respec-
tively. In the 50 region of A + T-rich region 1, there are 23 20-bp
repeat units, whereas in the other A + T-rich region of this genome,
there are no obvious repeats. The five conserved A + T-rich region
elements proposed by Zhang and Hewitt (1997) were not found
in either mitochondrial genome.

3.3. Gene arrangement in the mitochondrial genomes of Hymenoptera

In the Wallacidia mitochondrial genome, three tRNA genes, trnI,
trnQ/trnM and trnY, are rearranged (Fig. 1), with 652 common
intervals shared between Wallacidia and the ancestral insect mito-
chondrial gene arrangement as calculated by the CREx software
package (Bernt et al., 2007). In the Cephalonomia mitochondrial
genome, gene rearrangement is more extensive (Fig. 1), with at
least 11 of 22 tRNA genes and two of 13 protein-coding genes
rearranged and only 84 common intervals shared with the
ancestral insect mitochondrial genome arrangement (Fig. 2). In
the Hymenoptera, most of the rearranged genes are tRNAs
(Dowton et al., 2009b). The rearrangement of protein-coding genes
has been found in seven species from four families of Hymenoptera
(Oliveira et al., 2008; Dowton et al., 2009b; Wei et al., 2010a; Xiao
et al., 2011). The Cephalonomia mitochondrial genome is the first
from the Aculeata that has a protein-coding gene rearrangement.

According to the definitions resulting from the CREx software
and Dowton et al. (2003), we classified the animal mitochondrial
gene rearrangement events into transposition (translocation),
shuffling (transposition of adjacent genes), reversal (inversion)
and reverse transposition (remote inversion). In the Wallacidia
mitochondrial genome, the trnI gene was transposed upstream of
the rrnS gene from the original region of rrnS–A + T-rich region–
trnI–trnQ–trnM, forming a gene arrangement pattern of A + T-rich
region 1–trnI–rrnS–A + T-rich region 2–trnM–trnQ. Tandem dupli-
cation followed by random loss (TDRL) of supernumerary genes
is considered to be the dominant rearrangement mechanism in
vertebrate mitochondrial genomes (San Mauro et al., 2006). TDRL
has also been considered to be a likely mechanism for gene shuf-
fling in insect mitochondrial genomes (Wei et al., 2009). Evidence
for the TDRL mechanism is indicated by the pattern of gene order,
the presence of pseudogenes or duplicated genes, and the position
of intergenic spacers. In the Wallacidia mitochondrial genome two
A + T-rich regions are present with high similarity, as discussed
below, indicating that the transposition of the trnI gene might be
caused by a tandem duplication of rrnS–A + T-rich region–trnI
region, followed by the loss of the upstream rrnS gene and the
downstream trnI gene. The other two rearrangement events, shuf-
fling of the trnQ and trnM genes and shuffling of the trnY, trnW and
trnC genes, could be explained by TDRL because there is a 29 bp
intergenic region after the trnQ gene and a 246 bp intergenic region
after the trnC gene.

In the Cephalonomia mitochondrial genome, the tRNA gene
rearrangement events could be classified into transposition (trnQ,



Fig. 2. Gene arrangements in the currently sequenced hymenopteran mitochondrial genomes. Symbols are as in Fig. 1.

S.J. Wei et al. /Molecular Phylogenetics and Evolution 77 (2014) 1–10 5



6 S.J. Wei et al. /Molecular Phylogenetics and Evolution 77 (2014) 1–10
trnW, trnY, trnA, trnR and trnN), shuffling (trnD/trnK), reversal (trnI
and trnT) and reverse transposition (trnM and trnF), whereas the
protein-coding gene rearrangement of the nad4 and nad4l genes
is a reversal. Downstream of the six translocated tRNA genes,
intergenic nucleotides of at least 6 bp are present, indicating that
a recombination or TDRL event could be involved in these genes.
Shuffling of the trnD and trnK genes is common and has occurred
independently in the multiple hymenopteran families (Dowton
and Austin, 1999). The ancestral arrangement of trnI–trnQ–trnM
is thoroughly disrupted by a local inversion of the trnI gene, the
reverse transposition of the trnM gene and a subsequent insertion
of the trnF and trnY genes. This region usually tends to have more
tRNA genes in some members of the Hymenoptera, such as Apis
mellifera and Abispa ephippium (Crozier and Crozier, 1993;
Cameron et al., 2008).

In total, there are six arrangement patterns of the protein-
coding genes in the currently sequenced hymenopteran mitochon-
drial genomes (Table 2). The CREx analysis indicated that Venturia
canescens (Ichneumonidae) had the greatest number of common
intervals with the ancestral gene arrangement pattern, whereas
Philotrypesis (Agaonidae) had the fewest.

Among the 13 protein-coding genes in the mitochondrial
genomes currently sequenced in Hymenoptera, 12 are rearranged
Table 2
Distance matrix based on common intervals among different protein-coding gene arrange

Ancestral Nasonia Phi

Ancestral 150 68 46
Nasonia spp. 68 150 128
Philotrypesis spp. 46 128 150
Venturia canescens 110 54 36
Cotesia vestalis 60 34 28
Cephalonomia gallicola 106 52 34

The number of common intervals is a similarity measure. High numbers of common inte
Although the nad1 gene was rearranged in the Pristaulacus compressus (Evanioidea: Aula
coding genes was not changed. Thus, this species was not included in the CREx analysis

Table 3
Summary of the conflict phylogenetic relationships inferred from different data matrix an

Data matrix Inference method ‘‘Symphyta’’ Parasitica Proctotrupomor

13 AA BI (O + C 81)+Apoc* Paraphyly 64
13 AA ML (O + C 55)+Apoc* Paraphyly –
13 P12 BI C+(O + Apoc*)* Paraphyly 94
13 P12 ML C+(O + Apoc*)* Paraphyly 36
13 P123 BI C+(O + Apoc*)* Paraphyly 100
13 P123 ML C+(O + Apoc*)* Paraphyly 47
11 AA BI O+(C + Apoc 57)* Paraphyly –
11 AA ML (O + C 55)+Apoc* Paraphyly –
11 P12 BI C+(O + Apoc*)* Paraphyly 83
11 P12 ML C+(O + Apoc*)* Paraphyly 39
11 P123 BI C+(O + Apoc*)* Paraphyly 84
11 P123 ML C+(O + Apoc*)* Paraphyly 51
9 AA BI O+(C + Apoc 82)* Paraphyly –
9 AA ML (O + C 48)+Apoc* Paraphyly 48
9 P12 BI C+(O + Apoc*)* Paraphyly 100
9 P12 ML C+(O + Apoc*)* Paraphyly 49
9 P123 BI C+(O + Apoc*)* Paraphyly 100
9 P123 ML C+(O + Apoc*)* Paraphyly 57
24 RNA BI C+(O + Apoc*)* Monophyly 62 –
24 RNA ML C+(O + Apoc*)* Monophyly 48 –
11 P123 + RNA BI C+(O + Apoc*)* Monophyly 89 100
11 P123 + RNA ML C+(O + Apoc*)* Monophyly 53 65

AA, amino acid sequences of protein-coding genes; P12, first and second codon position
nucleotide sequences of lrna, srna and 22 tRNA genes; 13 in the column of data matrix in
nad2 and nad6were exclude from analyses; 9 in the column of data matrix indicates the n
Apoc, Apocrita; Acul, Aculeata; S, Stephanoidea; E, Evanioidea; Plat, Platygastroidea; Proc,
V, Vespidae; A, Apoidea; the numbers after the group indicate bootstrap values for ML
* Indicates the node is 1.0/100% supported.
in at least one species. All rearrangement types, except for
shuffling, are found in protein-coding genes. Reversal is the most
common rearrangement type, being found in all species with gene
rearrangements except for Pristaulacus compressus (Evanioidea:
Aulacidae). Transposition is less common and is found in Pristaula-
cus and the four heavily rearranged mitochondrial genomes of
Nasonia, Philotrypesis, Venturia and Cotesia. Reverse transposition
is found only once, in the mitochondrial genome of Cotesia.

Our analyses indicate that protein-coding gene rearrangements
in Hymenoptera are randomly distributed across lineages but may
be conserved within groups, such as the Chalcidoidea. Extensive
sequencing of the mitochondrial genomes from the relatives of
species with protein-coding genes rearrangements is necessary
for meaningful investigation of their phylogenetic information.

3.4. Mitochondrial phylogenomics of major lineages in the
Hymenoptera

3.4.1. Factors affecting phylogenetic reconstruction
We performed 22 phylogenetic reconstruction analyses with

combinations of different data matrix and inference methods to
test the influence of genes, codon position and inference methods
on tree topology and nodal support (Table 3).
ments in the Hymenoptera, calculated with the CREx software.

lotrypesis Venturia Cotesia Cephalonomia

110 60 106
54 34 52
36 28 34

150 48 88
48 150 60
88 60 126

rvals mean similar gene orders. The nad6 gene is missing in Cephalonomia gallicola.
cidae) mitochondrial genome, the relative arrangement among the the 13 protein-
.

d methods.

pha Stephanoidea position Ichneomonoidea position Within Aculeata

(S + E)+Proc 62 I + Acul 71 (B + M)+(F+(V + A 96))
S + other Apoc 80 I + Plat 13 (B + M)+(F+(V + A 69))
S + other Apoc* (E + I 82)+(Plat + Acul) (B + M)+(F+(V + A*))
S + other Apoc 81 (E + I 26)+Acul (B + M)+(F+(V + A 87))
S + other Apoc* (E + I*)+(Plat + Acul) (B + M)+(F+(V + A*))
S + other Apoc 86 (E + I 44)+Acul F+((B + M)+(V + A 79))
S + Platy 33 I + Acul* (V + F)+((B + M)+A)
S + Platy* I + Acul 25 (B + M)+(F+(V + A 65))
(S + E 99)+Proc 68 I + Acul * B+((M + F)+(V + A*))*

(S + E 27)+Proc 11 I + Acul 57 B+((M + F)+(V + A 85)) 74
(S + E 95)+Proc 72 I + Acul* B+((M + F)+(V + A*))*

(S + E 18)+Proc 8 I + Acul 60 B+((M + F)+(V + A 73)) 84
S + Platy 99 I + Acul* (V + F)+((B + M)+A)
S + Platy 29 I + Acul 25 (B + M)+(F+(V + A 43))
(S + E 91)+Proc* I + Acul* (B + M)+(F+(V + A*))
(S + E 27)+Proc 36 I + Acul 40 F+((B + M)+(V + A 78))
(S + E 84)+Proc 87 I + Acul 91 F+((B + M)+(V + A*))
(S + E 20)+Proc 24 I + Acul 38 F+((B + M)+(V + A 89))
S + Chal 61 E + I M+(((V+(B + F))+A)
S + Chal 63 E + I (B+(M + F))+(V + A 11)
S + other Apoc 89 E + I 81 B+((M + F)+(V + A*))*

S + Proc 28 E + I 55 B+((M + F)+(V + A 78))*

s of protein-coding genes, P123, all codon positions of protein-coding genes; RNA,
dicates full 13 protein-coding genes; 11 in the column of data matrix indicates the
ad2, nad6 , atp8 and nad4lwere exclude from analyses; C, Cephoidea; O, Orussoidea;
Proctotrupomorpha; I, Ichneumonoidea; B, Bethylidae; M, Mutillidae, F, Formicidae;
tree and 100 times of posterior probability for BI tree.



Table 4
Regression of the pairwise distances of the first and second codon positions of
protein-coding genes and all positions of RNA genes.

Gene Regression R Average GTR distance

atp6 y = 0.0806x + 0.2307 0.8797 1.0629
atp8 y = 2E�05x + 0.4022 0.1606 51.5384
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Pairwise distance analyses indicated that multiple-substitu-
tions were elevated in atp8, nad2, nad4l and nad6 at first and sec-
ond codon positions and for all protein-coding genes at third
codon positions (Fig. 3, Table 4). The following removal of pro-
tein-coding genes and exclusion of codon position in phylogenetic
analyses were conducted according to these results.
cox1 y = 0.4387x + 0.0498 0.9834 0.2979
cox2 y = 0.2223x + 0.1260 0.9471 0.6454
cox3 y = 0.0942x + 0.2129 0.7645 0.8229
cytb y = 0.2737x + 0.1017 0.9645 0.4941
nad1 y = 0.1058x + 0.1999 0.3335 1.0591
nad2 y = 0.0032x + 0.4210 0.8784 37.5498
nad3 y = 0.03x + 0.3009 0.9808 1.9455
nad4 y = 0.0673x + 0.2419 0.8713 1.4974
nad4 l y = 5E�07x + 0.3897 0.4045 26069.8762
nad5 y = 0.0872x + 0.2171 0.8698 1.3574
3.4.1.1. Removal of protein-coding genes. When all protein-coding
genes were included, the Stephanidae was always placed at a sis-
ter-group position to all other Apocrita and the two long-branches
of Bethylidae and Mutillidae grouped together. Additionally, tree
topologies are sensitive to inference methods and exclusion of
third codon position. Although adding characters with missing
Fig. 3. Scatter plot graphics performed to test the saturation of the nucleotide
substitution process in the mitochondrial protein-coding genes in Hymenoptera.
Pairwise distances were calculated for the first, second, first and second, and third
codon positions of the 13 mitochondrial protein-coding genes.

nad6 y = 8E�06x + 0.4346 0.9137 6854.2320
rrnl y = 0.0979x + 0.1967 0.8897 1.2587
rrns y = 0.058x + 0.2408 0.8514 1.7998
tRNAs y = 0.1522x + 0.1511 0.9279 0.7504
data can improve accuracy in phylogenetic analyses, there is a risk
of long-branch attraction in some cases (Wiens and Moen, 2008;
Thomson and Shaffer, 2010). In the subsequent analyses, the exclu-
sion of nad2 and nad6, which showed both missing data in some
taxa and substitution saturation in first and second codon posi-
tions, improved the nodal support and congruence of tree topology
between inference methods. Exclusion of the saturated atp8 and
nad4l did not alter the tree topology except for the relationships
amongst the basal lineages of Aculeata (Table 4, Fig. 4). The nega-
tive effect of nad2 and nad6 in our analyses might be caused by
joint effect of substitution saturation and missing data (Lemmon
et al., 2009; Wiens and Morrill, 2011).

3.4.1.2. RNA genes. Date sets that include RNA genes support the
monophyly of Parasitica with two major lineages: Evanioi-
dea + Ichneumonoidea and Stephanidae + Proctotrupomorpha, or
a sister-group relationship between Stephanidae and other Parasi-
tica (Fig. 5). It is in conflict with results from protein-coding genes,
where the paraphyly of Parasitica was supported. Additionally, the
analyses of RNA sequences alone did not recover Proctotrupomor-
pha within Parasitica (Table 3).

3.4.1.3. Codon position. Many studies exclude the third codon posi-
tions due to substitution saturation when analyzing protein-coding
genes (Wei et al., 2010a; Klopfstein et al., 2013). Our analyses
showed that the exclusion of the third codon position did not alter
the tree topology but reduced the support values in some nodes,
suggesting that this position does not negatively effect phyloge-
netic reconstruction with complete mitochondrial genomes in
Hymenoptera, as has been previously shown in Diptera (Cameron
et al., 2007b) and Orthoptera (Fenn et al., 2008). The majority of
previous studies have used relatively intuitive partitioning
schemes such as by gene type, by gene and by codon position
(Cameron, 2014). In our analyses, we chose the partitioning
schemes and substitution models simultaneously implemented in
the software PartitionFinder. The best-fit scheme was simulta-
neously divided by codon positions of protein-coding genes and
gene groups (Table S3), rather than a priori partitioning schemes
frequently used in mitochondrial phylogenomics. The partitioning
strategy might optimize the information from the genes and codon
positions (Leavitt et al., 2013).

3.4.1.4. Coding of protein-coding genes. After exclusion of the prob-
lematic genes of nad2 and nad6, the nucleotide sequences of
protein-coding genes resulted in congruent tree topology indepen-
dent of inference method and the inclusion/exclusion of third



Fig. 4. Hymenoptera phylogeny based on nucleotide sequences of the mitochondrial protein-coding genes. Bayesian posterior probabilities and bootstrap values (1000
replicates) based on all codon positions and first and second codon positions of mitochondrial protein-coding genes (nad2 and nad6 are not included) are shown sequentially,
separated by ‘‘/’’ near respective nodes. An asterisk indicates that the nodes were 1.0/100% supported by both inference methods.

Fig. 5. Hymenoptera phylogeny based on nucleotide sequences of the the mitochondrial protein-coding and RNA genes. Bayesian posterior probabilities and bootstrap values
(1000 replicates) based on all codon positions and of the protein-coding genes (nad2 and nad6 are not included), 2 rRNA and 22 tRNA genes are shown sequentially, separated
by ‘‘/’’ near respective nodes. An asterisk indicates that the nodes were 1.0/100% supported by both inference methods.
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codon position, although the nodal supports are different (Fig. 4,
Table 4). The amino acid sequences of protein-coding genes has
been claimed to be the best data set to be analyzed in higher-level
phylogeny of in insects with mitochondrial genomes (Talavera and
Vila, 2011). However, we found that the amino acid sequences
could not avoid long branch attraction between Bethylidae and
Mutillidae, or recover the well accepted sister-group relationship
between Orussidae and Apocirta (Sharkey, 2007; Dowton et al.,
2009a; Sharkey et al., 2012; Klopfstein et al., 2013). Nevertheless,
the Evaniomorpha (with Stephanidae and Aulacidae included here)
proposed by Rasnitsyn (1988), Proctotrupomorpha and its sister-
group relationship to Evaniomorpha, the Ichneumonoidea + Acule-
ata were supported as recovered by nucleotide sequences of
reduced set of 11 protein-coding genes.

3.4.1.5. Inference methods. The Bayesian and ML methods produced
different topologies when we use the same data matrix except for
that of nucleotide sequences of reduced set of 11 protein-coding
genes. The ML searches using three amino acid matrices always
grouped Orussidae and Cephidae together, rather than a well ac-
cepted sister-group relationship between Orussidae and Apocirta.
After removal of the problematic nad2 and nad6 genes, both Bayes-
ian and ML resulted in congruent tree topology independent of
inference method and exclusion of third codon position (Fig. 4).
However, the support values of the shared nodes are always higher
in the Bayesian tree than those in ML tree generated from the same
data matrix (Table 3). Our analyses support that the Bayesian infer-
ence in mitochondrial phylogenomics performs more reliably than
the others, as revealed by previous studies (Dowton et al., 2009a;
Gotzek et al., 2010; Talavera and Vila, 2011).

3.4.2. The phylogenetic relationships among major lineages in
Hymenoptera

Our analyses based on different matrix recovered some well
supported groups as well as conflicting relationships among major
lineages within Hymenoptera. This is very similar to the previous
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studies, both congruent and conflicting conclusions obtained from
different data set and inference methods. The complicated and
challenging phylogenetic relationships within Hymenoptera stim-
ulated continuous researches for more than 100 years (Ashmead,
1896; Dowton and Austin, 1994; Ronquist et al., 1999; Dowton
et al., 2009a; Klopfstein et al., 2013). After comparisons of the fac-
tors that might affect the phylogenetic inference, our analyses sug-
gest that gene types (protein-coding vs RNA genes), selection of the
used protein-coding genes and their coding method (nucleotide vs
amino acid sequences) have strong influence on the resulting phy-
logenetic inference in our dataset. It should be noticed that the
extraction of phylogenetic signal from hymenopteran mitochon-
drial genomic data is not simple (Dowton et al., 2009a; Gotzek
et al., 2010). In our analyses, the nucleotide sequences of the re-
duced set of 11 protein-coding genes generated more reliable
topology using both Bayesian and ML inference, although the nodal
supports are lower in ML than those in Bayesian trees (Fig. 4).

Our analysis supported the basal position of ‘‘Symphyta’’ in
Hymenoptera and its paraphyly, which is congruent with tradi-
tional views, with the Orussoidea sister to the suborder Apocrita
(Rasnitsyn, 1988; Sharkey and Roy, 2002; Castro and Dowton,
2005; Dowton et al., 2009a).

Within the Apocrita, the superfamilies Ichneumonoidea and
Chalcidoidea were fully supported in all analyses. The Proctotrupo-
morpha was supported. The Proctotrupomorpha has been well
recovered many times by both morphological characters (Ronquist
et al., 1999), single gene sequences (Dowton and Austin, 1994;
Dowton et al., 1997), multiple gene analyses (Klopfstein et al.,
2013) and concatenated genetic and morphological analyses
(Dowton and Austin, 2001; Sharkey et al., 2012). The relationship
(within Proctotrupomorpha) Platygastroidea + (Proctotrupoidea +
Chalcidoidea) is congruent with two recent studies (Sharkey
et al., 2012; Klopfstein et al., 2013). The Evaniomorpha (with
Stephanidae + Aulacidae included here) was recovered (Fig. 4).
When the Evaniomorpha was supported, it usually formed a sis-
ter-group relationship to Proctotrupomorpha, with the Ichneumo-
noidea sister to Aculeata (Dowton and Austin, 1994; Dowton et al.,
1997; Rasnitsyn et al., 2004). Conflicting results came from analy-
ses that incorporated RNA sequences, in which, the monophyly of
Parasitica was supported (Fig. 5). The position of groups proposed
within the Evaniomorpha is one of the most controversial issues in
Hymenoptera (Sharkey, 2007; Klopfstein et al., 2013). Present phy-
logenetic analyses did not include representatives from Ceraphro-
noidea, Megalyroidea and Trigonalyoidea. Increasing taxonomic
coverage in the sequencing of mitochondrial genomes will contrib-
ute to better understanding of the phylogenetic relationships in
these groups (Cameron, 2014).

Themonophyly of Aculeatawas recovered in all analyses.Within
this group, the superfamily of Apoidea (Crabronidae + Apoidae), and
the sister-group relationship between Vespidae and Apoidea were
well-supported. Vespoidea was recovered as a paraphyletic group,
as in other studies (Pilgrim et al., 2008; Klopfstein et al., 2013). Most
previous studies have placed Chrysidoidea (with the Bethylidae in-
cluded) as a sister group to otherAculeata (Brothers, 1999), although
the monophyly of Chrysidoidea is still controversial (Sharkey et al.,
2012). Our analyses using nucleotide sequences of protein-coding
genes recovered the relationship of Bethylidae + ((Mutillidae +
Formicidae) + (Vespidae + Apoidea)) with strong nodal supports,
while those using amino acid and RNA sequences resulted in an
artifactual grouping of Bethylidae + Mutillidae, likely due to long
branch attraction, inserted in the Aculeata that of variable position.
The phylogeny of Aculeata remains unclear (Klopfstein et al., 2013).
Further studieswith denser sampling andmore powerfulmolecular
markers, as well as the suitable inference methods are necessary
to reveal the phylogenetic relationships within Hymenoptera
(Klopfstein et al., 2013).
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