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We present entire sequences of two hymenopteran mitochondrial genomes and the major portion of three others. We
combined these data with nine previously sequenced hymenopteran mitochondrial genomes. This allowed us to infer and
analyze the evolution of the 67 mitochondrial gene rearrangements so far found in this order. All of these involve tRNA
genes, whereas four also involve larger (protein-coding or ribosomal RNA) genes. We find that the vast majority of
mitochondrial gene rearrangements are independently derived. A maximum of four of these rearrangements represent
shared, derived organizations, whereas three are convergently derived. The remaining mitochondrial gene rearrange-
ments represent new mitochondrial genome organizations. These data are consistent with the proposal that there are an
enormous number of alternative mitochondrial genome organizations possible and that mitochondrial genome
organization is, for the most part, selectively neutral. Nevertheless, some mitochondrial genes appear less mobile than
others. Genes close to the noncoding region are generally more mobile but only marginally so. Some mitochondrial
genes rearrange in a pattern consistent with the duplication/random loss model, but more mitochondrial genes move in
a pattern inconsistent with this model. An increased rate of mitochondrial gene rearrangement is not tightly associated
with the evolution of parasitism. Although parasitic lineages tend to have more mitochondrial gene rearrangements than
nonparasitic lineages, there are exceptions (e.g., Orussus and Schlettererius). It is likely that only a small proportion of
the total number of mitochondrial gene rearrangements that have occurred during the evolution of the Hymenoptera have
been sampled in the present study.

Introduction

Mitochondrial genes are the most intensely used mol-
ecule for the investigation of phylogeny (e.g., Milinkovitch
et al. 1993; Haring et al. 2001; Grande et al. 2004; Macey
et al. 2004; Cameron, Lambkin, et al. 2007; Fenn et al.
2008), population genetics (reviewed in Simon 1991; Ca-
meron and Whiting 2007), and for investigating the mode
and mechanism of molecular evolution (e.g., Reyes et al.
1998). An understanding of the ways in which these mole-
cules evolve will facilitate the development of more realistic
frameworks for the use of mitochondrial gene sequence data
to reconstruct evolutionary relationships, and to discover the
historical trends of biological populations.

Increasingly, the molecular evolution of this molecule
is being examined using whole mitochondrial genome data
(Kondo et al. 1993; Dong and Kumazawa 2005; Sheffield
et al. 2008). Mitochondrial genome organization is being
used to infer phylogeny (Smith et al. 1993; Boore et al.
1998; Dowton 1999; Haring et al. 2001), whereas the nature
and rate of mitochondrial gene rearrangement are being
characterized among phylogenetically related organisms
(e.g., Kumazawa and Nishida 1995). This latter approach
can be particularly powerful, as gene movements can be
assessed within a phylogenetic framework established from
independent data.

Many mitochondrial genome studies suffer one major
shortcoming. Due to the effort required to sequence an entire
mitochondrial genome, taxonomic sampling remains rela-
tively poor, such that conclusions are based on relatively
few samples (but see Miya et al. 2003). Although we and
others have already sequenced nine hymenopteran mito-
chondrial genomes (table 1), these were not chosen to best
represent the phylogenetic diversity of the order. In the pres-
ent study, we report five newly sequenced hymenopteran mi-
tochondrial genomes, chosen to fill major gaps in our
taxonomic sampling of hymenopteran diversity. We con-
sider that the hymenopteran mitochondrial genome repre-
sents a useful model system for the study of the mode of
mitochondrial gene order evolution, due to its accelerated
rate of gene rearrangement (Crozier and Crozier 1993;
Dowton and Austin 1999; Dowton et al. 2003). There are
not so few mitochondrial gene rearrangements that trends
are proposed from isolated observations, whereas there are
not so many that the history of each mitochondrial rearrange-
ment becomes blurred by multiple changes (e.g., Shao et al.
2001; Shao and Barker 2002; Cameron, Johnson, and
Whiting 2007). Nevertheless, there is already some evidence
that different trends will be observed, depending on the
animal group studied. Vertebrate mitochondrial gene rear-
rangements appear to occur less frequently than invertebrate
mitochondrial gene rearrangements. For example, only six
different mitochondrial genome organizations are evident
among 100 entirely sequenced mitochondrial genomes
(Miya et al. 2003). Most vertebrate mitochondrial gene rear-
rangements are consistent with the duplication/random loss
model (Moritz et al. 1987; San Mauro et al. 2006), whereas
a range of invertebrate mitochondrial rearrangements are in-
consistent with this mechanism (Smith et al. 1993; Dowton
and Austin 1999; Miller et al. 2004; Shao et al. 2006).
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We divide the Hymenoptera into two groups, the
monophyletic Apocrita, and a range of more basally diver-
gent superfamilies, which we refer to here as the ‘‘non-
apocritans.’’ Previously, the non-apocritans have been grouped
together into the suborder Symphyta, but this is clearly not
a natural grouping. Two of us previously reported that the
rate of both genetic divergence (Dowton and Austin 1995)
and gene rearrangement (Dowton and Austin 1999; Dowton
et al. 2003; Shao et al. 2003) are accelerated in the mito-
chondrial genomes of Apocrita (i.e., including the parasitic
Hymenoptera), when compared with non-apocritans (pre-
dominantly nonparasitic Hymenoptera). Two of the newly
reported mitochondrial genomes are from non-apocritans,
whereas three are from the Apocrita. In the present paper,
we report the sequence and organization of these five mi-
tochondrial genomes and analyze their organization to-
gether with the nine previously sequenced hymenopteran
mitochondrial genomes. We identify 67 mitochondrial gene
rearrangements compared with the ancestral pancrustacean
mitochondrial genome organization (Crease 1999; Cook
2005). Most of these rearrangements involve tRNA genes,
and all are likely to have occurred during the evolution of
the Hymenoptera. We report the underlying molecular evo-
lutionary trends that these analyses reveal.

Materials and Methods
Specimens and DNA Extraction

Cephus cinctusNorton,Orussus occidentalis (Cresson),
and Enicospilus sp. were sequenced in the laboratory of
S.L.C. and M.F.W., whereas Schlettererius cinctipes
(Cresson) and Venturia canescens (Gravenhorst) were se-
quenced in the laboratory of M.D. and A.D.A. DNA was
extracted from Cephus, Orussus, and Enicospilus using
the DNEasy Tissue Kit (Qiagen, Hilden, Germany) as
described (Sheffield et al. 2008). DNA was extracted
from ethanol-preserved specimens of S. cinctipes and
V. canescens as previously described (Castro and Dowton
2005), using the method of Sunnucks and Hales (1996).

Amplification and Sequencing of Mitochondrial Genome
Fragments

Amplification and sequencing of Cephus, Orussus,
and Enicospilus were achieved using methods described
by Cameron and others (Cameron, Johnson, and Whiting
2007; Cameron, Lambkin, et al. 2007), whereas those
for Schlettererius and Venturia have also been previously
described (Castro et al. 2006). For both sets of taxa, long
mitochondrial fragments were sequenced by primer walk-
ing; primer sequences can be obtained from the S.C.
(Cephus, Orussus, and Enicospilus) or M.D. (Venturia,
Schlettererius) laboratories. Cephus and Orussus were se-
quenced entirely, whereas Enicospilus, Schlettererius, and
Venturia were incomplete, presumably in the area sur-
rounding the mitochondrial AT-rich region, which has
proven difficult to amplify in the Hymenoptera (Castro
and Dowton 2005; Castro et al. 2006; Cameron et al.
2008). The sequences are available from GenBank, under
accession numbers FJ478173–FJ4781737.

Genome Annotation

Abbreviations for mitochondrial gene names follow
Boore (1999). Mitochondrial tRNA genes were identified
using tRNA-Scan SE version 1.21 (lowelab.ucsc.edu/
tRNAscan-SE) (Lowe and Eddy 1997), specifying mito-
chondrial/chloroplast DNA as the source and using the in-
vertebrate mitochondrial genetic code for tRNA isotype
prediction. The cove cutoff score was set to 1. Some mito-
chondrial tRNA genes were consistently missed by tRNAS-
can, such as trnS1 and trnR. These were identified by
visually inspecting unassigned regions for sequences with
similarity to previously identified mitochondrial tRNA
genes of these isotypes. In Cephus, Orussus, and Enicospi-
lus, mitochondrial protein-coding genes were identified as
described (Sheffield et al. 2008). In Venturia and Schletter-
erius, mitochondrial protein–coding genes were identified
using open reading frame (ORF) finder (ncbi.nlm.nih.gov),
followed by BlastP analysis (implemented from within ORF
finder). BlastN was used to identify mitochondrial rRNA
genes. The precise ends of the mitochondrial rnl and rns
genes are difficult to define; others have noted this. rnl is
most generally defined as being bounded by neighboring
genes (i.e., with no noncoding sequence between the genes).
We have followed this practice here. rns is more difficult to
define, as one end is usually bounded by the main noncoding
region. In those cases, we aligned all previously defined ho-
lometabolous rns genes with the hymenopteran taxon under
investigation, then used the nucleotide that aligned with the
Drosophila rns noncoding boundary as the cutoff for the rns
gene. This approximation was considered the most practical.

Results
Sampling Strategy

Previously, nine complete or nearly complete mito-
chondrial genome sequences had been reported from the
Hymenoptera (table 1). However, these are not a represen-
tative sample of the order. For example, six of these nine

Table 1
Hymenopteran Mitochondrial Genome Sequences Employed
in the Present Study

Suborder
TaxonSuperfamily: Family

Non-apocritans
Tenthredinoidea: Pergidae Perga (Castro and Dowton 2005)
Cephoidea: Cephidae Cephus cinctusa

Orussoidea: Orussidae Orussus occidentalisa

Apocrita
Apoidea: Apidae Apis (Crozier and Crozier 1993),

Bombus (Cha et al. 2007),
Melipona (Silvestre et al. 2008)

Chalcidoidea: Pteromalidae Nasonia (Oliveira et al. 2008)
Chrysidoidea: Chrysididae Primeuchroeus (Castro et al. 2006)
Ichneumonoidea:

Ichneumonidae
Venturia canescensa,
Enicospilus sp.a

Proctotrupoidea:
Vanhorniidae

Vanhornia (Castro et al. 2006)

Stephanoidea: Stephanidae Schlettererius cinctipesa

Vespoidea: Vespidae Abispa, Polistes (Cameron
et al. 2008)

a Sequenced in the present study.
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mitochondrial genomes are from the Aculeata (Apoidea,
Chrysidoidea, and Vespoidea in table 1). Thus far, only
two nonaculeate apocritans have been sequenced (Vanhor-
nia and Nasonia), yet this group contains the vast majority
of parasitic hymenopterans. Further, these two parasitic
wasps are from the Proctotrupomorpha, a monophyletic as-
semblage identified from our most recent sequence-based
analysis (Castro and Dowton 2006). There is a range of
parasitic groups that lies outside of this group. Figure 1
shows the hymenopteran phylogeny, as deduced from
separate analyses of non-apocritan (Vilhelmsen 1997,
2001; Schulmeister et al. 2002) and apocritan relationships
(Castro and Dowton 2006). Blue branches indicate the hy-
menopteran lineages for which mitochondrial sequence
data were available prior to this study.

In order to better represent hymenopteran diversity, we
chose to sequence two additional non-apocritans (Cephus
and Orussus) and three additional apocritans (Schletterer-
ius, Enicospilus, and Venturia, the latter two are both from
the Ichneumonidae). Figure 1 (red branches) indicates
where these taxa lie on the current estimate of the hymenop-
teran phylogeny.

The Mitochondrial Genomes of Cephus and Orussus

Just a single (partial) mitochondrial genome from
a non-apocritan representative was previously reported, that
of Perga condei (Castro and Dowton 2005). The organiza-
tions of the newly sequenced Cephus and Orussus are
shown in figure 2. The mitochondrial genome organization
of the ancestral pancrustacean (Crease 1999; Cook 2005),
together with Perga, is included to facilitate comparisons.
In each of the three non-apocritans, all protein-coding and
the two rRNA genes are positioned identically and are tran-
scribed in identical directions. The only differences occur

with the relative positions of tRNA genes. An increased
plasticity in the relative positions of mitochondrial tRNA
genes, as compared with protein-coding and rRNA genes,
has been noted in a range of other taxa (Boore 1999; Gissi
et al. 2008). Of particular interest are the relative positions
of the mitochondrial trnI, trnQ, and trnM genes. These were
not determined in Perga (Castro and Dowton 2005), but
trnI and trnQ are in identical, derived positions in both Ce-
phus and Orussus. Similarly, the trnM gene in both Cephus
and Orussus is no longer adjacent to the nad2 gene, but is in
different, derived positions. In Cephus, it follows the rns
gene, whereas in Orussus, it lies between cob and trnS2.
In all cases, it is transcribed in the same direction. Indeed,
none of the mitochondrial tRNA gene rearrangements are
inversions, that is, all mitochondrial genes are transcribed in
the ancestral direction.

The Mitochondrial Genome of S. cinctipes

Figure 3 shows the organization of the mitochondrial
genome of the stephanid, S. cinctipes. We chose this taxon
because the stephanids have been proposed as an early di-
verging lineage within the Apocrita (Gibson 1985; Johnson
1988; Whitfield 1992), although this is not supported by
molecular data (Castro and Dowton 2006), nor in combined
molecular–morphological data analyses (Dowton and Aus-
tin 2001). Figure 3 indicates that, similar to the non-
apocritans, none of the protein-coding or rRNA genes have
changed positions, relative to the ancestral pancrustacean.
However, the trnD and trnK have swapped position,
whereas there has been shuffling of the mitochondrial
tRNA genes at the nad3–nad5 junction, with trnE moving
from its ancestral position (between trnS1 and trnF) to a de-
rived position (between trnA and trnR). This latter mito-
chondrial gene movement was previously reported but in

FIG. 1.—Phylogeny of the Hymenoptera, indicating those lineages from which complete or nearly complete mitochondrial genome sequences have
been determined. The tree shown is the current best estimate. It is based on separate analyses of non-apocritan (Vilhelmsen 1997, 2001; Schulmeister
et al. 2002) and apocritan relationships (Castro and Dowton 2006). Branches in blue indicate lineages with mitochondrial genome sequence reported
prior to the present study. Branches in red indicate those branches sampled in the present study.
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a study in which we only sequenced the nad3–nad5 junc-
tion (Dowton et al. 2003) of this wasp.

The Mitochondrial Genomes of Two Ichneumonid
Wasps, Enicospilus sp. and V. canescens

Figure 4 shows the mitochondrial organization of the
two ichneumonid wasps sequenced in the present study.
Enicospilus is from the subfamily Ophioninae, whereas

Venturia is from the Campopleginae. Both are from the
ophionoid group of ichneumonid subfamilies. Some anal-
yses of 28S data recover these two subfamilies as sister
groups (see fig. 3a in Belshaw et al. 1998), although with
low bootstrap support; the relationship is collapsed in the
summary tree presented by these authors (see fig. 5 in
Belshaw et al. 1998).

Although Enicospilus and Venturia are the most
closely related of those wasps sequenced here, they have
the most different mitochondrial genomes, both when com-
pared with each other (fig. 4) and when compared with the
ancestral pancrustacean mitochondrial genome organiza-
tion. Further, no mitochondrial gene rearrangements are
shared between these two wasps. Although both have lost
the trnL2 gene from the cox1–cox2 gene junction, it has
moved to different places in each wasp.

In Enicospilus, there are at least six mitochondrial
gene rearrangements relative to the pancrustacean mito-
chondrial gene order; all involve mitochondrial tRNA
genes and only one involves a change in transcriptional po-
larity (i.e., most movements are along the same mitochon-
drial strand). trnM has moved upstream relative to the
ancestral pancrustacean (trnM–trnI–trnQ–nad2, compared
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with trnI–trnQ–trnM–nad2). The relative positions of trnC
and trnY are reversed relative to the ancestral pancrusta-
cean, whereas trnL2 has moved out of the cox1–cox2 junc-
tion, to a region containing four other mitochondrial tRNA
genes, just upstream of nad2. There are two mitochondrial
gene rearrangements within the nad3–nad5 junction. trnN
has moved out of this junction, although its derived position
is not known. trnS1 and trnE have swapped positions. trnH
has moved out of the nad5–nad4 junction, to the tRNA
gene cluster upstream of nad2. It is the only inversional mi-
tochondrial gene rearrangement in Enicospilus.

In Venturia, there are also at least five mitochondrial
gene rearrangements relative to the pancrustacean mito-
chondrial gene order, but at least one of these involves
an inversion of multiple protein-coding genes. This is
the most drastic mitochondrial gene rearrangement seen
in the newly sequenced mitochondrial genomes presented
here. The pancrustacean arrangement of nad6, cob, and
nad1 is nad6–cob–trnS2–nad1. In Venturia, cob is upstream
of nad6, with both on the opposite mitochondrial strand
(cob–nad6). Therefore, a single inversion can explain this
mitochondrial gene rearrangement. However, nad1 is also
inverted and at the opposite end of the sequenced fragment.
Although this may represent two independent mitochon-
drial gene rearrangements, a more parsimonious explana-
tion is that all three genes were inverted in a single
mitochondrial gene rearrangement event, to nad1–cob–
nad6. The junction between nad1 and cob is not estab-
lished, as this spans the unsequenced region of this
mitochondrial genome. We made several attempts to am-
plify this mitochondrial gene junction, with primers de-
signed to precisely match Venturia nad1 and cob, but
these were unsuccessful. We anticipate that a noncoding
region exists between these two mitochondrial genes, as
the noncoding region has proved consistently difficult to
amplify in the Hymenoptera.

Four other mitochondrial gene rearrangements involve
tRNA genes. trnT has inverted, and moved from its ances-
tral position (between nad4L and nad6) to the nad6–nad2
gene junction. It is possible that this mitochondrial gene
moved along with the protein-coding genes referred to
above, as it is in the same relative position to nad6. How-
ever, the trnP gene normally lies between nad6 and trnT,
and the trnP gene has not moved. This makes it difficult
to infer whether the trnT inversion is independent of the
protein-coding gene inversion.

The trnC gene has moved out of the nad2–cox1 gene
junction, but its derived position is unknown. It is one of
only three mitochondrial genes not identified in Venturia
(the others are trnS2 and trnQ). However, there appears
to be a remnant of the trnC gene, in its ancestral position.
tRNAScan identified this remnant as a trnY gene, and we
annotated it as a trnY pseudogene due to the presence of
another trnY gene with a higher cove score (fig. 4). How-
ever, when the trnY pseudogene is aligned with either the
trnC or the trnY gene from Enicospilus, it shares a higher
sequence identity with the trnC gene (82.3% compared with
62.3% for the trnY gene). We therefore tentatively identify
this as a remnant of the trnC gene.

The mitochondrial trnL2 gene has moved from the
cox1–cox2 gene junction, to a position between the rns
and nad1 genes. trnM is also in a derived position, at
the rnl noncoding region junction. trnI is in a derived po-
sition, at the rns–nad1 gene junction.

Discussion
The Number and Type of Mitochondrial Gene
Rearrangements in the Hymenoptera

The number and type of each mitochondrial gene re-
arrangement that can be inferred from the nearly complete
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or complete sequences from 14 hymenopterans aretabu-
lated in table 2. These numbers are an underestimate for
some taxa, due to the failure to obtain sequence in the vi-
cinity of the noncoding region. We expect there to be some,
but not substantial hidden change in these regions, given
that there is not a large discrepancy when completely se-
quenced mitochondrial genomes are compared with those
missing some sequence data.

Table 2 indicates that individual taxa vary in the num-
ber of mitochondrial gene rearrangements, with a low of
one rearrangement in Perga, to a high of nine in Apis. Al-
though we identify 67 mitochondrial genes that are in dif-
ferent relative positions compared with the ancestral
pancrustacean mitochondrial genome organization, we con-
sider our sample size small, and more robust trends will be
established with observations from additional hymenop-
teran mitochondrial genomes.

Our data are consistent with each of the approximately
67 mitochondrial gene rearrangements occurring after
the Hymenoptera split from the other holometabolous
insect orders. This is based on the observation that all of
the non-apocritans vary by only one or two mitochondrial
gene placements relative to the ancestral pancrustacean,
whereas the other holometabolous insect orders share
none of the changes identified among the non-apocritans.
Further, some of the changes observed within the non-
apocritans are not observed in some Apocrita. For example,
the one identifiable mitochondrial gene rearrangement in
Perga is the movement of trnL1 out of the nad1–rnl
junction (fig. 2). However, the retention of trnL1 in the
ancestral position in both Cephus and Orussus is a strong
indication that the inferred mitochondrial gene rearrange-
ment occurred during the divergence of Perga from
the other non-apocritan lineages, not in the ancestral
hymenopteran.

Convergent and Potentially Synapomorphic
Mitochondrial Gene Rearrangements Are Found in
Relatively Equal Proportions

Of the 67 mitochondrial gene rearrangements de-
scribed in table 2, just 14 are shared among five derived
genome organizations; these are described in table 3. This
leaves a minimum of 58 independently derived mitochon-
drial genome organizations; 53 uniquely derived mitochon-
drial genome organizations, plus five that are shared. It has
been argued that the order of genes in the mitochondrial
genome is selectively neutral (Brown 1985), but the obser-
vation that gene rearrangement is rare (Rokas and Holland
2000) is inconsistent with neutrality. If the order of genes in
the mitochondrial genome really is neutral, then a large
number of genome organizations should be observed, un-
less the rate of rearrangement is very low. The present study
establishes that many mitochondrial genome organizations
actually occur, consistent with the claim that mitochondrial
gene order is selectively neutral (Brown 1985). However,
the prediction that seemed to naturally flow from this claim,
that convergent mitochondrial gene order would be rare, is
not upheld by our study, nor a range of previous studies
(Flook et al. 1995; Boore and Brown 1998).

Convergent Mitochondrial Gene Rearrangements

We propose that five of the 14 shared mitochondrial
gene organizations are convergences (table 3). We infer
these to be convergences on phylogenetic grounds, where
two taxa share a mitochondrial gene rearrangement, but
a taxon that is uncontroversially more closely related to
one of the taxa retains the ancestral mitochondrial gene or-
ganization. For example, the trnK and the trnD genes have
reversed in Schlettererius, Apis, and Bombus (rearrange-
ments 6, 40, and 51). Apis and Bombus may be each other’s
closest relative—to be conservative for the purpose of the
present study, we assume that they are. However, Schletter-
erius is not closely related to either taxon, and a range of
aculeates retain the ancestral mitochondrial genome orga-
nization (e.g., Abispa and Polistes). This is strong evidence
that the mitochondrial gene rearrangement in Schlettererius
is independently derived. Similarly, trnE and trnS1 are re-
versed in Enicospilus, Apis, and Bombus. The reversal in
Enicospilus is almost certainly a convergence, as another
representative from the Ichneumonidae (Venturia) retains
the ancestral pancrustacean mitochondrial genome
organization.

Although it could be argued that some of the mito-
chondrial gene rearrangements that we identify as conver-
gences were synapomorphic, such interpretations are far
less parsimonious, as they require a number of reversals.
For example, for the trnK–trnD reversal to be synapomor-
phic for Schlettererius, Apis, and Bombus, reversals would
have to be proposed for both Primeuchroeus and the two
vespids (Abispa and Polistes). Even if these reversals did
occur, this does not alter the conclusion that a very large
number of mitochondrial genome organizations are possi-
ble and are not selected against. Importantly, it is the
observation of a large variety of mitochondrial genome or-
ganizations that supports our contention that gene position
is selectively neutral.

Mitochondrial Gene Rearrangements That May Be
Identified as Synapomorphic, After Further Sampling

We propose that nine of the 14 shared mitochondrial
gene organizations are synapomorphic (table 3), although
these require further sampling to verify. For example,
the trnE–trnS1 reversal may be a synapomorphy in Apis
and Bombus. These two genes are in identical positions rel-
ative to each other in Apis and Bombus. However, in Apis,
these two mitochondrial genes are upstream of nad2,
whereas in Bombus, they are at the nad3–nad5 junction.
To be conservative, we count them as a synapomorphy,
but they may also be independently derived.

The trnA gene has moved just upstream of the nad2
gene in Apis, Melipona, and Bombus. All of these taxa
are from the Apidae, such that this may represent a derived
position that is, at least, common to this family. Although
the derived position of trnA is similar in Apis and Bombus
(trnM–trnA–trnI in Bombus, trnM–trnQ–trnA–trnI in
Apis), it is not identical. Further, it is distinctly different
in Melipona (trnI–trnA–trnK–trnM).

The trnI and trnQ genes have swapped positions in
both Cephus and Orussus (trnI–trnQ / trnQ–trnI), so it
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Table 2
Number and Type of Mitochondrial Gene Rearrangements among 14 Hymenopterans, Relative to the Pancrustacean Gene
Order

Taxon Rearrangement Description

Perga 1. trnL1 moves, derived position unknown
Cephus 2. trnM moves out of trnI–trnQ–trnM cluster, next to rns

3. trnI and trnQ swap positions
Orussus 4. trnM moves to cob–nad1 junction

5. trnI and trnQ swap positions
Schlettererius 6. trnK and trnD swap positions

7. trnE moves across three tRNA boundaries
Enicospilus 8. trnI–trnQ–trnM becomes trnM–trnI–trnQ

9. trnC and trnY swap positions
10. trnL2 moves from cox1-cox2 to trnI-trnQ-trnM cluster
11. trnN moves from trnA–trnR–trnN–trnS–trnE–trnF cluster, derived position unknown
12. trnE and trnS1 swap positions
13. Long-range inversion of trnH from nad3–nad5, to trnI–trnQ–trnM cluster

Venturia 14. Long-range inversion of cob, nad6, and trnT, upstream of nad2
15. trnC moves from trnW–trnC–trnY cluster, derived position unknown
16. trnL2 moves from cox1–cox2 junction, to rns–nad1 boundary
17. trnM moves from trnI–trnQ–trnM cluster, to downstream of rnl
18. trnI moves from trnI–trnQ–trnM cluster, to rns–nad1 junction

Primeuchroeus 19. Inversion of trnM, moves to upstream of cox1
20. Inversion of trnI, moves to upstream of cox1
21. Long-range inversion of trnQ, from trnI–trnQ–trnM to trnA–trnR–trnN–trnS–trnE–trnF cluster
22. trnW moves from trnW–trnC–trnY cluster, derived position unknown
23. trnL2 moves from cox1–cox2 junction, to downstream of rnl
24. Inversion and movement of trnR to lie next to nad3
25. Block inversion of trnL1–rnl–trnV–rns

Abispa 26. trnI–trnQ–trnM becomes trnM–trnQ–trnI
27. trnI and trnQ swap positions
28. trnL1 moves from nad1–rnl junction, to trnI–trnQ–trnM cluster

Polistes 29. Inversion of trnI
30. trnQ and trnM move, derived position unknown
31. trnY moves out of trnW–trnC–trnY cluster, derived position unknown
32. trnL1 moves from nad1–rnl junction, to cob–nad1 junction

Apis 33. trnA, trnS and trnE move from trnA-trnR-trnN-trnS-trnE-trnF to trnI–trnQ–trnM cluster
34. trnE and trnS1 swap positions
35. trnA changes position relative to trnS1 and trnE
36. trnW moves across two tRNA boundaries
37. Inversion of trnQ
38. trnI–trnQ–trnM becomes trnM–trnQ–trnI
39. trnI moves downstream relative to trnQ
40. trnK and trnD swap positions
41. Local inversion of trnR

Melipona 42. Long-range movement of trnA, from trnA–trnR–trnN–trnS–trnE–trnF upstream of trnI
43. Long-range inversion of trnK, from cox2–atp8 to trnI–trnQ–trnM cluster
44. Local inversion of trnC, moves upstream one tRNA gene
45. Local inversion of trnR
46. Local inversion of trnT

Bombus 47. trnQ moves out of trnI–trnQ–trnM cluster, to downstream of rns
48. trnI–trnQ–trnM becomes trnM–trnI
49. trnA moves from trnA–trnR–trnN–trnS–trnE–trnF cluster, to between trnM and trnI
50. trnW moves across two tRNA boundaries
51. trnK and trnD swap positions
52. trnE and trnS1 swap positions
53. Local inversion of trnR
54. trnT and trnP swap positions

Nasonia 55. Block inversion of cox1–trnL2–cox2–trnD–trnK–atp8–atp6–cox3–trnG–nad3
56. Local inversion of trnK
57. nad2–trnW–trnC–trnY moves, to upstream of nad1
58. trnC moves from trnW–trnC–trnY cluster, derived position unknown
59. trnN moves from trnA–trnR–trnN–trnS–trnE–trnF cluster, to upstream of nad1
60. trnA moves from trnA–trnR–trnN–trnS–trnE–trnF cluster, to rnl–rns gene junction
61. trnV moves from rnl–rns, derived position unknown

Vanhornia 62. trnM inversion, from trnI–trnQ–trnM cluster, to nad1–rnl junction
63. trnL2 moves from cox1–cox2, to downstream of cox2
64. trnR moves from trnA–trnR–trnN–trnS–trnE–trnF cluster, derived position unknown
65. trnA rearranges within trnA–trnR–trnN–trnS–trnE–trnF cluster
66. trnN rearranges within trnA–trnR–trnN–trnS–trnE–trnF cluster
67. trnL1 inversion, from nad1-rnl, to upstream of nad2

Underlined descriptions indicate that an identical gene rearrangement is found elsewhere in the descriptions. Reference numbers facilitate the identification of each

rearrangement elsewhere in the study.
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is tempting to suggest that this may be a derived mitochon-
drial genome organization that appeared early during the
evolution of the order. However, this putatively derived or-
ganization is retained only in Abispa. The ancestral organi-
zation (trnI–trnQ) may be retained in Enicospilus, but the
two genes are separated by a trnM pseudogene. The fact
that most hymenopterans have the trnI and/or trnQ genes
in different positions makes the location of these two tRNA
genes too variable to reach any firm conclusion.

The contention that gene position is neutral led to the
prediction that convergent mitochondrial gene order should
be rare. However, this prediction is not upheld by our study.
As far as our data permit, four of the shared, derived mi-
tochondrial gene organizations are synapomorphic (table
3), whereas three are convergent. However, these numbers
are heavily influenced by the sampling strategy. We chose
divergent Hymenoptera, in order to maximally capture dif-
ferent mitochondrial genome organizations. Such a strategy
is unlikely to find synapomorphies, unless mitochondrial
genome organization is relatively stable at higher taxo-
nomic levels (e.g., across hymenopteran superfamilies).

Finally, our study suggests that the few potentially
synapomorphic mitochondrial gene rearrangements should
be viewed with caution. For example, Apis and Bombus
both share a reversal of the positions of the trnK and trnD
genes (to trnD–trnK; table 3), but Melipona only has the
trnD gene present at the cox1–atp8 junction. A superficial
analysis would place Apis and Bombus together (to the ex-
clusion of Melipona), but it is unclear whether the Melipona
mitochondrial organization represents an independent der-
ivation, or one that occurred after the trnK–trnD reversal.
The observation that the trnK–trnD reversal has indepen-
dently occurred in Schlettererius, the Scelionidae (Dowton
and Austin 1999), and the caeliferan grasshoppers (Flook
et al. 1995; Fenn et al. 2008) makes us doubly cautious
about the phylogenetic utility of this mitochondrial gene
rearrangement.

Is Mitochondrial Gene Order Selectively Neutral

Although this is very difficult to test experimentally,
we can begin to investigate this claim by examining
whether some mitochondrial genes appear less mobile
when compared with others; mitochondrial gene bound-
aries that are retained in the face of accelerated mitochon-
drial gene rearrangement may indicate some selective
constraint on mitochondrial genome organization. For

the current discussion, we restrict our commentary to tRNA
genes. Although it is clear that protein-coding genes are less
mobile than tRNA genes, this could be due to size differ-
ences as much as selective differences—the probability of
a mitochondrial gene rearrangement being lethal or a selec-
tive disadvantage (e.g., by not encompassing the entire
gene) may be much greater for a larger gene than it is
for a smaller gene. In addition, strand compositional skews
may severely restrict the movement of protein-coding genes
between strands (Foster et al. 1997; Min and Hickey 2007).
Of the 67 mitochondrial gene rearrangements observed, we
calculated how many involved each tRNA gene (supple-
mentary table 1, Supplementary Material online). trnM
was observed to be the most mobile, changing position nine
times. Further, mitochondrial genes close to the ancestral
position of the noncoding region (the trnI–trnQ–trnM clus-
ter; fig. 2) were the most mobile, with trnI changing posi-
tion seven times, trnQ changing position six times.
Although others have noted that tRNA genes next to the
noncoding region are generally more mobile (Duarte
et al. 2008), many of the other tRNA genes are nearly as
mobile; for example, trnK and trnL2 have each moved five
times. Indeed, a chi-squared test indicated that the number
of rearrangements for each mitochondrial gene was not sig-
nificantly different from the scenario in which each mito-
chondrial gene moved with equiprobability (chi-squared
5 31.69, df 5 21; P 5 0.06).

Nevertheless, some tRNA genes have not moved at
all; trnF, trnG, and trnS2 have not moved in any of the sam-
pled hymenopteran mitochondrial genomes. Both trnF and
trnS2 are on a boundary, where transcriptional polarity
changes (see fig. 2). We compared the nonmobile tRNAs
with the transcriptional map of Drosophila, as reported
by Berthier et al. (1986), and summarized by Stewart
(see fig. 4.2 in Stewart 2005). There are five main mito-
chondrial transcripts produced by Drosophila, three of
which terminate close to the positions of the nonmobile
tRNAs. Together, these data suggest that efficient mtDNA
transcription and/or processing may require the presence of
a tRNA gene as a termination signal, in order to minimize
the transcription of noncoding DNA. However, given that
there is no statistical difference in the number of move-
ments of each tRNA gene, further evaluation of this hypoth-
esis will require much more data than examined in the
present study.

It has been proposed that mitochondrial tRNA genes
that are located singly (i.e., between two protein-coding
genes) are less mobile (Cha et al. 2007), but we do not gen-
erally find this. trnH, trnL1, trnL2, and trnV are positioned
in this way in the ancestral pancrustacean mitochondrial ge-
nome, but both trnL1 and trnL2 have been involved in
a number of mitochondrial gene rearrangements within Hy-
menoptera (supplementary table 1, Supplementary Material
online).

Mitochondrial Gene Rearrangements Consistent with the
Duplication/Random Loss Model Do Not Predominate

We next estimated the proportion of mitochondrial
gene rearrangements that were consistent with the

Table 3
Synapomorphic and Convergent Mitochondrial Gene
Rearrangements

Gene Rearrangement Category

trnI and trnQ swap positions (3, 5, and 27) C
trnK and trnD swap positions (6, 40, and 51) S (40, 51), C (6)
trnE and trnS1 swap positions (12, 34, and 52) S (34, 52), C (12)
Local inversion of trnR (41, 45, and 53) S
trnW moves across two tRNA boundaries (36, 50) S

C, convergent; S, synapomorphic. Numbers in brackets refer to specific

rearrangements, as described in table 2.
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duplication/random loss model (Moritz et al. 1987; Macey
et al. 1997), compared with those that were not. Mitochon-
drial gene rearrangements that are consistent with this
model are local rearrangements, where tRNA genes move
a small number of gene boundaries (typically within a tRNA
gene cluster), but do not move from one mitochondrial
strand to the other. Rearrangements that are not consistent
with this model include inversions and long-range translo-
cations. One of us (M.D.) has argued previously that long-
range translocations, without any additional change in the
intervening mitochondrial gene order, is highly unlikely un-
der the duplication/random loss model (Dowton and Austin
1999; Dowton and Campbell 2001). To be conservative, we
classified any tRNA gene movement across a single pro-
tein-coding gene (or the noncoding region) as a local rear-
rangement, because the chance of reestablishing the
original mitochondrial gene order surrounding the gene
movement is not as low. Within this framework, of the
67 mitochondrial gene rearrangements identified in table 2,
27 are local rearrangements consistent with the duplica-
tion/random loss model. However, rearrangements incon-
sistent with this model outnumbered those that did, with
19 inversions and 16 long-range movements (four were un-
classified, as the derived position of the mitochondrial gene
was unknown, and based on the missing sequence data, it
was unclear which category the mitochondrial gene rear-
rangement belonged to). A chi-square test indicated no sig-
nificant difference in the proportion of each type of
mitochondrial gene rearrangement, when compared with
a scenario in which each type of rearrangement occurred
at equal frequency (chi-squared 5 3.25, df 5 2; P 5
0.20). The test remained nonsignificant when potential syn-
apomorphies (such as the trnR inversion) were only
counted a single time.

A number of studies have characterized mitochondrial
gene rearrangements that are consistent with the duplica-
tion/random loss model (e.g., Macey et al. 1997; Fujita
et al. 2007). Strong evidence for duplication/random loss
comes from the presence of mitochondrial pseudogenes
or intergenic spacers (Macey et al. 1998; San Mauro
et al. 2006; Fujita et al. 2007). Although mitochondrial
pseudogenes and intergenic spacers are generally rare, their
presence close to rearranged mitochondrial genes is highly
consistent with the duplication/random loss model. Indeed,
we found three such pseudogenes among the two ichneu-
monid wasps sequenced here.

However, a range of studies have reported mito-
chondrial gene rearrangements that are more consistent
with other mechanisms. In particular, inversions (where
a mitochondrial gene moves from one strand to the other)
cannot be explained by duplication/random loss (Dowton
and Austin 1999; Amer and Kumazawa 2007) but are
more consistent with recombination (Dowton and
Campbell 2001). A number of recent studies have reported
mitochondrial genome organizations that appear to be the
products of both duplication/random loss and recom-
bination (Miller et al. 2004; Mueller and Boore 2005;
Sun et al. 2005; Mizi et al. 2006; Shao et al. 2006;
Kurabayashi et al. 2008). Similarly, we see evidence of both
mechanisms in the hymenopteran mitochondrial genomes
reported here.

Gene Rearrangements and the Evolution of Parasitism

We previously found that the number of mitochondrial
gene rearrangements in hymenopterans that evolved after
the evolution of parasitism had consistently higher levels
of mitochondrial gene rearrangement when compared with
those that diverged prior to the appearance of parasitism
(Dowton and Austin 1999). Others have found an associ-
ation between parasitic insects and the rate of mitochondrial
gene rearrangement (Shao et al. 2001; Covacin et al. 2006),
although this is not the case for some parasitic groups
(Castro et al. 2002). Using the tree in figure 1 as a guide,
Perga andCephus are the only two hymenopterans sampled
prior to the evolution of parasitism. Orussus is an important
inclusion, as it is the only parasitic non-apocritan and is
thought to represent the sister group to the Apocrita. Table 2
indicates that the association between parasitism and an in-
creased rate of mitochondrial gene rearrangement does not
appear to be supported in light of the additional data pre-
sented here. Although the ancestrally nonparasitic hyme-
nopterans (Perga and Cephus) have the lowest number
of mitochondrial gene rearrangements (one and two, re-
spectively), they are not lower than in Orussus (two rear-
rangements), whereas both Abispa and Polistes have
comparable numbers (three and four, respectively). We
consider these comparisons conservative; Cephus, Orussus,
and Abispa are completely sequenced, so there are no hid-
den changes, whereas Perga is not completely sequenced,
so there may be hidden changes in this genome. Although
table 2 indicates that there is clearly a trend toward an in-
crease in both the number and scale of mitochondrial gene
rearrangement in some of the hymenopteran parasitic line-
ages (e.g., the inversion of multiple protein-coding genes in
Venturia and Nasonia), there are no clear trends among
phylogenetically related groups.

Supplementary Material

Supplementary table 1 is available at Molecular Biol-
ogy and Evolution online (http://www.mbe.oxfordjournals.
org/).
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