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We sequenced the nearly complete mtDNA of 3 species of parasitic wasps, Nasonia vitripennis (2 strains), Nasonia
giraulti, and Nasonia longicornis, including all 13 protein-coding genes and the 2 rRNAs, and found unusual patterns of
mitochondrial evolution. The Nasonia mtDNA has a unique gene order compared with other insect mtDNAs due to
multiple rearrangements. The mtDNAs of these wasps also show nucleotide substitution rates over 30 times faster than
nuclear protein-coding genes, indicating among the highest substitution rates found in animal mitochondria (normally
,10 times faster). A McDonald and Kreitman test shows that the between-species frequency of fixed replacement sites
relative to silent sites is significantly higher compared with within-species polymorphisms in 2 mitochondrial genes of
Nasonia, atp6 and atp8, indicating directional selection. Consistent with this interpretation, the Ka/Ks (nonsynonymous/
synonymous substitution rates) ratios are higher between species than within species. In contrast, cox1 shows a signature
of purifying selection for amino acid sequence conservation, although rates of amino acid substitutions are still higher
than for comparable insects. The mitochondrial-encoded polypeptides atp6 and atp8 both occur in F0F1ATP synthase of
the electron transport chain. Because malfunction in this fundamental protein severely affects fitness, we suggest that the
accelerated accumulation of replacements is due to beneficial mutations necessary to compensate mild-deleterious
mutations fixed by random genetic drift or Wolbachia sweeps in the fast evolving mitochondria of Nasonia. We further
propose that relatively high rates of amino acid substitution in some mitochondrial genes can be driven by
a ‘‘Compensation-Draft Feedback’’; increased fixation of mildly deleterious mutations results in selection for
compensatory mutations, which lead to fixation of additional deleterious mutations in nonrecombining mitochondrial
genomes, thus accelerating the process of amino acid substitutions.

Introduction

The mitochondrial genome of animals is maternally
inherited, generally nonrecombining with other mitochon-
drial lineages, and contains 13 protein-coding genes; all
mtDNA-encoded polypeptides work in close association
with nuclear-encoded subunits in 4 out of the 5 protein com-
plexes involved in oxidative phosphorylation (Boore 1999).
This is the terminal stage of the cellular respiration, where
most of the ATP is produced, and it is evident that malfunc-
tion of such fundamental complexes would be lethal or at
least severely affect fitness. Therefore, the mitochondrial
genome is generally thought to evolve primarily under con-
stant purifying selection. The possibility of directional se-
lection, however, is gaining wider acceptance (Gerber et al.
2001; Bazin et al. 2006; Meiklejohn et al. 2007).

Several reports have indicated a preponderance of non-
synonymous/synonymous polymorphism within species
compared with nonsynonymous/synonymous differences
between species. This phenomenon has been demonstrated
in mitochondrial genes of Drosophila and apes among
others (Ballard and Kreitman 1994; Nachman et al. 1994;
Rand et al. 1994; Templeton 1996; Hasegawa et al.
1998). This pattern is not consistent with expectations of
the neutral theory, which predicts the within-species poly-
morphism to be the same as the between-species rate of di-
vergence. The relatively higher within-species amino acid

diversity has been interpreted as being slightly deleterious
mutations that are eventually removed from the population
before fixation (Nachman et al. 1994; Ballard and Kreitman
1995; Hasegawa et al. 1998).

The smaller effective population size of the mtDNA is
often invoked to explain a faster accumulation of mutations
in the mitochondrial genome relative to the nucleus (Hartl
and Clark 1997). However, several other lineage-specific
conditions that could affect mutation rate and fixation of
mutations due to hitchhiking (genetic draft) may also be
important; such as metabolic rate, DNA repair efficiency,
generation time, fluctuations in population size, and pres-
ence of Wolbachia (e.g., Laird et al. 1969; Martin and
Palumbi 1993; Shoemaker et al. 2004).

The order Hymenoptera has been reported to have un-
usually high mitochondrial substitution rates and more fre-
quent gene rearrangements compared with other insects
(Jermiin and Crozier 1994; Dowton and Austin 1995),
and such elevated mutation rates could have consequences
for their evolution. Although the honeybee Apis mellifera
was the third insect mtDNA genome to be sequenced
(CrozierRHandCrozierYC1993), only recently other com-
plete or nearly complete mtDNA genomes of Hymenoptera
have become available (Castro and Dowton 2005; Castro
et al. 2006).

We sequenced the nearly complete mtDNA of the
3 closely related species of the parasitic wasp Nasonia,
Nasonia vitripennis, Nasonia giraulti, and Nasonia longi-
cornis, and investigated the patterns of evolution by se-
quencing multiple strains per species for a subset of
genes. In summary, our data show the following: 1) the
AT-rich mtDNA of Nasonia has gone though a series of
rearrangements in gene order affecting not only the relative
position of some tRNAs but also several protein-coding
genes; 2) impressive accelerated rates of molecular
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evolution in all mitochondrial genes, over 30 times higher
than nuclear genes, giving Nasonia one of the highest rel-
ative mitochondrial substitution rates for any organism; 3)
a significantly higher between-species frequency of fixed
replacement sites relative to silent sites in comparison to
within-species polymorphism for 2 mitochondrial genes,
atp6 and atp8—this is the opposite of what is normally
found for mitochondria of animals and indicates directional
selection in these genes.

We discuss factors that can lead to higher amino acid
substitutions in mitochondrial genomes, including genetic
hitchhiking of deleterious mutations during selective
sweeps of the maternally inherited endosymbiont Wolba-
chia, and the possibility of a ‘‘Compensation-Draft Feed-
back,’’ where deleterious mutations spawn compensatory
mutation sweeps, which lead to fixation of additional del-
eterious mutations, thus creating a feedback (described in
details in Discussion). The process will be greatly acceler-
ated in mitochondrial genomes because of elevated muta-
tion rate and complete linkage of the genome.

Materials and Methods
Samples Examined

The standard laboratory strains of the 3 species of Na-
sonia were chosen for mtDNA sequencing, RV2(u) (N. gir-
aulti), IV7(u) (N. longicornis), and AsymC (N. vitripennis).
A second strain of N. vitripennis, HiCd12, was also se-
quenced; this strain is interesting because it produces a high
number of gynandromorphy sex-determination defects that
show an influence of maternal cytotype (Kamping et al.
2007). Several field strains of Nasonia used for molecular
analysis are described in table S1 (Supplementary Material
online), as much as possible they cover the range of distri-
bution of the 3 Nasonia species. Sequence information for 3
species in the closely related genus Trichomalopsis were in-
cluded as outgroups, Trichomalopsis sarcophagae, Tricho-
malopsis dubia, and Trichomalopsis sp. All species cited are
parasitic wasps belonging to the family Pteromalidae.

Primer Design, Polymerase Chain Reaction
Amplification, and Sequencing

DNA was extracted from single wasps using the
DNAeasy kit (Qiagen, CA) or Puregene DNA Purification
Kit (Gentra Systems, MN). We used regular Taq (Invitro-
gen, CA) for polymerase chain reactions (PCRs) to yield
amplicons up to 2 kb, and longer PCRs were performed
with AmpliTaq (Invitrogen) or LA-PCR (TaKaRa Bio
Inc, Japan). Standard conditions described in these kits
were used. Sequencing was done at the Cornell University
Biotechnology Resource Center or at Functional Genomics
Center, University of Rochester.

Initial PCR and sequencing was done with animal mi-
tochondrial primers described in Burger et al. (2007).
Species-specific primers were designed based on these
sequences and used in long PCR to amplify the regions
downstream of cob and cox1 in each species and upstream
of cox1 and downstream of cox3 in N. giraulti and N.

vitripennis (AsymC). Consequently, several additional
Nasonia-specific primers were designed based on results
of the expressed sequence tag (EST) projects (see below),
covering most of the mtDNA (table S2, SupplementaryMa-
terial online). They were successfully used in multiple com-
binations producing smaller or larger amplicons.

We used 2 mtDNA regions for analysis of polymor-
phism and divergence. The complete atp6 and atp8 genes
were amplified together in a single PCR—primers
NMCox3C and NMCox2b, fragment size ;1,200 bp.
The sequencing was done with 4 primers, the 2 external
primers cited above plus NMATP6a and NMATP6b. These
internal primers were employed to generate high-quality
full-length sequences. A similar approach was used for
the cox1 region—a fragment of 1,048 bp was amplified with
the external primers NMCox1c and NMCox1f (also used for
sequencing); internal primers for sequencing only were
NMCox1d and NMCox1e. GenBank accession numbers
are presented in table S1 (Supplementary Material online).

Identification and Annotation of Mitochondrial and
Nuclear Genes

An unpublished EST data set for 2 Nasonia species,
N. vitripennis and N. giraulti, was very useful for this study
(Desjardins CA, Oliveira DCSG, Dang PM, Hunter WB,
Colbourne JK, Tettelin H, Werren JH unpublished data).
Sequences for all mitochondrial protein-coding genes
and the 2 rRNAs were found in the ESTs. These sequences
were used to design Nasonia-specific primers as described
above (table S2, Supplementary Material online). Further-
more, 13 coding regions of functionally diverse nuclear
genes present in the ESTs allowed us to estimate rates of
divergence for nuclear genes in Nasonia. Blast searches us-
ing either the insect orthologs or available Nasonia sequen-
ces were employed to identify genes of interest (Altschul
et al. 1990). Individual EST reads were pulled from each
of the N. vitripennis and N. giraulti databases, and they
were assembled using Sequencher 4.7 software (Gene Co-
des Corp., MI) and annotated manually. We used the online
program tRNAscan-SE v.1.21 (Lowe and Eddy 1997) to
annotate the mitochondrial tRNAs.

Genetic Divergence, Molecular Evolution, and
Phylogenetics

The software packages DnaSP 4.0 (Rozas et al. 2003)
and Mega 4.0 (Tamura et al. 2007) were used to compute
DNA polymorphism and divergence, including the number
of synonymous substitutions per synonymous site (Ks) and
the number of nonsynonymous substitutions per nonsynon-
ymous site (Ka). DnaSP was also used to perform the
McDonald and Kreitman (MK) neutrality test (McDonald
and Kreitman 1991). Maximum likelihood (ML) estimates
of synonymous and nonsynonymous substitution rates were
obtained with the package of programs PAML version 4
(Yang 2007); 4 nucleotide frequencies (F1X4) were assumed
to calculate codon frequencies in tree-based Ka/Ks estimates.

Phylogenetic trees were constructed using Paup* 4.0
(Swofford 2002). For the maximum parsimony (MP)
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method, heuristic searches for combined or individual mi-
tochondrial partitions were done with 1,000 replicates (Tree
Bisection-Reconnection algorithm). For the ML method,
100 replicates were conducted using the HKY85 model.
Measures of support for each branch were generated for the
combined MP analyses; bootstrap proportions (Felsenstein
1985, 1988) and Jackknife (Farris et al. 1996) methods were
performed with 1,000 replicates and 100 random sequence
additions. MacClade 4.08 (Maddison DR and Maddison
WP 2000) was used to visually expect the alignment and
to place amino acid replacements in the tree branches.

Results
Nasonia Mitochondrial Genome

The Nasonia mitochondrial genome was sequenced
with a combination of long and short PCR. Initially, the
N. giraulti, N. vitripennis (AsymC strain), and N. longicor-
nis mtDNA genomes were amplified by long PCR using
primers designed for well-conserved regions of several mi-
tochondrial genes; however, the success of this approach
was limited mostly to the region downstream of cob and
cox3. The completion of an EST project of N. giraulti
and N. vitripennis facilitated the mtDNA sequencing be-
cause mitochondrial sequences for all 13 proteins and
the 2 rRNAs were found to be present in the ESTs . This
allowed us to use Nasonia-specific primers (table S2, Sup-
plementary Material online) to expand the mtDNA. A sec-
ond strain of N. vitripennis, HiCd12, was entirely
sequenced with the Nasonia-specific primers. As detailed
below, with this procedure 2 large mitochondrial regions
were obtained for each species. However, several PCR con-
ditions using all possible combinations failed in joining
these 2 fragments. Difficulties in finishing mitochondrial
genomes of Hymenoptera have been reported before
(Castro and Dowton 2005; Castro et al. 2006), with a pos-
sible explanation being the presence of long duplicated seg-
ments. In this regard, the availability of message from the
EST project made us confident that the mitochondrial genes
reported here are expressed.

All 13 protein-coding genes and the 2 rRNAs are pres-
ent in the 2 large fragments obtained for N. vitripennis
(AsymC) andN. giraulti, the 2 genomes with the most com-
plete coverage (fig. 1). The longer fragment, ;9,900 bp,
contains 11 protein-coding genes, and the shorter fragment,
;4,500 bp, contains the 2 rRNAs and the 2 remaining

protein-coding genes, nad1 and nad2. In total, we were able
to generate ;14,400 bp of mitochondrial sequences for
Nasonia or about 1-kb short of a typical bilaterian mtDNA
size (Boore 1999). For N. vitripennis (AsymC) and N.
giraulti, only 2 protein-coding genes at the ends of the se-
quenced fragments, nad2 and nad3, do not have full coding
sequence (table 1). The large ribosomal RNA (rnl or 16s
rRNA) is also complete, whereas only partial sequence is
available for the small rRNA (snl or 12s rRNA). Out of
the 22 tRNAs normally present in animal mitochondrial ge-
nome, only 13 were identified in sequenced regions (table 1
and fig. 1). This is not surprising, given that the missing
links contain regions expected to have clusters of
tRNAs—mtDNAs from other Hymenoptera species con-
tains 5–6 tRNAs at the 5# of nad2 and 2–3 tRNAs at
the 3# of nad3 (Boore 1999; Chandra et al. 2006). Table 1
also presents details for the other 2 mtDNAs described here,
for which slightly smaller portions of mtDNA were ob-
tained. The sequence of nad2 was the only protein-coding
gene not generated for N. longicornis. Finally, for the sec-
ond strain of N. vitripennis, HiCd12, a partial sequence of
nad2 was generated; however, the region linking nad1 and
nad2 is missing. All sequences have been submitted to Gen-
Bank (accession numbers EU746609–EU746617).

Table 1 presents a comparative summary of the
mtDNA gene features for the 3 species of Nasonia. All pre-
dicted initiation codons have been observed in mtDNA of
other bilaterian animals, most are methionine and a few are
isoleucine (Crozier RH and Crozier YC 1993); isoleucine
(ATT) initiation codons are found in cox2 and atp8. The
latter gene shows interspecies polymorphism, as in N. vit-
ripennis, it starts with a methionine (ATA) but starts with
isoleucine in N. longicornis and N. giraulti. Incomplete
stop codons, single T, are common in DNA sequence,
and completion of the stop codons by posttranscriptional
polyadenylation is clear when the EST-originated sequen-
ces are examined. Only one predicted tRNA gene, tRNA-
Tyr, has the same size in N. vitripennis and N. giraulti (it is
missing forN. longicornis), all other 12 tRNAs differ in size
between species, but tRNA size is always the same for the 2
N. vitripennis strains. The rnl also varies in size when the 3
Nasonia species are compared. In addition, it accounts for
the only dissimilarity in gene size encountered between the
2 N. vitripennis strains: HiCd12 has one nucleotide less
than AsymC. In protein-coding genes, divergence in size
is restricted to 3 genes: the N. longicornis nad6 is 2 codons
shorter than in the other 2 species, the N. vitripennis cox2 is

FIG. 1.—The mitochondrial genome of Nasonia. Linearized map showing gene order in the 2 fragments of the Nasonia mtDNA. The complete
mitochondrial genome of the honeybee Apis mellifera (GenBank accession number L06178) is shown for comparison. A large inversion encompassing
6 protein-coding genes and 4 tRNAs is highlighted. Asterisks indicate other rearrangements in gene order, including the position of nad2. Unknown
junctions are indicated with a question mark. See text for details.
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1 codon shorter than in the other 2 species, and atp8 is lon-
ger in N. longicornis. The atp8 gene was found to be poly-

morphic in size within N. longicornis strains. The cause of
this variation is an AAT triplet that behaves like a microsa-

tellite without losing the frame, and this region is translated

into a variable stretch of 5–8 asparagines in the N. longi-
cornis strains examined.

The N. longicornis mitochondrial genome displays
a slightly higher level of total AT content than the other

2 species of Nasonia, 86% compared with 83%. These fig-

ures are similar to those normally found in Hymenoptera.

The mtDNA of the honeybee A. mellifera, for example, is

composed of 85% AT (Crozier RH and Crozier YC 1993).

Hymenopteran species are, however, more AT-rich in their

mtDNAs when compared with the other insect orders. The

normal base composition for insects excluding Hymenop-

tera falls in the range of 70–78% AT content (Chandra et al.

2006). A notable exception is Drosophila melanogaster,
with an 82% AT content due to its exceptionally long con-

trol region (AT-rich region)—96% AT in the 4.6-kb long

control region (Lewis et al. 1994). Because the control re-

gion is missing for Nasonia, the AT bias for the complete

mitochondrial genome might be even more pronounced.

The Nasonia Mitochondrial Genome Has a New Gene
Order—Comparison with Other Insects

All 3 species of Nasonia have the same gene order
(fig. 1). When compared with other insects, it is clear that
a series of gene rearrangements have occurred in the evo-
lutionary history of these wasps. The most striking one is
a large inversion that affects the relative position of 6
protein-coding genes. Although tRNAs differing in loca-
tion are not uncommon in insects, the relative position
of the 13 protein-coding genes is strongly conserved (Boore
1999; Chandra et al. 2006). Moreover, a second rearrange-
ment is necessary to account for the position of nad2.
Among the tRNAs, the most impressive novelty is the pres-
ence of the tRNA-Ala instead of the tRNA-Val in the mid-
dle of the 2 rRNAs. Because the presence of tRNA-Val
between the small and large RNAs was a condition previ-
ously encountered in all arthropods (Boore 1999). The
organization occurring in Nasonia for tRNA-Asp and
tRNA-Lys is also interesting. This region, the junction of
cox2 and atp8, has been described as a ‘‘hot spot’’ for re-
arrangements in Hymenoptera, in reference to variation in
the relative orientation and number of tRNAs found in this
location (Dowton and Austin 1999). The arrangement for
tRNA-Asp and tRNA-Lys in Nasonia (fig. 1) is shared only

Table 1
Comparative Gene Features in the 4 Nasonia Mitochondrial Genomes

Gene Strand

Nasonia vitripennisa Nasonia giraulti Nasonia longicornis

AsymC HiCD12 RV2 IV7

Lengthb Length Start Stop Length Start Stop Length Start Stop

rns � 722c 603c 737c 601c

trnA � 64 64 64 66
rnl � 1,331 1,330 1,311 1,320
trnL1(UAG) � 67 67 71 70
nad1 � 933 667c ATA TAA 933 ATA TAG 693c ATA NA
trnN þ 67 NA 68 NA
trnY � 68 NA 68 NA
trnT þ 67 NA 66 NA
nad2 þ 975c 758c NA TAA 975c NA TAA NA

Missing link

nad3 � 349c 144c ATA NA 349c ATA NA 129 ATA NA
trnG � 68 68 66 67
cox3 � 783 783 ATG TAA 783 ATG TAA 783 ATG TAA
atp6 � 672 672 ATG TAA 672 ATG T 672 ATG T
atp8 � 156 156 ATA TAA 156 ATT TAA 162 ATT TAA
trnD � 65 65 67 66
trnK þ 74 74 73 73
cox2 � 666 669 ATT TAA 666 ATT TAA 666 ATT TAA
trnL2(UAA) � 68 68 66 66
cox1 � 1,557 1,557 ATA T 1,557 ATA T 1,557 ATA T
trnF � 65 65 66 64
nad5 � 1,686 1,686 ATA T 1,689 ATA TAG 1,689 ATA TAA
trnH � 65 65 63 64
nad4 � 1,338 1,338 ATG T 1,338 ATG T 1,338 ATG T
nad4l � 291 291 ATA TAA 291 ATA TAA 291 ATA TAA
trnT þ 65 65 64 65
trnP � 65 65 65 66
nad6 þ 546 546 ATG TAA 546 ATG TAA 540 ATG TAA
cob þ 1,137 831c ATG NA 1,137c ATG TAA 838 ATG NA

a Start and stop codons are the same in the 2 N. vitripennis mitochondrial genomes.
b The length of protein-coding genes is given excluding the stop codon.
c Genes with partial sequence.
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with Encarsia formosa (Family Aphelinidae; Dowton and
Austin 1999); this might be a synapomorphy for the super-
family Chalcidoidea, to which these parasitic wasps belong.

The Nasonia Mitochondrial Genome Evolves
Fast—Between-Species Comparisons

The most prominent characteristic of the Nasonia
mtDNA is that it is evolving very fast. Nasonia vitripennis
forms the sister group to the other 2 species, and the average
uncorrected nucleotide diversity (Pi) for all mitochondrial
protein-coding genes is 15% when compared with N. long-
icornis or N. giraulti, whereas N. longicornis and N. giraul-
ti show 10% divergence form each other in their mtDNA
(table 2). These numbers are higher than those previously
estimated by van Opijnen et al. (2005); this is not surprising
because they used only the cox1 region which, as described
below, is the most conserved gene in the Nasonia mito-
chondria (table 2 and fig. 2). It is important to note that these
3 species of Nasonia are very close morphologically and
can be easily crossed in the laboratory (Darling and Werren
1990; Breeuwer and Werren 1990, 1995). Therefore, it was
surprising to find out that their mitochondrial genomes were
so divergent.

The fast accumulation of mutations in the mtDNA of
Nasonia becomesmore evident when balanced by the diver-
gence in the coding region of nuclear genes (table 2). When
only synonymous positions are considered, mitochondrial
protein-coding genes are evolving 17–35.5 times faster than
nuclear genes in Nasonia. Nuclear divergence estimates
were first performed using EST data for 13 genes that are
available for N. vitripennis and N. giraulti —divergence
of 3.1% in nuclear genes and 52% in mitochondrial genes
(N. vitripennis–N. giraulti; with Jukes and Cantor [JC] cor-
rection).AlthoughanESTdata set has not beengenerated for
N. longicornis, we have preliminary data in an ongoing pro-
ject dealing with nuclear diversity and divergence in the ge-
nus Nasonia (these results will be presented elsewhere).
Based on 7 nuclear gene regions, Ks for N. longicornis–
N. giraulti is approximately 1.1%, whereas the mtDNA

Ks for these 2 species is 39% (table 2). It assigns to Nasonia
a mutation rate in the mitochondrial DNA that is 35 times
more accelerated than the nuclear genome. Due to possible
saturation problems in the N. vitripennis–N. giraulti mito-
chondrial divergence, the 35-fold greater mitochondrial/nu-
clear divergence found in N. giraulti–N. longicornis is our
current best estimator of the relative mitochondrial substitu-
tion rate within the genus Nasonia. Assuming proportional
rates of synonymous substitution in the nucleus and in the
mitochondria throughout the evolution of the genus Naso-
nia, it is possible to estimate that the mitochondrial synon-
ymous divergence should be approximately 110%, or 2.8
timeshigher (3.1%/1.1%)betweenN.giraulti–N.vitripennis
(orN. vitripennis–N. longicornis) than that ofN. giraulti–N.
longicornis, whereas it is only 1.3 times higher (52%/39%),
suggesting that saturation is an issue betweenN. giraulti and
N. vitripennis. The amino acid replacement rate is also ac-
celerated for mitochondrial-encoded proteins; it is over
30-fold higher than for nuclear-encoded proteins (table 2).
However, the Ka/Ks ratios in the mtDNA and nuclear genes
are of similar magnitude (table 2).

A Comparison between Nasonia and Drosophila
Mitochondrial Genomes Evolution

For comparative purposes, we generated similar data
for the mitochondrial genome of D. melanogaster and
Drosophila simulans. The nuclear Ks for these flies is about
8%—average of 19 nuclear metabolic genes reported by
Flowers et al. (2007), much larger than between the Naso-
nia species (Ks5 1.1% between N. giraulti–N. longicornis
and 3.1% between N. giraulti–N. vitripennis). Yet, these
flies have a much less divergent mtDNA (Ks5 19%), even
when compared with N. giraulti–N. longicornis, the 2
closely related Nasonia species (Ks 5 39%; table 2 and
fig. 2). This yields a relative mitochondrial to nuclear syn-
onymous substitution ratio for N. giraulti–N. longicornis of
35.5 compared with only 2.4 for the D. melanogaster—
D. simulans species pair. The Nasonia lineage has a relative
mitochondrial substitution rate approximately 15 times

Table 2
Average (Standard Deviation) Interspecific Pairwise Sequence Divergence for All Mitochondrial Genes

Pi Ks (JC) Ka (JC) Ka (JC)/Ks (JC)

Nasonia
mtDNA genesa

Nasonia vitripennis � Nasonia giraulti 0.148 (0.038) 0.519 (0.086) 0.100 (0.058) 0.197 (0.112)
N. vitripennis � Nasonia longicornis 0.148 (0.047) 0.476 (0.064) 0.108 (0.073) 0.227 (0.132)
N. longicornis � N. giraulti 0.099 (0.017) 0.389 (0.094) 0.051 (0.028) 0.152 (0.117)

Nuclear genesb

N. vitripennis � N. giraulti 0.009 (0.003) 0.031 (0.012) 0.003 (0.003) 0.146 (0.250)
Drosophilac

mtDNA genes 0.046 (0.006) 0.189 (0.47) 0.014 (0.007) 0.083 (0.055)

NOTE.—DNA polymorphism between pairs of sequences in protein-coding regions; Pi, uncorrected nucleotide diversity, and estimates of Ka (the number of

nonsynonymous substitutions per nonsynonymous site) and Ks (the number of synonymous substitutions per synonymous site) using the Jukes and Cantor (1969)

correction.
a Estimates involving N. longicornis were calculated for only 12 mitochondrial genes because data for nad2 are missing. Data for N. vitripennis were obtained using

sequences of the AsymC strain, results for HiCD12 are similar (data not shown).
b Thirteen functionally diverse nuclear genes.
c Average sequence divergences between Drosophila melanogaster (U37541) and Drosophila simulans (AF200833) for all 13 mitochondrial proteins is shown for

comparison. See text for details.
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greater than Drosophila. This contrasts with the estimated
times of divergence, which are higher for Drosophila. The
splitting time between D. melanogaster–D. simulans has
been estimated to be around 2.5 MYA (Hey and Kliman
1993; Russo et al. 1995). The Nasonia species are pre-
sumed to be much younger. Two independent calculations
estimated that N. giraulti–N. longicornis speciated around
0.4 MYA, one based on nuclear ribosomal ITS (internal
transcribed spacer; Campbell et al. 1993) and one based
on codiverging cytoplasmic bacteria Wolbachia
(Raychoudhury R, Baldo L, Oliveira DCSG,Werren JH un-
published data). Consistent with this view, hybrids of Na-
sonia species are fertile (Breeuwer and Werren 1995), in
contrast to hybrids of D. melanogaster and D. simulans.
A simple calculation, assuming that all mtDNA synony-

mous mutations behave in a clock-like manner, reveal that
the Nasonia mtDNA (39%/0.4 MYA) evolves 13 times
faster than does Drosophila mtDNA (19%/2.5 MYA).
The mitochondrial genomes of these 2 Drosophila species
also show lower Ka and uncorrected Pi values thanNasonia
(table 2 and fig. 2).

Although, nucleotide diversity between Nasonia spe-
cies is very high for any pair of mitochondrial protein-
coding genes (fig. 2), 2 genes deviate markedly from the
average values: atp8 and cox1. The highest Ka/Ks ratios
were found always for atp8. Interestingly, in the case of
N. longicornis atp8 and the N. giraulti atp8 alleles, both
a higher Ka and a lower Ks account for the elevated Ka/
Ks. This small mitochondrial gene, 156 bp, accumulates
amino acid substitutions 3 times faster than the Nasonia

FIG. 2.—Pairwise comparison of sequence divergence for each mitochondrial gene. Genes are ordered according to their position in the
mitochondrial genome of Nasonia. The mtDNA sequences of Nasonia vitripennis (NV) strain AsymC was used for between-species calculation;
Nasonia vitripennis � Nasonia vitripennis compares AsymC and HiCD12 strains of N. vitripennis. Values of Ks and Ka are corrected by the JC
method. Similar statistics for Drosophila melanogaster (DM; U37541) and Drosophila simulans (DS; AF200833) is shown for comparison.
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mtDNA average (fig. 2). This can be considered an indica-
tion of positive selection acting at the atp8 gene or due to
relaxed selection. In the mitochondrial genome of D. mela-
nogaster and D. simulans, the atp8 gene does not show evi-
dence of accelerated evolution, either by positive or relaxed
selection (fig. 2). In fact, only 2 amino acid changes occurred
during the history of those 2 species of Drosophila, which is
reasonable evidence that the atp8 gene is not always prone to
accumulate slight deleterious mutations. On the other side of
the spectrum, cox1 shows the smallest Ka/Ks rates of anymi-
tochondrial gene inNasonia and consequently is under stron-
ger purifying selection. Despite the fact that cox1 is the
Nasonia mitochondrial gene least susceptible to accumulate
changes in the protein sequence, out of 519 amino acids there
are still 11 replacements between N. longicornis–N. giraulti,
17 between N. giraulti–N. vitripennis, and 23 between N.
longicornis–N. vitripennis. InD. melanogaster–D. simulans,
cox1 is also the slowest evolvingmitochondrial gene; there are
only2aminoacidchangesand theKa/Ks is smaller than found
forNasonia (fig. 2;D.melanogaster–D. simulans5 0.008,N.
giraulti–N. longicornis5 0.024,N. giraulti–N. vitripennis5
0.030, N. longicornis–N. vitripennis5 0.040). The compar-

ison brings further confirmation that the Nasonia mtDNA is
evolving rapidly, and this likely indicates the influence of an
elevated mutation rate in these species and (or) hitchhiking
during mitochondrial sweeps (discussed below).

Directional Selection in 2 Mitochondrial Genes: atp6 and
atp8

To further investigate whether changes in amino acid
sequence of these genes are due to relaxed or directional
selection, we sequenced mitochondrial genes from several
field strains for each of 3 species ofNasonia. Three mtDNA
genes were chosen for sequencing atp8, atp6, and cox1.
When the atp8 gene, the mtDNA gene with higher Ka/
Ks value, is submitted to the MK test of neutrality, the test
indicates that atp8 has a significantly higher number of
fixed replacements when compared with within-species
polymorphism (table 3); this is true for all 3-way compar-
isons within Nasonia. The higher between-species number
of polymorphism is interpreted as evidence of directional
selection. The atp6 gene has an even more significant

Table 3
The MK Test of Neutrality for 3 mtDNA Genes

Fixed Polymorphic

P-valuea NIbS R S R

atp6

Nasonia longicornis � Nasonia giraulti 29 15 36 10 0.24 0.537
Nasonia vitripennis � N. longicornis 37 35 42 10 0.0012** 0.252
N. vitripennis � N. giraulti 41 37 47 4 0.000001*** 0.094

atp8

N. longicornis � N. giraulti 2 10 13 9 0.029677* 0.138
N. vitripennis � N. longicornis 9 30 12 9 0.011619* 0.225
N. vitripennis � N. giraulti 10 27 10 7 0.035156* 0.259

cox1

N. longicornis � N. giraulti 49 2 98 2 0.603745 0.500
N. vitripennis � N. longicornis 65 10 109 6 0.062252 0.358
N. vitripennis � N. giraulti 70 8 90 4 0.143079 0.389

The MK test excluding rare (,10%)
polymorphismc

atp6

N. longicornis � N. giraulti 36 16 22 6 0.439242 0.613
N. vitripennis � N. longicornis 39 35 31 6 0.001606** 0.215
N. vitripennis � N. giraulti 50 38 29 2 0.000117*** 0.091

atp8

N. longicornis � N. giraulti 3 10 6 5 0.205983 0.250
N. vitripennis � N. longicornis 10 30 5 5 0.245880 0.333
N. vitripennis � N. giraulti 13 27 6 2 0.044639* 0.160

cox1

N. longicornis � N. giraulti 58 2 53 0 0.497472 ND
N. vitripennis � N. longicornis 73 10 62 1 0.023869* 0.117
N. vitripennis � N. giraulti 84 8 45 1 0.171594 0.233

NOTE.—The MK test compares the ratio of replacement (R) to silent (S) fixed substitutions between species and the ratio of replacement (R) to silent (S) polymorphism

within species, which should be the same under neutral evolution.
a Fisher’s exact test (2-tailed): *0.01,P,0.05; **0.001,P,0.01; ***P,0.001.
b NI is defined as the ratio of the number of polymorphic R sites to the number of fixed R sites divided by the ratio of the number of polymorphic S sites to the number

of fixed S sites (Rand and Kann 1996). NI , 1 indicates an excess of amino acid divergence relative to polymorphism.
c Rare segregating within-species polymorphism, frequency smaller than 10%, were removed and only common polymorphism was used for the MK test, the fixed

between-species mutations were corrected accordingly. This procedure was adapted from Gojobori et al. (2007) and was done in an attempt to correct for possible saturation

in the silent sites (see Results for details).
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excess of replacements when N. vitripennis is included in
the analysis, but not between N. longicornis–N. giraulti (ta-
ble 3). This result is surprising because atp6 does not show
an elevated Ka/Ks compared with average mitochondrial
genes (fig. 2). This finding opens the possibility that similar
phenomenon might occur in other mitochondrial genes not
investigated in thiswork. The cox1gene does not show a sig-
nificant increase in fixed nonsynonymous differences com-
pared with within species, a pattern compatible with a gene
that is under purifying selection. Furthermore, all genes,
even cox1, have the neutrality index (NI) lower than 1
(table 3). AnNI value lower than 1 is consistent with the idea
that theNasoniamtDNA is not evolving under a strictly neu-
tral process and that positive selection can be an important
force shaping mtDNA divergence (Bazin et al. 2006;
Meiklejohn et al. 2007).

Saturation at silent sites in highly divergent sequences
is a concern that has been raised for the contingence-based
MK test (Hasegawa et al. 1998). This problem seems to be
even more likely in AT-rich genomes like the mtDNA of
Nasonia. Multiple silent changes at the same position are
often counted only as polymorphic and not as fixed substi-
tutions, although the common nucleotide observed in each
species are not the same. In an attempt to correct for an un-
derestimation of fixed silent substitutions, we removed rare
polymorphism from theMK test (table 3). A similar method
to distinguish rare and common polymorphism has been ap-
plied by others (Fay et al. 2002; Gojobori et al. 2007;
Shapiro et al. 2007), although their purpose was to exclude
rare polymorphic deleterious amino acid substitutions. Our
data show that besides removing both rare silent and re-

placement polymorphism for all genes, this method indeed
increases the amount of fixed silent changes, affecting
little the amount of fixed replacements (table 3). Results
for the atp8 gene are the most affected and only the MK
test for N. vitripennis–N. giraulti remains statistically sig-
nificant, whereasN. longicornis–N. giraulti andN. vitripen-
nis–N. longicornis comparisons became nonsignificant,
although NI stays below 1 in all cases. There is no alteration
in the MK test of atp6, and the highly significant excess of
fixed replacements found for N. vitripennis–N. longicornis
and N. vitripennis–N. giraulti still indicates that directional
selection has shaped the evolution of this gene. Surpris-
ingly, the N. vitripennis–N. longicornis MK test of cox1
appears now to have a significant excess of replacements.
Exclusion of rare polymorphism affects cox1 by removing
most of within-species segregating replacements, which
likely are mild-deleterious mutations.

Ka and Ks Ratios among and between Nasonia Species

Another approach that is likely to correct in part for the
possible saturations at silent positions is to compare the Ka
and Ks rates between and within species. Similarly to the
MK test, under a neutral hypothesis, the Ka/Ks ratio should
be the same within and between species (Hasegawa et al.
1998). Three different methods to estimate the within- and
between-species Ka and Ks rates were compared (table 4).
They are either correct by the Nei–Gojobori method (JC)
that does not account for the transition/transversion ratio
(R) or by a modified Nei–Gojobori method (MNG) with

Table 4
Sequence Diversity (Within Species) and Divergence (Between Species) for 3 Mitochondrial Genes

atp8 atp6 coxI

Pi Ka Ks Ka/Ks Pi Ka Ks Ka/Ks Pi Ka Ks Ka/Ks

Within species
Nasonia giraulti JC 0.013 0.006 0.047 0.116 0.010 0.001 0.045 0.021 0.011 0 0.053 0

MNG — 0.006 0.030 0.215 — 0.001 0.028 0.039 — 0 0.034 0
ML — 0.005 0.105 0.047 — 0.001 0.078 0.011 — 0 0.142 0

Nasonia longicornis JC 0.025 0.014 0.077 0.183 0.012 0.004 0.043 0.101 0.018 0.001 0.083 0.004
MNG — 0.017 0.047 0.358 — 0.005 0.027 0.192 — 0.001 0.054 0.007
ML — 0.014 0.195 0.069 — 0.004 0.124 0.030 — 0.001 0.366 0.001

Nasonia vitripennis JC 0.009 0.005 0.026 0.190 0.010 0.001 0.044 0.015 0.010 0.001 0.044 0.024
MNG — 0.006 0.017 0.322 — 0.001 0.029 0.028 — 0.001 0.030 0.040
ML — 0.005 0.043 0.107 — 0.001 0.106 0.006 — 0.001 0.107 0.008

Between species
N. giraulti/N. longicornis JC 0.115 0.108 0.207 0.523 0.092 0.037 0.396 0.094 0.078 0.005 0.444 0.011

MNG — 0.127 0.120 1.063 — 0.044 0.223 0.198 — 0.006 0.261 0.023
ML — 0.100 0.608 0.165 — 0.033 1.631 0.020 — 0.004 3.419 0.001

N. giraulti/N. vitripennis JC 0.264 0.286 0.514 0.556 0.146 0.082 0.580 0.141 0.111 0.016 0.672 0.023
MNG — 0.340 0.294 1.157 — 0.098 0.315 0.311 — 0.019 0.373 0.050
ML — 0.270 2.071 0.131 — 0.073 2.538 0.029 — 0.014 3.544 0.004

N. longicornis/N. vitripennis JC 0.283 0.326 0.499 0.653 0.129 0.081 0.435 0.186 0.107 0.020 0.593 0.033
MNG — 0.390 0.280 1.393 — 0.097 0.244 0.396 — 0.023 0.338 0.068
ML — 0.318 1.733 0.184 — 0.071 2.276 0.031 — 0.016 3.514 0.005

NOTE.—DNA polymorphism in protein-coding regions between and within species was calculated as the average of all pairwise comparisons (21 sequences for

N. vitripennis, 11 for N. giraulti, and 16 for N. longicornis); nucleotide diversity, Pi (uncorrected), and estimates of Ka, the number of nonsynonymous substitutions per

nonsynonymous site, and Ks, the number of synonymous substitutions per synonymous site are shown. The Ka and Ks values were corrected for multiple hits with the Nei–

Gojobori method (JC correction) or by the MNG that accounts for the transition/transvertion (R) ratio, as implemented in Mega 2.0 (Tamura et al. 2007). The average within-

species R for each gene was used in both within-species and between-species MNG corrections: atp8 R 5 2.16, atp6 R 5 3.8, cox1 R 5 5.3. Pairwise ML estimates were

obtained with PAML 4 (Yang 2007) using the program yn00.
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takes R into account. The estimated within-species R for
Nasonia is used (see below), which better reflects the prob-
ability of a mutation. ML pairwise estimates were also ob-
tained (table 4, Yang and Nielsen 2000).

Correcting for the transitions and transversion rates
lowers the Ks and increases the Ka, comparing JC
and MNG, what approximately doubles all Ka/Ks values
(table 4). The atp8 Ka/Ks corrected by the MNG method
reaches values .1. Consistently, the between-species
Ka/Ks are 3–12 times higher than the within-species ratios
for the 3 genes analyzed. Again, this is opposite to the com-
mon finding in other animal mitochondria of a higher
within-species Ka/Ks due to segregating mild-deleterious
mutations (Hasegawa et al. 1998; Nachman 1998; Rand
and Kann 1998). A higher between-species Ka/Ks is most
likely due to fixation of beneficial replacements. There are 2
exceptions, N. longicornis Ka/Ks for atp6 and the N. vitri-
pennis Ka/Ks for cox1 are of similar magnitude to the re-
spective between-species values.

The observation that between-species Ks corrected by
the MNGmethod are smaller than corrected by JC suggests
that saturation at synonymous sites might be less a concern
(table 4). However, the N. vitripennis–N. giraulti (or N. vit-
ripennis–N. longicornis) Ks is never as high as 2.8 times the
N. longicornis–N. giraulti Ks, a level that would be pre-
dicted if we use the nuclear divergence comparison. This
observation may argue that saturation has not been com-
pletely compensated for in those comparisons. Alterna-
tively, the difference could be revealing a real decrease
in genetic diversity in synonymous positions caused by re-
current sweeps of the mitochondrial genome (Bazin et al.
2006; Meiklejohn et al. 2007).

ML pairwise estimates, on the other hand, greatly in-
creased values of Ks, not only between species (2.9- to 7.7-
fold, compared with JC) but also within species (1.6- to
4.4-fold), and therefore, Ka/Ks ratios are much smaller
(table 4). Although less pronounced, the general trend of
higher between-species Ka/Ks ratios was preserved, partic-
ularly for atp8. Nonsynonymous substitution rates are very
similar to those obtained with other methods. However,
there are some inconsistencies with the ML estimates;
the between-species Ks values showed a 5.6-fold variation
among the 3 mtDNA genes, and for cox1 the 2 closely re-
lated species N. longicornis–N. giraulti appear to be as di-
vergent from each other, by synonymous substitutions, as
they are from N. vitripennis. These results are difficult to
explain because a homogeneous synonymous divergence
is expected for all mitochondrial genes. The findings could
reflect differential purifying selection on synonymous sites
across the mitochondrial genome.

Codon-based ML was also used to compare a model
that fits a single or 2 independent Ka/Ks ratios, a between-
species ratio and a within-species ratio, in the phylogenetic
tree branches (fig. 3; Hasegawa et al. 1998). Consistent with
previous results, the between-species ratio is almost twice
as high for atp6: Ka/Ks between species 5 0.085; Ka/Ks
within species 5 0.046. The 2 Ka/Ks models also provide
a better fit of the data: 2 Ka/Ks log-likelihood5�1757.75;
1 Ka/Ks log-likelihood 5 �1759.03. However, the likeli-
hood ratio test (2Dlog-likelihood) fails to reject the null hy-
pothesis. Therefore, the 2 ratios model is not significantly

better than a model that fits only 1 Ka/Ks ratio throughout
the tree. Results for the other 2 genes atp8 and cox1 are
comparable (data not shown).

The ML results suggest that a high substitution rate
and a rather neutral process could explain the pattern of
evolution of the Nasonia mtDNA. We argue, however, that
several mitochondrial sweeps are difficult to model under
an ML framework because they violate the stationary as-
sumption in the ML analyses. Therefore, the ML frame-
work is less appropriate for these data.

Transition and Transversion Rates

When among- and between-species R are compared
for all sites, among-species R are much higher than the
between-species R in Nasonia. The respective within-
species and between-species R (average for the 3 species
or average for the 3 possible between-species comparison)
are 5.3 and 0.75 for cox1, 3.8 and 0.65 for atp6, and 2.16
and 0.35 for atp8. This suggests that transitions are happen-
ing more frequently than expected in the mtDNA, mostly A
. G or T. C due to the high AT content. Results obtained
using only 4-fold degenerated sites corroborated the finding
for all position (data not shown). An implication of this
finding for silent positions is that Cs andGs comprise a large
amount of segregating within-species polymorphisms that
have a low chance of becoming fixed, which could reflect
selection favoring an AT-rich mitochondrial genome. Fur-
ther, it also implies that some replacement pathways are
much more likely to occur and to become fixed, especially
if beneficial ones. Transition bias is well known for insect
and mammal mtDNAs (e.g., DeSalle et al. 1987 and refer-
ences therein). As shown here for Nasonia, in the faster
evolving hymenopteran mtDNA, the transition bias is only
clearly observed in within-species sequences. Because
transversions erase the transition record, more divergent se-
quences appear to have an unrealistic transversion bias
(Dowton and Austin 1997).

Phylogenetics and Within-Species Diversity

The phylogenetic relationship of the 3 species of Na-
sonia is well established (Campbell et al. 1993; van Opijnen
et al. 2005). It is worth to note, however, that the large num-
ber of interspecific fixed nucleotide substitutions makes the
mitochondrial genes of Nasonia powerfully diagnostic. The
combined consensus MP tree recovers reciprocal mono-
phyly for the 3 Nasonia species with robust support
(fig. 3A); an ML analyses tree gives identical results (data
not shown). This is also true for any gene partition, that is,
cox1, atp6, and even the short atp8 gene is able to resolve
the evolutionary relationship of the 3 species of Nasonia
with strong support (data not shown). In fig. 3B, all amino
acid changes for each gene were placed in the MP tree.
It shows in a graphic manner that atp6 and atp8 accumu-
lated many more replacements than cox1. For the 2 genes in
the F0F1–ATP synthase complex, the branch leading to
N. vitripennis seems particularly rich in new amino acids.

The largest amount of intraspecific variation in the
mtDNA was found for N. longicornis (fig. 3 and table 4),
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in agreement with previous report in van Opijnen et al.
(2005). In fact, it appears that there are 2 well-
supported diverging clades of mtDNA haplotypes in N.
longicornis. Two clades of mtDNA haplotypes are also
present in N. vitripennis. Nasonia vitripennis has been col-
lected in Eurasia and North America—whereas the other
species are exclusively North American in distribution.
Most of the polymorphism of N. vitripennis is found in Eu-

ropean strains, whereas the North American strains have
very little polymorphism; a result that is in agreement with a
study ofN. vitripennis diversity performed by Grillenberger
et al. (personal communication). One clade of mtDNA hap-
lotypes seems to be encountered only in Europe, whereas
the other is shared by European and North American
strains. This pattern is consistent with a recent invasion
and rapid expansion through out North America by

FIG. 3.—(A) Consensus tree of the 6 most parsimonious trees for the combined mitochondrial sequences—total of 2,256 aligned nucleotides, 506
parsimony-informative characters, tree length 5 988, consistency index 5 0.7581, and retention index 5 0.9652. Bootstrap support is shown for
relevant braches, Jackknife support (with 33% deletion) was also estimated and it was always 100% for the same branches (data not shown). (B) Amino
acid replacements for each of the 3 studied genes were placed in the trees braches under a most parsimonious framework. Tickers bars are unambiguous
changes, and lighter bars are replacements for which the polarity of the change could not be determined. Brach length is proportional to all possible
changes.

2176 Oliveira et al.

D
ow

nloaded from
 https://academ

ic.oup.com
/m

be/article/25/10/2167/1028716 by guest on 20 August 2022



N. vitripennis. An alternative explanation could be aWolba-
chia-induced mitochondrial sweep that has recently oc-
curred in North America and is still underway in Europe.

Discussion

Here we show that the Nasonia mtDNA is evolving in
a surprising fast pace; it shows several gene rearrangements
compared with other insects, between-species variation in
gene size, and a very high interspecific divergence at the
DNA and protein level. It has been demonstrated that
the dynamic of gene order rearrangements in the mtDNA
correlates well with the rate of sequence substitution (Xu
et al. 2006). Also, it has been known that genes and proteins
in the mitochondria of parasitic Hymenoptera species have
evolved at a faster rate than in the other insect orders
(Jermiin and Crozier 1994; Dowton and Austin 1995,
1997; Castro et al. 2002). Why do parasitic hymenoptera
show an elevated mitochondria substitution rate? Castro
et al. (2002) tested the hypothesis that the parasitic lifestyle
may enhance mutation rates by comparing parasitic and
nonparasitic species in Hymenoptera and in Diptera. They
did not find an elevated mitochondrial substitution rate in
the Diptera, but they did find such an effect in Hymenop-
tera. These features, demonstrating a rapidly evolution of
mitochondrial genomes in parasitic Hymenoptera, become
even more apparent when the closely related species in the
genus Nasonia are compared.

It is clear that the smaller effective population size of
the mitochondria is not enough to explain the high rates of
evolution. Two possibilities seem reasonable at this point.
First, during its evolutionary history, Nasonia might have
gone through one (or several) mitochondrial bottleneck(s);
this would accelerate the fixation of mildly deleterious
mtDNA polymorphisms that would not go to fixation in
large populations. Such bottlenecks could result from selec-
tion for mitochondrial haplotypes or selective sweeps of the
cytoplasmically inherited bacteriumWolbachia.Wolbachia
have been shown to quickly sweep in a population and to
carry along the mtDNA (Turelli et al. 1992; Shoemaker
et al. 2004). All Nasonia field strains are infected with at
least 2 types of Wolbachia (van Opijnen et al. 2005;
Raychoudhury R, Baldo L, Oliveira DCSG, Werren JH un-
published data). However, if such sweeps are common, it is
clear that the elevated mitochondrial mutation rate found in
Nasonia quickly restores intraspecific sequence variation.
For example, N. longicornis has a high within-species poly-
morphism level (Ks . 2.7%, table 4) despite having 3
different Wolbachia strains that have been acquired since
evolution of the species (van Opijnen et al. 2005;
Raychoudhury R, Baldo L, Oliveira DCSG, Werren JH un-
published data). Furthermore, evidence presented here in-
dicates that atp6 and atp8 have undergone directional
selection, and therefore, the amino acid substitutions cannot
be explained merely by mildly deleterious mutations.

The between-species excess of replacements/silent
sites (compared with within-species) found for Nasonia
is uncommon for animal mtDNA (Nachman 1998; Rand
and Kann 1998; Gerber et al. 2001). Several reports have
demonstrated that animal mtDNAs deviate from neutral

evolution; however, the normal pattern is a within-species
excess of replacements (Ballard and Kreitman 1994;
Nachman et al. 1994; Rand et al. 1994; Templeton 1996;
Hasegawa et al. 1998). We have found the opposite in
Nasonia. To account for the excess number of segregating
within-species amino acid polymorphism in most species,
several authors have argued that the polymorphisms are
mild deleterious and ultimately eliminated from the popu-
lation before fixation (Nachman et al. 1994; Ballard and
Kreitman 1995; Hasegawa et al. 1998). The finding that
Nasonia has an excess of interspecies amino acid changes
is therefore quite remarkable and the most likely explana-
tion is that directional selection has played an important role
in increasing the amino acid divergence in the genus. Al-
though our results might be partly inflated due to the sat-
uration between species at the synonymous sites, our
analyses were performed with identical approaches that
gave opposite results for other animals. Furthermore, we
employed several adjustments (tables 3 and 4) to compen-
sate for problems of saturation, and the results remained
consistent with directional selection in 2 mtDNA genes,
atp8 and atp6.

Recently, a case was made for frequent adaptive evo-
lution in invertebrate mitochondrial genomes (Bazin et al.
2006; Meiklejohn et al. 2007). It was based in the fact that
invertebrate mtDNAs have a significant lower NI than ver-
tebrates. When NI (polymorphic R/fixed R)/(polymorphic
S/fixed S) is smaller than 1, it is indicative of an excess
of amino acid variation between species. The lower NI
in invertebrates is believed to be due to their larger popu-
lation size, resulting in a higher rate of beneficial mutations.
Larger populations both increase the probability of fixation
of mildly beneficial mutations in mitochondria (due to
larger effective population size) and increase the probability
that beneficial mutations occur in mitochondrial haplotypes
with low levels of mutational load (Peck 1994). According
to this argument, recurrent fixation of these favorable alleles
causes a decrease in the amount of genetic diversity, that is,
it reduces the amount of synonymous polymorphism that is
reflected in a smaller NI. However, the high mutation rate
and high level of within-species polymorphism found in
Nasonia argues against this explanation.

The Compensation-Draft Feedback Model

Rand et al. (2004) have pointed out that the accumu-
lation of mildly deleterious mutations in mitochondrial ge-
nomes will result in selection for compensatory mutations,
which will further increase the rate of nonsynonymous mi-
tochondrial substitutions. Here we extend this model by in-
corporating the positive feedback that will result from
hitchhiking of additional deleterious mutations (genetic
draft) due to the spread of compensatory mutations. We
refer to this as the Compensation-Draft Feedback model
(fig. 4). Genetic draft is the fixation of mutations by hitch-
hiking during linked selection (Gillespie 2000). Because of
the lack of recombination in the mitochondrial genome, any
sweep of a mitochondrial haplotype to fixation will likely
result in fixation of mildly deleterious alleles. Compensa-
tory mutations, either within the same protein or interacting
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mitochondrial proteins, will result in a second sweep, which
again can drag along mildly deleterious alleles, resulting in
selection for additional compensatory mutations. Thus, any
mitochondrial sweep is likely to result in a cascade of adaptive
andnonadaptive amino acid substitutions, theCompensation-
Draft Feedback. The role of Compensation-Draft Feedback
will be strongly influencedby themitochondrialmutation rate
and, therefore, may be particularly important in species with
elevatedmitochondrialmutationrates, suchasNasonia.Com-
pensation-Draft Feedback can also occur between mitochon-
drial- and nuclear-encoded genes. For example, fixation of
a mildly deleterious allele in the mitochondrial component
of the electron transport chain could lead to a compensatory
mutation in an interacting nuclear component, which then
leads to further compensatory mutations in interacting mito-
chondrial-encoded genes, thus resulting in further Compen-
sation-Draft Feedback in the mitochondrial genome.

Compensation-Draft Feedback can be initiated by pos-
itive selection for a replacement substitution in a mitochon-
drial protein, by fixation of mildly deleterious mutations by
drift, or by selection on nuclear-encoded genes that interact
with mitochondrial proteins, thus favoring compensatory
mutations.Wolbachia can also initiate Compensation-Draft
Feedback. Maternally inherited endosymbiont Wolbachia
are very common in insects (Werren and Windsor 2000;
Hilgenboecker et al. 2008) and cause mitochondrial sweeps
by hitchhiking when Wolbachia spread through host pop-
ulations (Turelli et al. 1992; Shoemaker et al. 2004). In ad-
dition, successive sweeps of Wolbachia can occur during
adaptation of the bacteria to hosts (Weeks et al. 2007) or
multiple invasions of different Wolbachia strains (Werren
et al. 1995). Therefore, Wolbachia may also promote
Compensation-Draft Feedback by genetic hitchhiking of
mitochondria.

As mentioned above, directional selection of function-
ally coadapted mitochondrial alleles can help to explain the
excess of between-species replacements in Nasonia. Be-
sides being physically linked, all mitochondrial genes are

biologically associated. The mitochondrial genes encode
for polypeptides that are components of protein complexes
responsible for the oxidative phosphorylation. These com-
plexes are composed of several polypeptides that are en-
coded by both mitochondrial and nuclear genes. The
accumulation of mild-deleterious mutations in these pro-
teins is likely to negatively affect fitness. Compensatory
mutations within the same or interacting polypeptides
would therefore be positively selected and rapidly reach fix-
ation. Consistent with the view of coevolution between nu-
clear and mitochondrial genes, hybrid breakdown in
Nasonia involves a marked nuclear–cytoplasmic interac-
tion (Breeuwer and Werren 1995). The finding that each
species of Nasonia has a very divergent mtDNA suggests
the possibility of intergenomic coadaptation (discussed
by Rand et al. 2004). The Nasonia hybrids show cytonu-
clear incompatibilities that could be due to defective inter-
action between the nuclear-encoded and the fast evolving
mitochondrial-encoded proteins of the oxidative phosphor-
ylation system. Therefore, we suggest that directional selec-
tion of functionally adapted mitochondrial alleles also
explains the excess of between-species replacements. This
hypothesis implies that the mitochondrial genome might
have a direct role in the speciation process for these wasps.

In conclusion, an analysis of the mitochondrial ge-
nomes of Nasonia species reveal many interesting features,
including unusual rearrangements, a high mutation rate, el-
evated nonsynonymous evolution, and evidence of direc-
tional selection. We propose that the high mitochondrial
mutation rate in Nasonia provides substantial variation that
may make it a good model for studying mitochondrial evo-
lution and coevolution with nuclear genomes.

Supplementary Material

Tables S1 and S2 are available at Molecular Biology
Evolution online (http://www.mbe.oxfordjournals.org/).
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