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The cytochrome oxidase subunit Il (COIl) gene was sequenced for six dermapteran species. The nucleotide com-
position of this gene is biased in most animals. While the CG content of other insect orders is low (mean, 27.6%;
range, 19.5%—-33.1%), species from the Forficula genus showed unusually high values (mean, 42.4%; range, 37.3%—
44.1%), mostly due to high CG frequencies at third codon positions: the mean CG content at these positions was
around 45% (range, 43.9%-46.9%) for Forficula, compared with only 13.3% for other insects. This effect was so
strong that in one species, Forficula lesnei, there was no significant difference between the frequencies of the four
bases. During evolution, this loss of bias has involved a significant increase in the synonymous substitution rate
and an increase of transitions over transversions compared with other insects. A strong directionality of substitutions
has favored T C and A — G changes. This phenomenon was also observed between two conspecific populations
of Forficula auricularia. A species from a closely related genus, Anechura bipunctata, was intermediate between
Forficula and other insects for these parameters, while two remotely related dermapteran species, Labidura riparia
and Euborellia moesta, were similar to other insects. These results suggest that the evolution of Forficula DNA

content has been both rapid and recent.

Introduction

The nucleotide content of DNA is a simple char-
acter. However, its evolution is probably controlled by
a number of forces. Biases in mutational processes and
repair mechanisms were first hypothesized by Sueoka
(1962). Their role is apparent in compositional asym-
metries between the two DNA strands, which may be
produced by mutations during replication or transcrip-
tion (reviewed by Francino and Ochman 1997). Selec-
tion can aso be involved in mtDNA evolution. While
adaptive mechanisms at the DNA level are suggested by
the dependence of mitochondrial evolutionary rates on
thermal habits (Rand 1994), attempts to explain biased
DNA contents by the greater stability of the C:G bond
at high temperatures are not supported by comparative
data from bacteria (Galtier and Lobry 1997). Nucleotide
composition appears to be a highly variable character.
The CG content at third codon positions of the same
gene can vary widely between related species, as, for
example, in the many species of Drosophila (Moriyama
and Gojobori 1992). Similarly, different genes from a
given species can vary widely in codon usage (Sharp
and Li 1989). The evolution of DNA composition aso
affects the amino acid content of gene products (Jermiin
and Crozier 1994; Foster, Jermiin, and Hickey 1997).
For a given set of amino acids, differences in codon
usage are linked to gene expressivity (Grantham et al.
1981; Shields et al. 1988; Moriyama and Hartl 1993).
Nucleotide content thus appears to be determined by an
equilibrium between a great many forces, and one would

Key words: mtDNA, cytochrome oxidase I, codon usage, molec-
ular phylogeny, Dermaptera, insects.

Address for correspondence and reprints: Michel Veuille, Ecole
Pratique des Hautes Etudes and Centre National de la Recherche Scien-
tifique, Laboratoire d' Ecologie, Case 237, Université Paris 6, 7 quai
Saint-Bernard, 75252 Paris cedex 05, France. E-mail:
mveuille@snv.jussieu.fr.

Mol. Biol. Evol. 16(12):1645-1653. 1999
© 1999 by the Society for Molecular Biology and Evolution. ISSN: 0737-4038

not expect it to change dramatically and directionally in
a single taxon. Yet, we report such a finding in this
paper.

In the course of a study of mtDNA variation in the
European earwig Forficula auricularia (Wirth et al.
1998), we sequenced a 627-bp mtDNA fragment partly
overlapping the cytochrome oxidase subunit | (COI) and
cytochrome oxidase subunit |1 (COIl) genes and found
significant differences in base composition between two
sibling species. We aso found an unusually high CG
content which substantially extends the known range of
variation of insect mitochondrial genes. In order to in-
vestigate this result, we sequenced the whole COIl gene
for several dermapteran species. Results reported below
show that a dramatic change in base composition has
occurred in a dermapteran family, Forficulidae.

Materials and Methods
Species Sample

Our sample consisted of six dermapteran species,
four of them belonging to the Forficulidae (Forficula
auricularia, Forficula lesnei, Forficula decipiens, and
Anechura bipunctata), one belonging to the Labiduridae
(Labidura riparia), and one belonging to the Carcino-
phoridae (Euborellia moesta). The labidurid and carci-
nophorid families have morphological traits that are
considered primitive, while the Forficulidae are consid-
ered to be a monophyletic group with derived morpho-
logical traits. As will be shown below, molecular phy-
logenetic analysis confirms these views. Two popula-
tions of F. auricularia were studied: ‘“Mijanes-1500"
was collected in the Pyrenees, and ‘“Rome” was col-
lected in Italy. These two populations, although geneti-
cally and ecologically differentiated, belong to the same
species (Wirth et al. 1998). We used them in order to
detect recent changes in nucleotide content.
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Table 1
Amplifying and Sequencing Primers Used in this Study

Name Sequence Positions?
EB ........ 5'-GGGGATCCATACCACGACGTTATTCAGA-3' 2773-2792
ATPase ... .. 5'-CCGAATTCTCATCTTATAGGTACTATTTGAGG-3' 3914-3937
A-tLeu ..... 5'-ATGGCAGATTAGTGCAATGG-3' 3018-3037
B-tLys ..... 5-GTTTAAGAGACCAGTACTTG-3 3785-3804
HR ........ 5'-CCGAATTCAATATCATTGATGACC-3' 3383-3398
Bi-med ..... 5'-GGTACAGCTCAAGAATG-3' 3578-3594
Les-med 5'-ACCCCCAAAGCTGGGACTGCTCA-3' 3569-3591

aPositions are given according to the Drosophila yakuba sequence (Clary and Wolstenholme 1985).

DNA Preparation, Amplification, and Sequencing

Unless stated otherwise, all DNA handling was
performed according to standard protocols (Sambrook,
Fritsch, and Maniatis 1989). DNA was extracted as pre-
viously described (Wirth et al. 1998). PCR primers were
designed in conserved regions (table 1) from an align-
ment of mitochondrial DNA sequences from Drosophila
yakuba (Clary and Wolstenholme 1985), Apis mellifera
(Crozier, Crozier, and McKinley 1989), and Locusta
migratoria (Flook, Rowell, and Gellissen 1995). The
amplified DNA fragment overlaps the COI gene, the
Leu-tRNA, the whole COIl gene, the LystRNA, the
Asp-tRNA, and the 5’ end of the ATPase-8 gene. It cov-
ers 1,165 bp corresponding to positions 2773-3937 of
the Drosophila melanogaster mitochondrial genome (De
Bruijn 1983). Following DNA amplification (Saiki et al.
1989), amplified products were purified in agarose, ex-
tracted using the Jet-Sorb extraction protocol (Genomed
Inc.), and cloned into a Bluescript plasmid. DNA se-
quencing was performed in at least two clones per ma-
triline using the dideoxy chain termination method (San-
ger, Nicklen, and Coulson 1977). A set of internal se-
quencing primers (table 1) was used. Sequences were
aligned using the ESEE sequence editor (Cabot and
Beckenbach 1989). They are available from the Gen-
Bank and EMBL databases under accession numbers
AF140539-AF140545.
Phylogenetic Analysis

The COIl amino acid sequence was deduced from
the DNA sequence using the Drosophila mitochondrial
genetic code (Clary and Wolstenholme 1985). Nucleo-
tide sequences were anayzed using version 1.01 of
MEGA (Kumar, Tamura, and Nei 1993). The matrix of
corrected DNA distances was generated using Kimura's
(1980) two-parameter model, and a phylogenetic tree
was produced using the neighbor-joining algorithm (Sai-
tou and Nei 1987). Bipartitions in the neighbor-joining
tree were examined by bootstrap analysis over 1,000
replicates (Felsenstein 1985).

Results
Overall Base Composition

The sequence alignment is given in appendix 1.
The COII gene consisted of 684 nt (228 codons) in all
species except E. moesta, which has a deletion of one
codon at position 679. The dermapteran COIll genes
have substantial differences in their CG contents. The

two species from nonforficulid families, E. moesta and
L. riparia, have low CG contents (29.7% and 31.2%,
respectively) which are within the range of values ob-
served by Liu and Beckenbach (1992) for other insects
(mean, 27.6%; range, 19.5%-33.1%). In the Forficulidae
(Forficula and Anechura), the CG content was 37.3% in
A. bipunctata and between 43.4% and 47.1% in Forfi-
cula. These values are the highest recorded for insects.

Base Composition at Each Codon Position

Figure 1 compares the CG contents of the Der-
maptera and other insects at each codon position. It
shows that the variation in nucleotide content amost
completely resides in the third codon position. The for-
ficulids appear to be very different from all other in-
sects, including other Dermaptera.

Table 2 gives a detailed account of base composi-
tion at each of the three codon positions in the Der-
maptera compared with the average content given by
Liu and Beckenbach (1992) for other insects. No sig-
nificant difference was observed at any position between
nonforficulid Dermaptera and other insects. In the For-
ficulidae, the difference was significant (P < 0.05) at
first codon positionsin all species, and highly significant
in F. auricularia (P < 0.01, df = 1, x? = 5.17 using
Yates correction). The difference was never found to
be significant at the second position. It was highly sig-
nificant (P < 0.01) in all species at the third position.

Index of Nucleotide Bias at Each Codon Position

Table 3 shows the bias in nucleotide content using
Irwin, Kocher, and Wilson's (1991) index, which mea-
sures deviation from equal nucleotide frequency (25%)
in A, C, G, and T. This index varies from 0% (when
there is no bias) to 100% (for complete bias, when only
one nucleotide is present). Nondermapteran insects
showed small biases in first and second positions, and a
strong bias in third positions (17.47-23.20-48.93 at the
three positions successively). The same was found for
nonforficulid Dermaptera E. moesta (12.20-22.00-48.40)
and L. riparia (9.27-19.33-50.27). Forficulidae showed
a dramatic decrease of bias in third positions, with the
most extreme value being that for F. lesnei (10.00-
17.20-7.60). In this species, the compositional bias at
third positions did not significantly differ from the 25%
frequency for all four nucleotides (x> = 8.19, df = 3,
NS). The same test for other positions or species was
aways significant.
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Colembolla

Sympetrum striolatum (Dragonfly)
Schistocerca gregaria (Locust)
Acheta domesticus (Cricket)
Periplaneta americana (Cockroach)
Zootermopsis angusticollis  (Termite)
Oncopeltus fasciatus (Milkweed bug)
Sitophilus granarius (Weevil)
Adalia bipunctata (Ladybird)
Galleria mellonella (Moth)
Ctenocephalides felis (Flea)
Drosophila pseudoobscura  (Fruitfly)
Excristes roborator (Wasp)
Lasius sp. (Ant)
Euborellia moesta (Earwig)
Labidura riparia (Earwig)
Anechura bipunctata (Earwig)
Forficula auricularia (Earwig)
Forficula lesnei (Earwig)
Forficula decipiens (Earwig)

FiG. 1.—Percentages of CG content of first, second, and third codon positions in COIl for Dermaptera, compared with values observed in
several insect species by Liu and Beckenbach (1992) and Frati et al. (1997).

Compositional Changes in A, C, G, and T Nucleotides

The decrease in the bias index does not necessarily
imply that al four nucleotides tend to be at an equal
frequency. This process was mostly accomplished
through a switch in the balance of the two purines, A
and G. The frequency of A over al positions decreased
from 36.2% in other insect orders to about 25% (range,
23.1%—-25.7%) in Forficulidae, whereas the frequency of
G increased from 11.6% to about 25% (range, 22.5%—
26.3%). In contrast, no systematic trend was observed
in the variation of C (from 16.0% in other insects to
14.8%—22.3% in Forficulidae) and T (from 36.2% in
insects to 31.2%—-37.0% in Forficulidae). Nonforficulid
Dermaptera were also different from other insects with
regard to third positions, but they were completely dif-
ferent from the Forficulidae. They showed a lower pro-
portion of C-terminating codons (4.0%—4.4% vs. 10.9%
in other insects) and a higher proportion of T-terminat-
ing codons (50.2%0-50.4% vs. 42.1% in other insects).
We therefore observe that A decreases and G increases
in the Forficulidae, while T increases and C decreases
in other Dermaptera. Nonforficulid Dermaptera are
probably representative of the dermapteran ancestral
state (see the phylogenetic analysis below). Therefore,

for the primitive Dermaptera, it islikely that both C and
G increased in the Forficulidae, while A and T de-
creased.

Relative Importance of Transitions and Transversions

A classic observation is that transitions outnumber
transversions between closely related species but not be-
tween distant ones (Brown and Simpson 1982). In this
study, the two species from morphologicaly *‘primi-
tive” families (E. moesta and L. riparia) were used as
representatives of the ancestral condition among ear-
wigs. Their low CG contents and their phylogenetic
branching at the root of Dermaptera (see below) validate
this approach. The directionality of nucleotide substi-
tutions was characterized by comparing E. moesta with
either L. riparia or F. lesnel. If evolutionary rates were
the same, E. moesta would be equally different from the
other two species. Table 4 shows the number of substi-
tutions, including the relative number of transitions and
transversions, between E. moesta and the other two spe-
cies. The number of substitutions in first and second
positions was the same in the two pairs of species. For
the third position, there was a highly significant excess
of substitutionsin the pair involving F. lesnei (x2 = 9.60

Table 2
Nucleotide Content (%) at First, Second, and Third Codon Positions of COI |
FIRsT SECOND THIRD
ToTAL

SPECIES A C G T A C G T A C G T C+G
Insects® .............. 36.1 17.2 19.7 27.0 28.0 20.0 12.6 394 44.6 10.9 24 421 27.6
Euborellia moesta .. ... 282 159 260 300 269 181 154 396 36.1 4.0 97 502 297
Labidura riparia ...... 25.4 18.0 27.6 28.9 259 19.7 15.8 38.6 37.3 44 7.9 50.4 311
Anechura bipunctata ... 21.9 158 320 30.3 254 193 167 386 29.8 92 189 421 373
Forficula auricularia® .. 23.7 19.3 30.7 26.3 24.6 20.6 16.2 38.6 21.1 16.7 28.9 44.1 43.4
Forficula lesnei ....... 241 184 294 281 241 202 175 382 259 193 276 351 471
Forficula decipiens .... 24.6 17.1 30.3 28.1 24.1 20.6 184 36.8 23.2 13.6 30.3 27.2 329

aLju and Beckenbach (1992).
b Mijanes-1500 population.
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Table 3
Code Bias (%) in First, Second, and Third Codon
Positions

CoDE Bias?

First Second Third
Insects® ............... 17.47 23.20 48.93
Euborellia moesta . . ... .. 12.20 22.00 48.40
Labidura riparia ........ 9.27 19.33 50.27
Anechura bipunctata .. .. 16.40 18.67 29.20
Forficula auricularia® . . . . 9.33 18.13 16.27
Forficula decipiens ... ... 11.13 15.80 17.60
Forficulalesnel ......... 10.00 17.20 7.60

aCalculated after Irwin, Kocher, and Wilson (1991).
b ju and Beckenbach (1992).
¢ Mijanes-1500 population.

using Yates correction, df = 1, P < 0.01). The trans-
version-to-transition ratio (Tv/Ts) tended to decrease at
al positionsin the Forficula branch. This difference was
not significant for the first two positions, but it was high-
ly significant (P < 0.01) for third positions. This test is
very conservative, since substitutions having occurred
inthe L. riparia branch are shared between the two com-
parisons. A less conservative test can be obtained by
estimating the number of transitions and transversions
specific to the L. riparia lineage and subtracting it from
the comparisons shown in table 4. This estimate was
obtained from an alignment of COII in these three der-
mapteran species and in the Orthoptera L. migratoria.
Nine transversions and two transitions were found only
in L. riparia for first and second positions. They pro-
vided an estimate of substitutions having occurred only
in the L. riparia lineage, considering homoplasy negli-
gible. These new values provided a less conservative
test. However, Fisher's exact test remained nonsignifi-
cant for these positions (P > 0.081). Consistent results
were observed for other forficulids (data not shown).
There is thus no evidence that the substitution patterns
for first and second positions are different between For-
ficulidae and other insects. All significant effects ob-
served in this data set are entirely due to the third codon
positions.

Nature of Substitutions Between Species

It may be interesting to compare the evolution of
mtDNA content in earwigs with that in Drosophila, for
which Clary and Wolstenholme (1985) (see also Garesse
1988) found 93.8% AT- ending codons. By comparing
two Drosophila species, Clary and Wolstenholme
(1985) found that transversions were 4.6 times as fre-
quent as transitions, while A « T substitutions accounted
for 86% of al transversions. Among transitions, C T
substitutions were more frequent than A ~ G substitu-
tions. We can compare these results with those observed
between two Forficula species, F. lesnel and F. auri-
cularia (e.g., from the Rome population). In Forficula,
transitions outnumbered transversions (89 vs. 63).
Among transitions, A~ G and C- T transitions were
observed in about equal numbers (47 vs. 42). Only
53.75% of codons ended in A or T.

Table 4

Numbers of Transversions (Tv) and Transitions (Ts) in
COll between Euborellia moesta and Two Other
Dermapteran Species

N Tv Ts Tv/Ts
Positions 1 and 2
Labidura riparia . . .. 71 40 31 1.29
Forficula lesnei .. ... 70 31 39 0.79
Position 3
L. riparia ......... 105 69 36 191
F.lesnei .......... 139 66 73 0.90

Note.—Fisher’s exact test is nonsignificant between positions for L. riparia
(P = 0.136) and F. lesnei (P = 0.386), and between lineages for positions 1
and 2 (P = 0.103); it is highly significant between lineages for position 3 (P =
3.3 X 10°3).

Directionality of Substitutions Between Species

Another aspect of nucleotide changes is their ori-
entation in favor of a given base. Between E. moesta,
which is similar to other insects, and F. lesnei, 62 of the
73 transitions exchanged either a C for a T (T - C: 31)
or aG for an A (A-G: 31) in the direction E. moesta
— F. lesnei. Only 11 changes occurred in the reverse
direction (C-T: 4; G- A: 7). A comparison of two Der-
maptera showing the same bias in codon usage as other
insect orders (in the direction E. moesta — L. riparia)
revealed a more even substitution pattern (C-T: 9;
T-C:8 A-G: 6, G-A: 11).

Directionality of Substitutions Between
F. auricularia Populations

In a previous paper (Wirth et al. 1998), we showed
that the F. auricularia taxon is composed of two sibling
species, A’ and “'B.” The latter species is itself com-
posed of two vicariant and interfertile groups of popu-
lations differing in their reproductive cycles. The two
mitochondrial genomes sequenced for COII in F. auri-
cularia, Mijanes-1500 and Rome, each belonged to one
of these interfertile groups. They differed at 14 positions
(including 3 replacements and 11 synonymous substi-
tutions). Of these 14 substitutions, Rome gained 11 CG
and 3 AT, whereas Mijanes-1500 gained 2 CG and 12
AT. The difference was significant (Fisher’'s exact test,
P = 0.00092). This means that during evolution, the
differentiation of the two groups of populations involved
an asymmetrical pattern of change.

Phyletic Changes in the Rate of
Nucleotide Substitutions

In order to record changes in evolutionary rates in
Dermaptera, we carried out a phylogenetic analysis.
Trees were rooted using four outgroups. two of them
(Schistocerca gregaria and L. migratoria) were Orthop-
tera, which are thought to be the insects closest to ear-
wigs. We included one species of Blattaria (Periplaneta
americana) and an Odonata (Sympetrum striolatum). We
performed three phylogenetic analyses using the neigh-
bor-joining method (fig. 2). One involved al nucleo-
tides, the second involved only nucleotides from the first
and second positions of codons, and the third involved
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Fic. 2—Neighbor-joining tree of COIl sequences from six dermapteran species, using Locusta migratoria, Schistocerca gregaria (locusts),
Periplaneta americana (cockroaches), and Sympetrum striolatum (dragonflies) as outgroups. Numbers above branches are bootstrap values (in
percentages over 1,000 replicates); numbers below branches are the minimum numbers of nucleotide changes per branch, calculated using PAUR
Top: tree based on total nucleotide divergence using Kimura's (1980) two-parameter model; middle: same analysis on first and second codon
positions; bottom: tree based on amino acid p-distance.
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amino acids. In al trees, forficulids appear to be mono-
phyletic with high bootstrap values. The whole group of
Dermapterais also monophyletic, with L. riparia always
being closer to forficulids than E. moesta. Among for-
ficulids, the monophyly of the Forficula genus was not
confirmed, since A. bipunctata occurred within this ge-
nus in the amino acid tree. A high bootstrap value sep-
arating this species from Forficula was found only when
all nucleotides were used. The four nondermapteran in-
sects used as outgroups were always at the base of the
tree, despite changes and low bootstrap values. As ex-
pected, Sympetrum was at the root, and Orthoptera were
closer to Dermaptera. However, the position of Peripla-
neta was uncertain.

Branch lengths were about equally long in the ami-
no acid tree and the nucleotide tree involving only po-
sitions 1 and 2. Those from the tree using al nucleotide
positions were very different, with a tendency to longer
branches leading to species with larger CG contents.
Since the neighbor-joining method relies on a nonintu-
itive approach to evolutionary distance, we used PAUR
version 3.1.1 (Swofford 1993), to calculate the mini-
mum number of steps involved in nucleotide phyloge-
nies, from the last dermapteran common ancestor down-
ward. Euborellia moesta had a small number of changes
in all phylogenies. In other species, the number of
changes leading to L. riparia (61) was close to that |ead-
ing to Forficula (65-85) for positions 1 and 2. When all
positions were pooled, the number of changes for For-
ficula (236-274) was about twice that for L. riparia
(139). This suggests that a strong increase in the sub-
stitution rate accompanied the change of bias in the For-
ficulidae branch.

The lack of variation in the rate of amino acid re-
placement was interesting, since a change in base con-
tent could affect the polypeptide sequence. We therefore
compared the COIl amino acid sequences of two insect
species showing strong AT biases (D. yakuba and A.
mellifera) with those of forficulids, those of nonforfi-
culid Dermaptera, and those of the other insects shown
in figure 2, respectively. Differences with D. yakuba
(ranges, 26.9%-30.0%, 30.0%—-30.4%, and 27.8%—
33.6%, respectively) and with A. mellifera (51.5%—
53.8%, 48.8%-53.3%, and 47.0%-52.9%, respectively)
were very similar each time and showed no increase in
replacement rates with forficulids. The same compari-
sons were made with a series of vertebrates ranging
from coelacanths to humans. Here again, no differences
were observed between the three groups of insect taxa
(data not shown). The absence of change in amino acid
replacement rate accompanying the change in DNA
composition is consistent with our observation that the
latter mainly involves third codon positions, along with
some first codon positions. This suggests that a strong
normalizing selection is acting on the polypeptide se-
quence.

Discussion

Our results show that the COIl gene has undergone
a dramatic evolution in the Forficulidae. The DNA con-

tent at the third codon positions has changed, switching
from A-terminating to G-terminating codons, and from
T-terminating to C-terminating codons. The first and
second codon positions were not significantly affected.
This change was accompanied by an increase in nucle-
otide substitution rate. The CG content, which is highly
biased in all other insects, tends to be much less biased
in the Forficulidae, and even reaches nonsignificance for
third positions in one of the species studied, F. lesnei.
This evolution appears not to have taken place in other
dermapteran families, which are similar in this respect
to most insects.

The base content and the pattern of substitutions
between al four bases, A, C, G, and T, in the Forficu-
lidae is the opposite of that found in the most exten-
sively studied insect, Drosophila (Clary and Wolsten-
holme 1985; Wolstenholme and Clary 1985). In fruit-
flies, mtDNA is AT-rich, and transversions strongly out-
number transitions. In Forficula, COIl tends to become
CG-rich, transitions outnumber transversions, and tran-
sitions strongly favor T C and A - G changes.

In al of these respects, earwigs belonging to two
other dermapteran families included in this study, E.
moesta and L. riparia, showed the same pattern as the
other insect orders. The evolution of mtDNA in the For-
ficulidae thus appears to have been both rapid in time
and limited in phylogenetic extent.

The rapidity of this evolution had been suggested
to us by the study of speciation in the F. auricularia
species complex (Wirth et al. 1998), for which signifi-
cant changes in base composition of a 627-bp fragment
were recorded between populations from the same spe-
cies (unpublished data). In the present study, we found
asignificant bias in substitution pattern between the two
lines sequenced from two F. auricularia populations.

A high AT content is a feature common to most
animal mitochondria. Of 110 taxa surveyed for nucle-
otide composition of the mitochondrial Cytochrome b
gene (Jermiin et al. 1994), 109 showed AT pressure,
whereas only one species, the bird Cairana moschata,
showed significant CG pressure. Insects were the animal
group showing the greatest directional ‘‘mutation pres-
sure,” as estimated from equilibrium CG values (0.123;
range, 0.052-0.222). The evolution of earwig mtDNA
suggests that a simple switch, of an as yet unknown
nature, can annihilate these compositional biases.

Several hypotheses have been put forward to ex-
plain biasesin mtDNA nucleotide contents. One of them
is the mutation-based hypothesis, whereby DNA-repair-
ing enzymes tend to create a bias in the frequency of
new mutations. Wolstenholme and Clary (1985) ex-
plained the mtDNA substitution pattern in Drosophila
by specificities of enzymes from the transcription and
replication apparatus. Proteins that are functionally ef-
ficient for an AT-rich DNA may be less optimal for a
CG-rich DNA, since the levels of energy required for
opening the DNA strands are different. Another muta-
tion-based hypothesis would be that an inversion oc-
curred between the leading strand and the lagging strand
of the DNA, which tend to evolve toward different mo-
lecular weights in mitochondria. This explanation, how-



ever, is unlikely for earwigs, for which the excess of
substitutions occurs among purines, whereas under this
hypothesis they would be expected to occur between
purines and pyrimidines (Francino and Ochman 1997).
Other explanations would be based on selection, which
has been shown to act on insect mtDNA (Ballard and
Kreitman 1994; Rand et al. 1994).

The actual challenge to molecular evolutionary the-
ories is presented by the strong biases observed in spe-
cies other than earwigs, such as the 93.8% of A- and T-
terminating codons of COIl in D. yakuba. The loss of
bias in Forficula could be a return to some equilibrium
under relaxed constraints. Evolution has led to the ab-
sence of bias in the third positions in F. lesnel. We do
not know whether this process has finished or whether
it will continue and ultimately bias nucleotide content
toward high CG levels.

The present paper was not intended to answer these
questions. The study of other parts of the earwig mito-
chondrial genome will be necessary to complete thisini-
tial report. The fact that significant changes in compo-
sitional bias can be recorded within species suggests that
a study of polymorphism would be useful for confront-
ing selective and neutral explanations for the evolution
of mtDNA.
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APPENDIX

Alignment of the COIl Sequence of Six Dermapteran Species with L. migratoria (Flook, Rowell, and Gellissen 1995)
The alignment includes two F. auricularia populations: 1, from Mijanes; and 2, from Rome.
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