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Abstract

Insect mitochondrial c¢ytochrome oxidase 1 (CON
genes are used as a model to examine the within-
gene heterogenelty of evolutionary rate and its impli-
cations for evolutionary analyses. The compleie
sequence (1537 bp) of the meadow grasshopper
{Chorthippus parallelus) COl gene has been deter-
mined, and compared with eight other insect CQI
genes at both the DNA and amino acid sequence
levels. This reveals that different regions evolve at
different rates, and the patlerns of sequence variabil-
ity seems associated with functional constraints on
the protein. The COOH-terminal was found to be
significantly more variable than internal foops (),
external loops (E), transmembrane helices (M) or the
NH2 terminal. The central region of COl (M5-M8) has
lower levels of sequence variability, which is related
to several important functional domains in this region.
Highly conserved primers which amplify regions of
different variabilities have been designed to cover the
entire insect COl gene. These primers have been
shown to amplify COIl in a wide range of species,
representing all the major insect groups; some even
in an arachnid. Implications of the observed evolution-
ary patlern for phylogenetic analysis are discussed,
with particular regard to the choice of regions of
suitable variability for specific phylogenetic projects.
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Introduction R
The study of mitochondrial DNA {mtDNA) sequences
has become the method of cheice in recent years for a
wide range of taxonomic, population and evolutionary
investigations in animals. Many aspects of the struc-
ture and evolution of mtDNA have made it a valuable
evolutionary tool. These include its ease of isolation,
high copy number, lack of recombination; conserva-
tion of sequence and structure across metazoa, and
range of mutational rates in different regions of the
molecule {reviewed by Moritz et al., 1987; Harrison,
1889; Simon, 1991; Wolstenholme, 1992a). The mito-
chondrial gene encoding subunit | of cytochrome
oxidase {COl) possesses some exira characteristics
which make it particularly suitable as a molecular
marker for evolutionary studies.

Firstly COIl, as the terminal catalyst in the mitochon-
drial respiratory chain, has been relatively well
studied at the biochemical level, and its size and
structure appears to be conserved across all aerobic
organisms investigated (Saraste, 1990). Mutational
studies have been used to map the reaction centres of
this subunit (Gennis, 1922) and these provide a back-
ground which enables interpretation of sequence dif-
ferences in terms of gene function. Gytochrome
oxidase | is involved in both electron transport and the
associated translocation of protons across the mem-
brane and it has been shown to contain a range of
different types of functional domain including ligand
sites, components of the proton channel, structurat a-
helices and interspersing hydrophilic loops (Saraste,
1990; Gennis, 1992). Aminec acid residues in the reac-
tion centres, which are highly conserved, do not
dominate the entire CO! molecule, atlowing scope for
considerable variability in some regions. Such a mix
of highty conserved and variable regions so closely
associated in a mitochondrial gene make the COI
gene particularly useful for evolutionary studies.

Secondly, the COl gene is the largest of the three
mitochondria-encoded cytochrome oxidase subunits
{composed of 511 amino acids in D. yakuba, compared
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to 228 for COIl and 261 for COIlll; Clary & Wolsten-
holme, 1985), and is cne of the largest protein-coding
genes in the metazoan mitochondrial genome. This
enzhles cne to amplify and sequence many more
characters (nucleotides), within the same functional
complex, than is possible for almost any other mito-
chondrial gene.

A suitable genetic marker is an essential prerequi-
site for success in many evolutionary studies. The
crucial characteristic in the choice of such a marker is
the substitutional rate of the particular region. To a
large degree it is the broad spectrum of substitutional
rates which accounts for the popularity of animal
mitDNA as a molecular tool, since it allows rasolution
of both intraspecific phylogenies {e.g. Avise ef al.,
1987) and the higher level systematics of anciently
diverged taxa (e.g. Ballard ef al, 1992). It is well
known that different genes may evolve at different
rates, and the same gene may have different rates of
evolution in different lineages. However, within-gene
heterogeneity of evolution rate has not yet received
enough attention especially in the field of lower taxo-
nomic level phyfogenetic studies. It may be mislead-
ing for many applications to consider a gene as fast or
slowly evolving, because this implies a homogeneity
of rdate across the whole gene, which is rarely true due
to the concentration of functional constraints in speci-
fic regions of the DNA sequence. Hence it is highly
advantageous to have information concerning the
relative substitutional rates of different gene regions,
as this will allow a much more informed choice of
sequence for particular phylogensetic investigations.
Sequences evolving too quickly are known to lose
their ability to unambiguously reveal the phylogeny of
anciently diverged taxa. Similarly, choice of a
sequence which is too conserved when addressing
questions of intraspecific phylogecgraphy, for
example, will not provide enough informative charac-
ters to determine the requisite relationships. Thus for
many studies success will depend to a large degree
on the sampling of a region containing a suitable level
of variability.

In this study we have used the COI gene as a model
to study the within-gene heterogeneity of evolutionary
rate and discuss this in terms of its implications to
phylogenetic studies. The complete sequence of cyto-
chrome oxidase | for the meadow grasshopper
(Chorthippus parallelus) has been determined. (At the
time of writing, no other Orthopteran COl sequence
has previously been published, though the Locusia
migratoria sequence, kindly provided by Paul Flook,
University of Berne, Switzerland, prior to publication,
is also included here; see Flook ef a/, 1996.) Com-
parafive analysis of this sequence with seven other

published insect COl sequences has been carried out
in order to identify and quantify areas of differing
levels of variability. The relative rates of evolution (at
the amino acid level) of these areas are considered in
the context of both the structure~function model of COI
and their utility in evolutionary studies. Areas of DNA
sequence which are completely conserved are also
shown and conserved primers designed and tested for
their applicability to a wide range of insect species.

Results and Discussion

Sequence and structure of the C. parallelus CO/ gene

The COIl gene of Chorthippus paraflelus has been
completely sequenced and is presented in Fig. 1
together with an alignment of eight other insect
species. This sequence significantly extends our
knowledge an insect COl genes, because six of the
eight sequences previously available were from the
same Order, Diptera. The Chorthippus paralfeius COI
gene Is flanked by tRNA-Tyr at the 5 end and tRNA-
Leu at the 3" end. Although the relocation of tRNA
genes is not an uncommon event (Hauke & Gellisson,
1988, Paabo ef al, 1991, Smith et af, 1993),
Chorthippus shares Its positioning of these genes with
many of the other insects presented here (Beard et a/,
1893). The complete C. parafiefus CO! nucleotide
sequence was found to be 69.4% A+T, comprised of
34.1% A, 15.5% C, 15.1% G and 35.3% T. The A+T
percentage of nucleotides at the third codon position
is much higher (90.8% AT) than either of the ather two
locations {first = 57.9%; second = 60.6%). With the
exception of Apis, these values are typical of those
reported for other insects (see Tablg 1).

The putative initiation codon for C. parallelus COlis
TCG and the stop codon is a single T at position 1537,
Although the exact initiation and termination codons
for Insect COl genes are probably less clear than
those for any other insect mitochondrial gene (Beard
ef al., 1993) the codons suggested here are wholly
consistent with those reported elsewhere (see Table
1). Beard et a/, (1993) discuss the possibility that the
initiation codan for 0. yakuba is the TCG triplet imme-
diately following the ATAA which is more usually
recognized. Although TCG would fit well with many of
the other insect sequences presented here, it is not
supparted by the other Drosophila sequences. Both D,
simulans and D. sechelflia share the ATAA motif but
have undergone substitutions which alter the follow-
ing TCG (Ser} triplet to CCG (Pro). The 5 COI
sequence of two other Drosophiia species have been
reported by Satta et al. (1987). These species com-
mence with the tetranucleotides ATAA (D. melanoga-
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Figure 1.
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Figure1 (continued)
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Figure 1. DNA alignmenl of the CQl gene for nine species of insect. |dentity ta C. paralielis is indicated by a pericd, adeletion by a dash. (Putative) termination and
initiation codons are displayed in lower case. The twenty-five strustural regions are indicated (see textand Fig. 3 for detaiis).

ster) and GTAA (D. mauritiana), indicating that differ-
ences in initiation codon can be present even between
sibling species. The termination codons used for
insect COI genes are shown in Table 1. Many organ-
isms terminate with a single T, or TA, immediately
adjacent to the tRNA gene, and it is known that
complete (TAA) termination codons can be produced
by post-transcriptional polyadenylation (Ojala et al.,
1981). Drosophila and Phormia, however, show the
complete TAA termination codon common in many
other mitochondrial genes.

Translation of this sequence with the invertebrate
mitochondrial genetic code (Clary & Wolstenholme,
1985) gives a protein sequence with a mixture of
residues conserved across all the studied species and
residue positions of differing levels of variability [see

© 1996 Blackwell Science Ltd, /nsect Molecular Biology 5: 153165

below and Fig. 2. Note that the first amino acid resi-
dues for all COIl proteins discussed here are defined
as methionines regardless of the initiation codons, as
suggested by Wolstenholme (1992h)]. No insertion/
deletion events are apparent between C. parallelus
and eight of the nine other insects. Apis, however,
shows a deletion of 3 bp at position 1464 (Fig. 1). The
position indicated here differs by three codons from
that given by Crozier & Crozier (1993) but seems to
give a better overall alignment. This deletion falls
within the COOH-terminal region and may. not be
constrained with respect to either size, structure or
amino acid function to the same extent as would a
deletion of non-terminal residues. These observations
agree with the expectation of conservation of size and
structure in functionally constrained systems. Figure 3
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Table 1. Summary of data concerning the GOl gene for nine species of insect. The sequences for 0. simulans and D. secheflia terminate prematurely.

Ref Qrganism Order Init Term Length %% AT Accession
codon codon (bp) number
1 C. parallelus Qrthoptera TCG T 1537 59.4
2 Locusta rigratoria Orthoptera ATTA T 1542 691 X80245
3 Anopheles gambiae Diptera TCG T 1837 68.6 L20934
4 A.quadrimaculatis Diptera TCG T 1537 68.1 Lo4272
5 Drosophiia yakuba Diptera ATAA TAA 154D 69.9 X03240
6 D, sechellia Diptera ATAA - (1408} 70.2 M57908
7 D. simulans Diptera ATAA - (1498} 70.7 M57911
B FPhormia regina Diptera TCG TAM 1539 68.3 L14946
9 Apis mellifera Hymenoptera ATA T 1561 759 L0178

References: (1) This paper; {2) Flook ef af., 1996; (3} Beard ef al., 1993; (4) Mitchell et af, 1993; {5) Clary & Wolstenholme, 1885; (6 and 7) Satta & Takahata,
1990; (8) Sperling et al,, EMBL database access L14946 (unpublished); (9) Grozier & Crozier, 1093,

shows a two-dimensional structural model of the COI
protein, with functionally essential (boxed) and vari-
able (filled circles) residues in insects highlighted,
raspectively. It is clear that the distribution of variable
residues Is not random along the molecule (see below
for further discussion).

Mode and tempe of evolution of the insect COI gene

The COIl amine acid sequence was divided inio
twanty-five regions comprising five structural classes
[twelve transmembrane helices (M1-M12), six exter-
nal loops (E1-E6), five internal loops (11-15), carboxy
{COOH) and aminc (NH2) terminals] as shown in Figs
2 and 3. In order to test the nul hypothesis that there is
no difference between the average amino acid varia-
bility, per site, between the five structural classes, a
Kruskal-Wallis analysis was employed which led us to
refect this hypothesis with an associated probability
level of <0.0001. When the average variability per
residue site was calculated for the five structural
classes the COOH terminal was found to be signifi-
cantly more variable than any other region {<£5%
significance level). The observed mean levels of
variability were not significantly different between the
amino terminal, internal loops, external loops or
transmembrane regions (Table 2). This difference
reflects the highly variable nature of COQH terminal
amino acid sequences and agrees with Liu & Bechen-
bach (1992) who report that for an alighment of the

insect COll gene the COOH terminal also appears to
be the most variable region.

Pooling the data into classes in this way howsver
will lose much information if there are large differ-
ences within these classes. Figures 4 and 5 show the
mean variability per region (individual loops, trans-
membrane stretches or terminal regions) and there
can be seen to be large differences in the mean
variability of different regions of the same structural
class.

Transmembrane helices M2, M6, M7 and M10
provide the metal ligands to interact with the two
haem groups and copper atom which are essential for
the activity of COI (Gennis, 1992). These regions can
be seen o account for four of the seven highly con-
served transmembrane helices. The fifth of these
conserved transmembrane helices is M8, which is
suggested to be involved with the cytochrome oxidase
proton-conduction channel. This region contains three
polar residues (Thr-352, Thr-359 and Lys-362) which
are completely conserved among all organisms so far
studied, and which are thought to be essential for this
translocation activity (Gennis, 1992), Transmembrane
helices Mb and M 11 are also very conserved,

External loops E3, E5, and especially E4, seem to be
very conserved (Fig. 4). Although the functional role
played by these interhelical loops is unclear, E5 is
thought to lie very close to heme-A in the association
to which Tyr-414 has been suggested to play an
important role (Holm et al., 1987; Gennis, 1992).

Table 2. Mean variabllity, per amino acid posi-

tion, for the different structural classes of COI. . S""Ef . .
Regian {aming acids) Standard deviation SE mean Mean variability
MNH; terminal 13 0.947 0.263 1.692
Internal loops 103 0.908 0.089 1.889
External loops 120 0.788 0.072 1.467
Transmembrans 252 0.7485 0.050 1.461
COOH terminat 30 1.306 0.239 2.500

©) 1298 Blackwell Science Ltd, Insect Malecular Blology 5: 153—165
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Figure 2, Alignment of COl amino acid sequences for nine species of insect. Identity to C. parallelus sequence is denoted by period, a deletion by a dash. Asterisks
denote universally conserved residues, or those with functional significance discussed in the text. The twenty-five structural regions are indicated {see text and
Fig. 3 for detalls). Note that the first amino acid residues for all COI proteins discussed here are dsfined as methionines regardless of the initiation codons, as
suggested by Wolstenholme (1992), '
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ps (E1-EB), five internal loops (I1-15), carboxy (COOH) and
species.

gions, i.e. twelve membrane-spanning helices (M1-M12), six external looj
, and filled circles represent residues observed to be variable between insect

Figure 3. A two-dimensional model of the insect COI gene. The twenty-five structural regi
amino (NH2) termini are shown. Boxed residues have special functional significance

External
@ Membrane
Internal
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Internal loop 1 is highly conserved, in contrast to the
other four internal loops which are relatively variable
(Fig. 4). This pattern of conservation is also apparent
in a similar alignment of twenty-two animal CO1 genes
(unpublished data). A functional role for internal loop 1
i$ as yet unclear from current structural models of
€O, though this data indicates that its function may be
relatively important.

The foregoing discussion of protsin variability begs
the question: does amino acid variability reflect DNA
variability? In this situation it probably does. The
evidence for this assertion is twofold. Firstly, a certain
correspondence between amino acid substitutions
and nucfeotide substitutions is expected despite of the
degeneracy of the genetic code, since it is DNA
sequence which determines amino acid sequence.
(However, the form of this retationship does not follow
a simple linear function, as the degenerate nature of
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genetic codes makes it possible for DNA variation to
either match or outweigh protein variation, and it also
falls under the influence of the phylogenetic distances
of organisms compared.) Secondly, the relationship
between patterns of amino acid variability and nucleo-
tide variability can clearly be seen by comparing Figs
1 and 2, with the COOH terminal coding region being
the most variable part, followed by regions coding for
E1, M3, E2, 12, 14, M9 and M12 structural regions.
Finally, there is empirical evidence for the level of
protein variability being a good predictor of DNA
variability. The distribution of polymorphic sites in the
COl gene between C. parallelus individuals in a popu-
lation survey (Lunt, 1934) has been observed to match
very closely to the variability predictions made by this
study. Furthermore, Howland & Hewitt (1995) have
sequenced 400 bp of the COIl gene in Coleopteran
species with a variety of divergence levels. Their
resuits show adjacent regions of DNA sequence con-
servation and variability, which correspond to the loop
and transmembrane structures in exactly the same
pattern as reported here.

These studies show that the expectations of shared
patterns of DNA and protein variability are well
tounded, and that the regions identified in this study
will almost certainly express the expected level of
variability in most organisms. Given this pattern of
conservation of sequence and structure, one is able to
choose a level of variability to suit one’s particular
phylogenetic investigation.

Conserved primers and their potential for use in
evolutionary studies

Primers which are conserved across many insect
groups would be extremely useful in many types of
evolutionary studies. The variahility observed
between insect COIl sequences has been guantified by
position and conserved primers designed to exploit

Table 3, Details of the ten conserved primers designed to cover the whols insect £OI gene, Positions given are those in Fig. 1, Primers UEAT and UEA10
are found in the tANA-Tyr and tRNA-Leu genes respactively, Their positlons relative to the COI gene (in the D. yakuba sequence; Clary & Wolstenholme,

1986) are 56 bp (Tyr) and +8 bp (Leu).

Primer Strand Poaition (3' base) Length (bp) Sequence

UEA1 Sense tRMATyr 26 GAATAATTCCCATAAATAGATTTACA
UEAZ Antlsenze 375 26 TCAAGATAAAGGAGGATAAAGAGTTC
UEAZ Sense 234 24 TATAGCATTCCCACGAATAAATAA
UEA4 Antisense 618 24 AATTTCGGTCAGTTAATAATATAG
UEAS Sense a21 24 AGTTTTAGCAGGAGCAATTACTAT
UEAB Antisense 968 29 TTAATWCCWGTWGGNACNGCAATRATTAT
UEA7 Sense 400 24 TACAGTTGGAATAGACGTTGATAC
UEAS Antlgansa 1266 24 AABAATEGTTGAGAGAAAAATGTTA
UEAS Sehse 1284 2B GTAAACCTAACATTTTTTCCTCAACA
UEA1O Antisense tRMALeu 25 TCCAATGCACTAATCTGCCATATTA

© 1996 Blackwell Science Ltd, Insect Molecular Biology 5. 133—165
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Figure 5. An illustration of the distribution of amino acid variability (number of ditferent amine acids per residus site) along the insect COl gene. The twenty-five
structural regions, and thelr mean levels of variability, are shown abave the graph. The position of the fen conserved primers are given by arrows, primers UEA1

and UEA10 are Inthe tRNA-Tyr and tRNA-Leu genes respectively.

areas of differing variahility. From the multiple align-
ment of the DNA sequences of nine insect COI genes
presented in Fig. 1, it can be seen that several areas
are very generally conserved and the same, or slightly
modified, primers may be applicable to many organ-
isms. Primers were thus designed to cover the whole
of the insect COI gene and to be positioned to aid the
sequencing of regions of different variabllity. The
primers are described in Table 3 and their positions
shown in Fig. 5. Primer UEA1Q, located in the tRNA-
Leu gene, although identified independently in this
study, turns out to be the general insect primer ‘PAT'
designed in the lab of R. Harrison {Cornell University,
pers. COmMmim.).

To test the universality of the conserved primers
identified in this study, PCR amplifications have been
carried out for nine insect taxa. These taxa cover the
main divisions of the class Insecta, from wingless
insects of the order Thysanura (silverfish, Lepisma
saccharina, and firebrat, Thermobia domaestica), to
winged insects of the orders Odonata (damselfly,
Calopteryx splendens), Orthoptera (desert locust,
Schistocerca gragarfa and meadow grasshopper
Chorthippus parallelus), Hemiptera {pea aphid,
Acyrthosiphon pisum), Coleoptera (beetle, Carabus
vidaceous), Diptera (fruit fly, Drosophila melanoga-
ster} and Hymenoptera (bumble bee, Bombus lapidar-

ius). Figure 6 shows the amplification product
obtained using the primer pair UEA3-UEASB. These
primers cover a large part (1018 bp) of the COl gene
from the i1 region to M11 region {see Figs 3 and 5). A
single main band of the expected size was produced
in all insect taxa described above with the exception of
the pea aphid, A. pisum {no product under the assay
conditions, although other primers amplify the COI
gene in this aphid). Direct terminal sequence analysis
of the amplified PCR fragments confirms that they are
the COI gene and that all sequences are taxa-specific,
thus excluding the possibility of cross-contamination
(terminal sequences of the PCR fragments for these
species are available from the authors). A preliminary
phylogenetic analysis of these sequences further con-
firmed the authenticity of the amplified bands. PCR
amplifications with other primer combinations indi-
cate that most of the primers described here work well
in many of these different taxa. Degenerate forms of
some ‘of these primers have also been designed
based on the sequence alignment in Fig. 1. We are
currently investigating further the universality of all
these primers and results of this analysis will be
reported later. Initial results indicate that the primers
identified in this study are quite broadly conserved,
with primers UEA7, UEAS and UEA10 working well
even between the superclasses Insecta and Arach-

© 1996 Blackwell Science Ltd, Insect Molecular Biology 5. 153165



nida, which are thought to have diverged during the
Devonian period at least 400 million years ago
(Pearse ef al., 1987).

As a general guide to the applicability of these
primers, regions amplified by primer combinations
UEA5S-UEAS, UEA5S-UEAB or UEAT-UEAS could be
suitable for higher-level evolutionary studies {e.g. at
genus or family tevel}; reglons amplified with primer
pairs UEAG-UEA4 or UEAY-UEA1Q should be more
variable and thus suitable for lower-level analyses
(such as study of intraspecific variation, and the phylo-
genetics of closely related species). The use of the
last two primer pairs (UEA3-UEA4 and UEA7-UEA10}
in population analysis of beetles, grasshoppers and
other insects in our laboratory suggests that these
regions are probably variable enough for revealing
intraspecific  polymarphisms (unpublished data,
G.M.H. et al). )

In this report we show that a detailed examination of
the evolutionary patterns of a DNA region could
provide valuable guidelines for its effective use as a
molecular marker in phylogenetic studies. While this
paper was in review, Simon et al. (1994) published a
most useful compendium of conserved primers cover-
ing the whole insect mitochondrial genome. Increas-
ing practices employing such primers will certainly
reveal more information on the eveluticnary patterns
of other mitochondrial genes, which will in turn help
us to assess their usefulness for addressing phylo-
genetic questions of different taxanomic levels.
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Figure 8. PCR products amplified from nine diffarent
arthropod taxa using primer pairs UEA3-UEAS or
UEAT-UEAT1D. A specific band of ~ 1 kb was
amplified from all taxa except the pea aphid,

A, pisum, using the primer pair UEA3-UEAS.

The ~0.7 kb PCR product for A. pisum showed in
the photograph was obtained using primer pair
UEA7-UEA1D. The marker is a 123 bp size ladder
(GIBCO BRL.).

Experimental procedures

Insect CO! gene sequences

The sequence of the C. parallelus GOl gene was obtained as
part of the complete sequence of a 6.4 kb miDNA HindIH
fragment as described in Zhang et al. (1995). Both strands of
the COl gene have been sequenced. Other insect DNA
sequences were taken from the GenBank and EMBL data-
bases, with the exception of the Locusta migratoria sequence
which was kindly supplied by P. Flook prior to publication. The
accession numbers of these sequences are L20934 (Ano-
pheles gambiag), 104272 (Anopheles quadrimacuiatis),
L14946 {Phormia regina), LO8178 {Apis mellifera), X03240
(Drosophila yakuba), M57908 (Drosophila sechellia), M57911
(Drosophila simulans) and X80245 (Locusta migratoria) (see
Table 1 for individual references). All sequences were aligned
by the Clustal V method (Higgins & Sharp, 1989) and translated
with the invertebrate mitochondrial genetic code using pro-
grams implanted in the LASERGENE computer software
package (DNASTAR). The aligned DNA sequences were then
examined manually using amin’q acid sequences and codon
positions as references, producing the alighinent shown in
Fig. 1 which seems to be quite robust.

Analysis of variability and statistical tests

The alighed amino acid sequence was divided into twenty-five
regions comprising five structura! classes (twelve transmem-
brane helices, six external loops, five intarnal loops, carboxy
and amino terminals; Fig. 3). The points of transition between
thase regions ware taken from Gennis (1992). The number of
different amino acids observed at each position of the protein
alignment was recorded and the variability level expressed as
the average number of amino acids per site observed in a
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given region. A spreadsheet written (by J. B. Lunt and D. H.
Lunt) to score the variability across such alignments is avail-
able from the authors. This analysis was limited to the 4588
homologous positions between the ends of the shortest
saquence. Insertion and deletion events were scored equally
to the possession of a novel amino acid.

Statistical tests were carried out using the StatView SE
v1.03 (Abacus Concepts Inc.) software packags. A Kruskal-
Wallis test (analysis of variance by ranks) was performed on
the data sets to fast the null hypothesis (H,): there is no
difference between the average amino acid varlabillty, per
slte, between the five structural classes. In the event of this Ho
being rejected, an analysis would be performed to determine
between which of the samples significant differences occur.
This analysis followed the method described by Zar (1984).

Conserved primers, PCR amplification and diract
sequencing

Primers for amplifying and sequencing the whoale of the CQI
gene were designed using the Cligo 4.0 (National Biosclences
Inc.) software package following the guidelines given by
Rychlik {1992). Nine insect taxa, whioh cover the main divi-
sions of the superclass Ingecta, were used to test the primers
identified in this study, viz: Lepisma saccharina (siiverfish,
Apterygota, order Thysanura), Thermuobla domestica (firebrat,
Apterygota, order Thysanura), Calopteryx splendens (damse!-
fly, Pterygota, order Odonata), Schistocerca gregaria (locust,
Pterygota, order Orthoptera), Chorithippus paralfelus {grass-
hopper, Pterygota, order Orthoptera), Acyrthosiphon pisum
(aphid, Pterygota, order Homoptera), Drosophifa melanoga-
ster (fruitfly, Pterygota, order Diptera), Carabus vidaceous
(beetle, Ptarygota, order Coleoptera) and Bombus lapidarius
(bee, Pterygota, order Hymenoptera), An arachnid (spider,
Tegenaria domesticus) was also Included to gauge the
broader generality of these primers.

DNA was purified from individual insects using a phenol/
chioroform based extraction as described by Zhang et al.
(1995). PCR was carried out in a 50 yl reaction containing 1.5~
2.0 mm MgCly, 200 um dNTP, 0.15 um of each primer, and 2
units of Tag polymerase {Promega) in 1 x reaction buffer (50
mm KCI, 10 mm Tris-HCI, 0.1% Triton X-100, pH 9.0 at 25°C,
Promega). Following an inltial denaturation at 94°C for 5 min,
thirty to forty cycles were performed in a DNA Tharmal Cycler
480 (Perkin Elmer Cstus), each consisting of melting at 95°C
for 40 s, annealing at 48-55°C for 1 min, and extension at 72°C
for 40 3 to 1 min 40 s. 5 ul of PCR product were used for direct
DNA sequencing using the Sequenase PCR Products Sequen-
cing Kit (USB-Amershamj) following the manufacturer’'s proto-
col.
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