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ABSTRACT

The complete sequence of honeybee (Apis mellifera) mitochondrial DNA is reported being 16,343
bp long in the strain sequenced. Relative to their positions in the Drosophila map, 11 of the tRNA
genes are in altered positions, but the other genes and regions are in the same relative positions.
Comparisons of the predicted protein sequences indicate that the honeybee mitochondrial genetic
code is the same as that for Drosophila; but the anticodons of two tRNAs differ between these two
insects. The base composition shows extreme bias, being 84.9% AT (¢f. 78.6% in Drosophila yakuba).
In protein-encoding genes, the AT bias is strongest at the third codon positions (which in some cases
lack guanines altogether), and least in second codon positions. Multiple stepwise regression analysis
of the predicted products of the protein-encoding genes shows a significant association between the
numbers of occurrences of amino acids and % T in codon family, but not with the number of codons
per codon family or other parameters associated with codon family base composition. Differences in
amino acid abundances are apparent between the predicted Apis and Drosophila proteins, with a
relative abundance in the Apis proteins of lysine and a relative deficiency of alanine. Drosophila
alanine residues are as often replaced by serine as conserved in Apis. The differences in abundances
between Drosophila and Apis are associated with %AT in the codon families, and the degree of
divergence in amino acid composition between proteins correlates with the divergence in %AT at the
second codon positions. Overall, transversions are about twice as abundant as transitions when
comparing Drosophila and Apis protein-encoding genes, but this ratio varies between codon positions.
Marked excesses of transitions over chance expectation are seen for the third positions of protein-
coding genes and for the gene for the small subunit of ribosomal RNA. For the third codon positions
the excess of transitions is adequately explained as due to the restriction of observable substitutions
to transitions for conserved amino acids with two-codon families; the excess of transitions over
expectation for the small ribosomal subunit suggests that the conservation of nucleotide size is favored

by selection.

NIMAL mitochondrial DNA (mtDNA) occurs as

a single circular molecule, generally about
16,000 bp long. This organelle genome contains 13
(or sometimes 12-WOLSTENHOLME et al. 1987; OKI-
MOTO et al. 1992) protein-encoding genes, the genes
for 22 tRNAs and two ribosomal RNA subunits, and
a noncoding region containing the origin of replica-
tion for the heavy strand in vertebrates (BROwN 1985)
and both strands in Drosophila (CLARY and WOLSTEN-
HOLME 1987). Other than this latter control region,
noncoding nucleotides are rare in animal mtDNA
(HARRISON 1989).

Gene order variation occurs both between and
within phyla. Among vertebrates, birds differ from
mammals and amphibians in gene order, suggesting
that the move of a segment containing one tRNA and
one protein-encoding gene occurred in the ancestor
of class Aves (DESJARDINS and MoRrais 1990). Within

The sequence data presented in this article have been submitted to the
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mammals, marsupials differ from eutherians in the
positions of some tRNAs (PAABO et al. 1991). Within
insects, tRNA genes are known to vary in position
both between the orders Diptera (CLARY and WoL-
STENHOLME 1985) and Hymenoptera (CROZIER, CRO-
ZIER and MAckINLAY 1989) and within the order
Diptera, with differences observed between Aedes
(HsuCHEN, KoTiN and DuBIN 1984; HsUCHEN and
DusIN 1984) and Drosophila yakuba (CLARY and WoOL-
STENHOLME 1985). However, prior to the present
study, a complete sequence was known from only one
insect species, D. yakuba (CLARY and WOLSTENHOLME
1985), laying open the possibility of more extensive
rearrangements.

Drosophila mtDNA is highly AT-rich (CLARY and
WOLSTENHOLME 1985); sequences of several honey-
bee mtDNA genes show that Apis mtDNA is even
more so (CROZIER, CROZIER and MACKINLAY 1989;
CROZIER and CROZIER 1992). In very AT-rich ge-
nomes the general bias toward transitions in substitu-
tions might be expected not to occur, because the
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high AT content would then be eroded. In agreement
with this expectation WOLSTENHOLME and CLARY
(1985) reported an excess of transversions over tran-
sitions in comparing D. yakuba and Drosophila mela-
nogaster, but SATTA, IsHIwa and CHiGUsA (1987) and
DESALLE et al. (1987) found an excess of transitions
in some comparisons between (and within) more
closely related Drosophila species.

The five honeybee protein gene sequences reported
previously indicate that a much higher number of
substitutions occurred in the honeybee lineage than
in that for Drosophila since their divergence from
their common ancestor. Whether this degree of
change resulted from a higher instantaneous rate of
evolution, or systematic pressures resulting from an
extreme AT bias in base composition, could not be
resolved.

We here report the complete sequence of a honey-
bee mtDNA, and extend the evolutionary and molec-
ular insights begun previously.

MATERIALS AND METHODS

mtDNA was prepared from Apis mellifera ligustica worker
bees from a single hive as described previously (CROZIER,
CRrOZIER and MACKINLAY 1989), and restriction mapped
with single and double digests and by comparison with
published data (SMITH and BROWN 1988). EcoRI, Bcll and
Bglll restriction fragments of honeybee mtDNA were
cloned into pUC8 or pUCI18. In addition, mtDNA was cut
with Accl, end-filled using the Klenow fragment of DNA
polymerase I and was then cut with either Bcll or EcoRI for
cloning into pUC18. Recombinant plasmids were identified
by hybridization with labeled honeybee mtDNA and by
sizing of insert DNA. Clones were obtained covering all of
the honeybee mtDNA except for the smallest Accl fragment
(527 bp).

For sequencing by the dideoxy chain termination method
of SANGER et al. (1980), the pUC clones were subcloned into
M13mp8, M13mpl8 and M13mpl9. Where overlapping
clones were not available, sequencing across restriction sites
was achieved through direct sequencing of polymerase chain
reaction (PCR) fragments spanning those sites [KOULIANOS
and CROZIER (1991), modified]. Synthetic oligonucleotide
primers based on sequence already obtained were used for
sequence extension and PCR amphfication. The sequencing
strategy is shown in Figure 1.

The MacVector (International Biotechnologies) package
was used for data entry and sequence analysis. Also used in
analysis were “DottyPlot for Mac” (GILBERT 1989),
“MultiDNA” (R. GONSALEZ), and programs available from
the authors. Sequences were aligned using the programs
cited and those alignments maximizing sequence similarity
were used for further analysis.

Stepwise multiple regression analysis was carried out ac-
cording to standard principles (SOKaL and ROHLF 1981)
using Statview II (Abacus Concepts) on a Macintosh SE/30
computer. Except where stated otherwise, all statistical tests
used the 5% significance level.

RESULTS AND DISCUSSION

Genome organization: Genes were identified from
structural considerations and by similarity to the

mtDNA genes of other organisms. The honeybee
mtDNA gene map is given in Figure 2 and the com-
plete sequence in Figure 3, both drawn so as to
facilitate comparison with that of D. yakuba (CLARY
and WOLSTENHOLME 1985). The protein-encoding
genes, the ribosomal RNA genes, and the presumptive
control region are all at the same positions relative to
each other as in the Drosophila map, but 11 of the 22
tRNA genes are in altered positions. All the tRNA
genes with positions different to those they have in
the Drosophila map are located in the upper left
quadrant of the honeybee map, between the A + T-
rich region and the ATPase8 gene.

The A. mellifera mitochondrial genome is slightly
longer (16,343 bp) than that of D. yakuba (16,019 bp),
has a shorter control region (826 ¢f. 1,077 bp), and
tends to have longer intergenic, noncoding sequences
than seen in Drosophila mtDNA. The longest such
noncoding sequence, apart from the A + T-rich re-
gion, is between the tRNA{{r and COII genes (CRO-
ZIER, CROZIER and MACKINLAY 1989) (Figures 2 and
3) and comprises 193 nucleotides. This region occurs
as longer variants in some other honeybee strains, and
in these cases sequence analysis supports an origin
involving duplications of the tRNALgr gene and the
3’ end of the COI gene (CORNUET, GARNERY and
SOLIGNAC 1991). Apart from the A + T-rich region
and the noncoding sequence between the tRNA{{R
and COII genes, there are 618 noncoding nucleotides
in the sequence described, resulting from intergenic
gaps ranging from one to 95 nucleotides long (Figure
2). This figure is much larger than that for D. yakuba
of 183 (CLARY and WOLSTENHOLME 1985).

The ND2 and tRNA®* genes overlap, as do those
for ATPase8 and ATPase6. Only one of the three
cases of overlaps between mitochondrial genes re-
ported for D. yakuba (CLARY and WOLSTENHOLME
1985) also occurs in A. mellifera (that between the
ATPase subunit genes). The COI and COII genes
would also be involved in overlaps (with the
tRNAGUR and tRNAP genes, respectively) if termi-
nated with TAA codons. However, OJALA, MONTOYA
and ATTARDI (1981) sequenced a number of mRNAs
produced from HeLa cell mtDNA and found that
these were polyadenylated at the 3’ ends, leading to
completion of otherwise incomplete termination co-
dons, and suggested that precise excision of mitochon-
drial tRNAs occurs from a polycistronic transcript.
WOLSTENHOLME (1992) notes that incomplete termi-
nation codons, such as those proposed here for the
COI and COII genes, are a general feature of those
animal mtDNAs which have been completely se-
quenced, except that of the cnidarian Metridium senile,
and points out that this indicates an early origin of

the cleavage-polyadenylation mechanism.
Overall, the honeybee mtDNA is 43.2% A, 41.7%
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FIGURE 1.—Restriction map of the A. mellifera ligustica mitochondrial sequence (a) showing restriction enzymes used in cloning and
sequencing strategy (b). Horizontal bars under (a) denote mtDNA fragments cloned into pUC8 or pUC18 plasmids. Arrows in (b) denote
lengths and directions of M13 clones used for sequencing. Asterisks show adjacent sites between which sequence was obtained by direct
sequencing of PCR fragments overlapping these sites. PCR sequencing was also used to confirm sequence across restriction sites for which

there were abutting but not overlapping clones.

T, 5.5% G, and 9.6% C. The genome is thus partic-
ularly AT-biased, with 84.9% of the nucleotides being
either A or T. In having guanine as the rarest nucleo-
tide, honeybee mtDNA resembles that of the echino-
derm Paracentrotus lividus and not that of the other
nonvertebrate genomes which have been completely
sequenced, namely the fly D. yakuba, the nematodes
Ascaris suum and Caenorhabditis elegans, and the cni-
darian M. senile, in all of which cytosine is the rarest
nucleotide (WOLSTENHOLME 1992).

Genetic code: Use of the Drosophila genetic code
to infer the translations of A. mellifera mtDNA genes
(reported below) yields results consistent with this
code also being applicable to the honeybee. However,
as discussed below, two honeybee tRNAs appear to
use different anticodons to their Drosophila counter-
parts.

Initiation and termination: Based on the transla-
tions using the Drosophila mitochondrial code, all
initiation codons in honeybee mtDNA protein-encod-
ing genes are either methionine (three ATG, three
ATA) or isoleucine (one ATC, six ATT). No anom-
alous initiation codons, such as ATAA reported for
D. yakuba (CLARY and WOLSTENHOLME 1985), are
apparent. All stop codons shown in Figure 3 are TAA,
save that the COI and COII genes may each terminate

in single T by analogy with findings from mammalian
mitochondrial systems. Five of the stop codons of D.
yakuba mtDNA are reported to be incomplete, either
T or TA (CLARY and WOLSTENHOLME 1985).

The A + T-rich region, which is 96.0% AT, lacks
any apparent signals for the initiation of replication
such as those of vertebrates (DESJARDINS and MORAIS
1990; SACCONE, PESOLE and SBisA 1991). CORNUET,
GARNERY and SOLIGNAC (1991) argue that the dupli-
cate region between the tRNAgyr and COII genes
may contain an additional, or replacement, origin of
replication, on the basis of the likely effects on DNA
helix stability of variation in nucleotide content. This
region is 92.2% AT which, while representing a high
bias, is less than that of the A + T-rich region.

It is unclear that any replicative activities of the gap
between the tRNA{PR and COII genes represent es-
sential functions of the region, because in other bees
the region is often reduced and sometimes absent
(CORNUET, GARNERY and SOLIGNAC 1991). In addi-
tion, gaps of the same size as in the sequence in Figure
2 are seen in some attine ants but in others the region
is reduced or absent (J. WETTERER, personal commu-
nication), indicating that region may be prone to
repeated duplicative events during hymenopteran ev-
olution.
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FIGURE 2.—Map of the circular genome of the honeybee A.
mellifera. Genes for tRNAs are denoted by the one-letter code for
their corresponding amino acids; tRNA genes bearing asterisks are
in different relative positions to their counterparts in the mitochon-
drial genome of D. yakuba. Protein-encoding genes are denoted
COI, COII, COIII for the genes encoding subunits one, two and
three of cytochrome ¢ oxidase, Cyt b for the cytochrome b gene,
and ND1-6 and ND4L for the genes encoding subunits 1-6 and
4L of the NADH dehydrogenase system. The AT-rich region
believed to contain the origin of replication on the basis of the
organization of Drosophila mitochondrial DNA (GoppArD and

WOLSTENHOLME 1978, 1980) is denoted “A + T.” The direction of

transcription for each coding region is shown by arrows.

tRNA genes: The 22 tRNA genes found in honey-
bee mtDNA are shown in Figure 4, folded into the
configurations inferred for the corresponding tRNAs.
All except two appear to use the same sequence in the
anticodon region as reported for Drosophila (CLARY
and WOLSTENHOLME 1985). The exceptions are
tRNA"™ with TTT as in Xenopus (ROE et al. 1985),
Gallus (DESJARDINS and MoRAIs 1990) and Caenor-
habditis (OKIMOTO et al. 1992) as against CTT in
Drosophila, and tRNAX%E~, with GCT in Drosophila,
Xenopus and Gallus as against TCT in Caenorhabditis
(OKIMOTO et al. 1992) and Apis.

The proportions of the four nucleotides in the
honeybee tRNA genes (G, 7.2%; A, 45.0%; T, 42.1%;
C, 5.7%) vyield a higher AT-content (87.1%) than the
genome as a whole (84.9%), and than the mean
(83.3%) for the protein-encoding genes (see Table 2).

Among insects, mismatched base pairs have been
reported in mitochondrial tRNAs inferred for Dro-
sophila (CLARY et al. 1982; CLARY and WOLSTEN-
HOLME 1983a,b, 1984; DE BRUIJN 1983; CLARY, W AH-
LEITHNER and WOLSTENHOLME 1984), Aedes (Hsu-
CHEN and DuUBIN 1984), and Locusta (UHLENBUSCH,
RipPE and GELLISSEN 1987). Examples of these are

seen in various of the Apis genes according to the
configurations of Figure 4, including the inferred
formation of a pyrimidine-pyrimidine pair in the
tRNAY gene.

The tRNA genes for tRNAMP, tRNAEN, tRNA™
and tRNAY* all present the unusual feature of having
TW¥C stems with 6 nucleotide pairs, compared with
the 4-5 usual among animal mtDNA tRNA genes
(with the exception of the tRNASEN gene). In addi-
tion, the TWC loop of the inferred tRNA™ is excep-
tionally large.

Mitochondrial tRNAs present unusual features in
various species, including the lack or abridgement of
the TWC loop in some nematode tRNAs and the likely
universal lack of a dihydrouridine arm in tRNASEN
(WOLSTENHOLME 1992). The Apis tRNAXEN structure
in Figure 4 conforms to this interpretation.

Ribosomal RNA genes: The region of the large
ribosomal subunit gene (I-rRNA) is bounded by the
tRNA genes tRNAKY and tRNAYY the latter also
marks one end of the small ribosomal subunit gene (s-
rRNA). The boundaries shown in Figure 2 are in-
ferred from similarity comparisons with the Drosoph-
ila and Aedes genes, and from the identification of
the 3’ end of the honeybee I-rRNA gene by VLASAK,
BURGSCHWAIGER and KREIL (1987). The other end of
the s-TRNA gene abuts the A + T-rich region; the s-
rRNA boundary indicated was selected on the basis
of similarity to the Drosophila equivalent.

The ribosomal genes as indicated in Figure 2 have
lengths of 786 and 1371 bases, compared to their
Drosophila equivalents of 789 and 1326 (CLARY and
WOLSTENHOLME, 1985). The base composition of the
ssTRNA gene is 41.9%A, 39.5%T, 12.7%G and
5.8%C, which is slightly more AT-rich (81.45%) than
that for Drosophila (79.3%), but less AT-rich than the
honeybee mitochondrial genome as a whole. The base
composition for the I-rRNA gene is 40.4%A, 44.9%T,
10.7%G, and 5.0%C, which parallels the Drosophila
case in being more AT-rich (84.3%) than the s-TRNA
gene. The honeybee I-rRNA gene is also more AT-
rich than its Drosophila equivalent (83.3%).

Alignment of the two genes with their Drosophila
equivalents (Figure 5) yields similarities of 68.3% (s-
rRNA) and 71.5% (I-rRNA). This similarity between
the I-rRNA genes is slightly lower than can be derived
by comparing the honeybee sequence with that re-
ported for Aedes by HSUCHEN, KOTIN and DUBIN
(1984).

Protein-encoding genes: The numbers of codons
used in the 13 protein-encoding genes of A. mellifera
and D. yakuba mtDNAs are compared in Table 1.
Codon bias in the honeybee is more extreme than is
the case in Drosophila, which is in turn more extreme
than in vertebrates. For example, TTT and TTC
occur 125 and 103 times, respectively, among Xeno-
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GATGAACAGTATATCCACCATTATCAGCATATTTATATCATTCTTCACCTTCAGTAGATTTTGCAATTTTTTCTCTTCATATATCAGGAAT TTCCTCAATTATAGGATCATTAAACTTAA
2170 2180 2190 2200 2210 2220 2230 2240 2250 2260 2270 2280
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A 1 TMLLFDRNTFNTSTFTFTDTPMGGGDTPTITLJYOQUHTLTFTUMWTFTFTGHTEPTETUVY
CAATTACTATACTATTATTTGATCGAAATTTTAATACATCAT TTTTCGATCCTATAGGAGGTGGAGATCCAATTCTTTATCAACATTTATTTTGATTTT TTGGTCATCCAGAAGTTTATA
2410 2420 2430 2440 2450 2460 2470 2480 2490 2500 2510 2520
FIGURE 3.—The sequence of the A. mellifera ligustica mitochondrial genome. Genes are read from left to right except for the genes for
NADH reductase subunits 1, 4, 4L, and 5, the two ribosomal RNA genes, and the tRNA genes for valine, proline, phenylalanine, arginine,
tyrosine, and cysteine, as indicated.
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2650 2660 2670 2680 2690 2700 2710 2720 2730 2740 2750 2760
Bcll
A T Y H G S KL KL NI S I LW SULGF I MLFTTIIOG6GSGUL TG I ML S NS S I D
CAACTTATCATGCTTCAAAATTAAAATTAAATATTTCAATTTTATGATCACTAGGTTTTATTATACTATT TACTATTGGTGGATTAACAGGAATTATATTATCAAATTCTTCTATTGATA
2770 2780 2790 2800 2810 2820 2830 2840 2850 2860 2870 2BBO

I I L # D T Y ¥ V V G HF H Y V L S MGAVYV FATIT1I S$ s F I HWUY PLITSGTULUL
TTATTCTTCATGATACATATTACGTTGTTGGACATTTTCATTATGTTCTTTCAATAGGTGCAGTATTTGCAATTATTTCAAGATTTATTCATTGATATCCATTAAT TACTGGATTATTAT
2890 2900 2910 2920 2930 2940 2950 2960 2970 2980 2980 3000

L NI KW L K I QQF I MMTFTIGVNILTT FTFUPOQHT FULGILMSMZPURU RY S D Y P

TAAATATTAAATGATTAAAAATTCAATTTATTATAATATTTATTGGAGTAAATCTAACTTTCTTTCCTCAACATTTTTTAGGACTAATATCTATACCACGACGTTATTCAGACTATCCAG
3010 3020 3030 3040 3050 3060 3070 3080 3090 3100 3110 3120

Hinfl

D 5 ¥ ¥ C W NS 1 s 5 MG S MI S LNSMIUFULIUVFI11 I L E S LI S KRMULIULTF

ALTCTTATTACTGTTGAAATTCAATTTCATCTATAGGATCAATAATTTCAT TARATAGAATAATTTTTTTAAT T TTTATTATTTTAGAAAGAT TAATTTCTAAACGAATATTATTATTTA
3130 3140 3150 3160 3170 3180 3190 3200 3210 3220 3230 3240

Xbal
K F N Q s 5 L E W L NUFULUPUPULUDUH S HULETIZ®PTULTULTIZXKNIULNIULIKS I L I K®**—e-—-
AATTCAACCAATCATCACTTGAATGATTAAATTTTTTACCACCTCTIAGATCATTCACATTTAGAAATTCCATTATTAATTARAAATTTAAATT TAAAATCAATTTTAATTAAATTTTAAT

3250 3260 3270 3280 3290 3300 3310 3320 3330 3340 3350 3360
Hinfl
Leu,_
CRNAUUR bl
ATGGCAGAATAAGTGCATTGAACTIAAGATTICAAATATAAAGTATTTTTAAACTTT TAT TAAAATTTCCCCACTTAAT TCATATTAATT TAAAAATAAATTAATAACAATTTTTAATAAR
3370 3380 3390 3400 3410 3420 3430 3440 3450 3460 3470 3480

ATAAATAATTAATTTTATTTTTATATTGAATTTTAARTTCAATCTTAAAGATTTAATCTTTTTATTAAAATTAATAAATTAATATAAAATARAAACAARATATAACAGAATATATTTATTA
3490 3500 3510 3520 3530 3540 3550 3560 3570 3580 3590 3600

CoII =
I s T W F M FMTFQE S N S Y Y ADNILTISVFHNMVYVMMIITIMI
AAATTTAATTTATTAARATTTCCACATGATTTATATTTATATTTCAAGAATCAAATTCATAT TATGCTGATAATTTAATTTCAT TTCATAATATAGT TATAATAATTATTATTATAATTT
3610 3620 3630 3640 3650 3660 3670 3680 3690 3700 37110 3720

s TLTvVv Y I 1 11T?DUILUFMNIKTEFSNULVFILILIKNMHNIIETITIMWTTITIU®PTITIILL
CAACATTAACTGTATATATTATTTTAGATTTATT TATAAACAAATTCTCAAAT TTATTTTTATTAAAAAATCATAATATTGAAATTATT TGAACAATTATTCCAATTATTATTCTATTAA
3730 3740 3750 3760 3770 3780 3790 3800 3810 3820 3830 3840
Bcll Ndel
I I ¢ FpPp $5L K I 1L Y LI DETIVNUETFTFS5 1 K S I G HOQW YR S Y EYUPETFN
TTATTTGTTTTCCATCATTAAAAATT TTATATTTAATTGATGAAATTGTARATCCTTTTTT TTCAATTAAATCARTTGGTCATCAATGATATIGATCATATGAATATCCAGARTTTAATA
3850 3860 3870 3880 3890 3900 3910 3920 3930 3940 3950 3960

N I E F D S Y ML NY NNUILNQGQTFRULLETUDNIRMVYVIPMIEKTIUPLURIULTITT S
ATATTGAATTTGATTCATATATACTAAATTATAATAATTTAAACCAATTTCGTTTACTAGAAACTGATAATCGAATAGTAATTCCAATAARRATCCCACTACGTTTAATTACAACATCAR
3970 3980 3990 4000 4010 4020 4030 4040 4050 4060 4070 4080

T DV I HSW®WTVPSULGI KV DAV POGR RTINSO GQLINILTISZ KT RTEPTGTITFTFGS QC

CAGATGTAATTCATTCATGAACAGTTCCATCCTTAGGTATTAAAGT TGATGCAGT TCCAGGACGAAT TAATCAATTAAATT TART TAGAAAACGTCCAGGAATT TTTTTTGGTCAATGTT

4080 4160 4110 4120 4130 4140 4150 4160 4170 4180 4190 4200
Hinfl

S E1 CGMNUEBESTFMZPTIMIET ST STFOQTYTFTILNTB® TVNIKQ I **=---wtRVNAASP s

CAGAARTTTGTGGTATARATCATAGATTTATACCAATTATAATTGAATCAACTTCATTTCAATATT TTT TARAT TGAGTARATAAACARATC TAARAARATTAGTTAATAATATAACATTA

4210 4220 4230 4240 4250 4260 4270 4280 4290 4300 4310 4320
- toeeme tRNALYS- -
GTTTGTICAAACTAAAATAAATTTATTCATAAATTATTTTTTAAAAT TAACATTAGATGTCTGAARTTATARGAGTTGATCTIITAAATCAAATATAGTATATTTTAATACTTCTAATGAAT
4330 4340 4350 4360 4370 4380 4390 4400 4410 4420 4430 4440
ATPaseB8 =

I P Q M M PMZKMW F LI Y FTI YUl I1IVF YLF IMLTINSMILTIIZEKTI KTINDNTIKTE
TTAATTCCTCAAATAATACCTATAAAATGATTTTTAATTTATTTTATTTATTTATTAATTTTTTATTTATTCATTATATTAATTAATTCAATACTARTCAAARCTAAARTCAATAAAGAR
4450 4460 4470 4480 4490 4500 4510 4520 4530 4540 4550 4560

ATPaset =
M K L 1 L M M N L F E M F DP S T S NNILSMNMWILUFPFMMILTUEPI
T L K I K L K K W N W F W *
ACATTAAAAATTAAATTAAAAAAATGAAATTGATTTTGATAATAAATTTATTTGAAATATTTGATCCATCAACTAGAAATAATTTATCAATAAATTGATTATTTATAATATTACCAATTA
4570 4580 4590 4600 4610 4620 4630 4640 4650 4660 4670 4680

I I F P § I F W L I ¢ S R I MF I M KTULMNTFMYNTETFIKUVV S K S K Y Q s N
TTATTTTTCCAAGAATTTTTTGATTAATTCAATCACGAATTATATTTATTATAAAAACACTAATARATTTTATATATAATGAATT TAAAGTTGTTTCAARATCTAAATATCAATCTAATA
4690 4700 4710 4720 4730 4740 4750 4760 4770 4780 4790 4800

111 FIsSLMLYTIMITNTITFSLTIPZYVFTLTSHLILLNMILSILTL
TTATTATTTTTATTAGATTAATACTTTATATTATAATTACTAACATTTTTAGAT TAATTCCTTATGTTTTTACATTAACAAGACATCTACT TTTARATATAATT TTATCATTARCATTAT
1810 4820 4830 4840 4850 4860 4870 4880 4890 4900 1910 4920
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W F S F L I YL I ¥ NNYIMTPFULSHKBRLVPILNSUZPVV FLMNTFMUVI1IIITETZLTISS
GATTTAGATTTCTAATTTATTTARATT TATAATAATTATATTATATTCCTTAGTCATTTAGTTCCATTAAATTCACCAGTAT TT TTAATAAACTTTATAGTAATTATTGAACTTATTAGAT
4930 4940 4950 4960 4370 4980 4990 5000 5010 5020 5030 5040

L I I R P W T L 5 I RL S A NUILTISGHUL 1L TUL1UL G I F I 8 NF I I L P I N
TAATTATTCGACCTTGAACATTATCAATTCGATTATCAGCAAATTTAATTTCTGGACATTTAATTTTAACATTATTAGGAATTTT TATTAGAAACTTTATTTCAATTTTACCAATTAATT
5050 5060 5070 5080 5090 5100 5110 5120 5130 5140 5150 5160
Hinfl
L M1 Q¢ NMLLLTULETIV FMSMISOQSYVF s 1 1L L1 L Y F $ E SN *
TAATAATTCAAAATATACTTTTAACTTTAGAAAT TTTTATATCAATAATTCAAAGTTATGTATTTTCAATTCTTTTAATTTTATATTTCTCTGAATCAAATTAAAATATTAAAAATAAAR
5170 5180 5190 5200 5210 5220 5230 5240 5250 5260 5270 5280

COIII =
M K K N F P F HMV TNSPMWZPI I LS F S FMNTIULTISTUVI®WIY S 51 S
CTAAATGAAAAAAAATTTCCCATTTCATATAGTTACAAATAGACCTTGACCAATTATTTTATCATT TAGATTTATAAATACTCTCATTAGAACAGT TATTTGAATTTATAGATCAATCTC
5290 5300 5310 5320 5330 5340 5350 5360 5370 5380 5390 540C

Accl

M FM I L N F I N S I L I M ML WP FRDTIIRESTUV FOGQGMMHSMEFTITNTFL K
AATATTTATAATTTTAAATTTTATTAATTCAATTTTAATTATAATATTATGATTTCGAGATATTATTCGAGAAAGAACATTTCAAGGTATACATTCAATATTTATTACTAATT TTTTARA
5410 5420 5430 5440 5450 5460 5470 5480 5490 5500 5510 5520

F $ M I L F I L 8 E L MV F F I S F F WTUF FUFH S 51T s P NTIUETINMMTW® WKUEPUPIKN
ATTTAGAATAATTTTATTTATTTTATCAGAATTAATATTTTTTATTTCATTTTTTTGAACATTTTTTCATTCATCAATTTCTCCAAATATTGAAATTAATATAACATGACCACCAAAAAA
5530 5540 5550 5560 5570 5580 5590 5600 5610 5620 5630 5640

I K F F N PMETIUPULIULNST FTIULWVS s GGFTV TULSHY ¥ L I I NINILIKILS K
TATTAAATTTTTTAATCCAATAGAAATTCCTTTACTAAATTCATTTATTCTTGTATCATCAGGATT TACAGTTACATTAAGTCATTATTATTTAATTATTAATAATTTAAAACTTAGARA
5650 5660 5670 5680 5690 5700 5710 5720 5730 5740 5750 5760

s ¥ L L L T1ILULL 6 I1I ¥ F T 1L QTTIEY SNSUVFUPFCFNDSTI Y G S5 I F F MA
ATCATATTTATTATTAARCAATTCTATTAGGAATTTATTTTACAATTCTTCAAACAAT TGAATACTCAAATTCATTTTTTTGTTTTAATGATAGTAT TTATGGTTCAATTTTTTTTATAGC
5770 5780 5790 5800 5810 5820 5830 5840 5850 5860 5870 5880

T 6 F H GGL1L H VL1 G s I FLL I S$ L Y RMMNTIMHT FSNMUBHBNMNPFETLA ATIW
AACAGGATTTCATGGTTTACATGTAT TAATTGGATCAATCTTTTTATTAATTTCTTTATATCGAATAATAAATATTCATTTTTCTAATATACATAATATAAATTTTGAATTAGCAATTTG

5890 5900 5910 5920 5930 5940 5950 5960 5970 5980 5990 6000
Accl
Y W H F VDV I1IWZILIFULYTTFTIZYTZLTULTI * .-
ATATTGACATTTTGTAGACGTAATTTGATTATTTTTATATACATTTATTTACTTAT TAATTTAATAAAAATTTATAAAT TAAAAAAATAAAAT TATAATTATATATATATATATATATAT
6010 6020 6030 6040 6050 6060 6070 6080 6090 6100 6110 6120
ND3 =

—----tRNAGLY- *M K F I FM Y F I FIITLTIS S I L L
ATATATAGTATATAARRATACATTTAATCICCAATTAAARARATTAATTARATTTARTATATATAATAARATTTATTTTTATATATTTTATTTTTATTATTTTAATCTCATCAATTTTATT
6130 6140 6150 6160 6170 6180 6190 6200 6210 6220 6230 6240

L L N K F I 58 I ¥ K K KD Y E K s s P F E CG F NP I TIKANULUZPVF S L P F F L
ATTATTAAATAAATTTATTTCAATTTATAAAAAAAAAGATTATGAAAAAAGTTCACCATTTGAATGTGGATTTAATCCAATTACAAAAGCARATTTACCATTTTCTTTACCTTTTTTTCT
6250 6260 6270 6280 6290 6300 6310 6320 6330 6340 6350 6360

M T M M F L I F DV E I 1 L F L P I I F Y LK S S S TMTI s Y LM I S IF LI L
AATAACAATAATATTTTTAATTTTTGACGTTGAAATTATTTTATTTCTACCAATTATTTTTTATCTAAAATCATCAAGAACAATAATTTCATATTTAATAATTTCAATT TTTCTTATCTT

6370 6380 6390 6400 6410 6420 6430 6440 6450 6460 6470 6480
L I T TJ1 I L E WMNNDNUY L NWULTF =~ *
ATTAATTACCACATTAATTTTAGAATGAATAAATAATTATTTARATTGATTATTTTARAAATTTAAATAATTACAATAATTACTACCAAAATAATATAAGGAT TTTTTATAAATCAATATT
6490 6500 6510 6520 6530 6540 6550 6560 6570 6580 6590 6600
~t RNAALG *

TAAGTLGAAATTAAAT TGTAAATAART TACTTCTTATAT T TTTATTTAATTTATTTAT TAAAATAATTAATATTTTARAAATARAACCTAARATAATATAATAAATTATATTTATTATATT
6610 6620 6630 6640 6650 6660 6670 6680 6690 6700 6710 672C

Ndel

W tRNARSD- * >

ATTTTATTTAAATTTAGTTARAGCTAAATAATTAGCAATTTATTGITAATAAATCATATGAATT TAAAAAATTC TARCTAAAAAATTTATATTTARARAATT TAAAAAATTTTCATTAAT
6730 6740 6750 6760 6770 6780 6790 6800 6810 6820 6830 6840

end NDS
<-tRNAPPe o * * F N I L Y I L L Y I L Y I LI TULUVYTINIM
ATTTTCAATATTACGCTCTAAATATAAGCTATTTAAATAAATTTAAAATAATTAAAAATTAATTAAATAAATTAATAAATAARTTARATAAATTAAAATCGTTAAATAAATATTAATCAT
6850 6860 6870 6880 6890 6900 6910 6920 6930 6940 6950 6960

L NS5 I KL E Y INZLTV S MTFIKS S$LIETITI S XKETIVYVEYTTF FMMMTITIK
TAAATTTGAAATTTTTAATTCATAAATATTCAATGTAACTGATATARATTTTCTTGATAARATCTCAATAATTGATTTTTCAATATAAACTTCATAAGTAAATATTATTATAATAATTTT
6970 6980 6990 7000 7010 7020 7030 7040 7050 7060 7070 7080

K ¥y I I K Y I L NMF L F S MKV F YOG I KNNIULILTIIULIZK YT FNTFUGMTIIULGUVMI
TTTATAAATAATTTTATAAATTAAATTTATAAATAAAAAAGATATTTTAAAATAACCAATTTTATTATTTAATAAAATTAATTTATAAAAATTAAATCCTATAATTAATCCTACTATAAT
7090 7100 7110 7120 7130 7140 7150 7160 7170 7180 7190 7200

M K F VML K Y I ML L NI GLULNVFNMILNTE FTIILIKSZYIUL S F I MMMMMS
TATTTTARAAACTATTAATTTATAAATTATTAACARATTAATTCCTAATAAATTAAAATTTATTAARTTAAAAATTAATTTTCTATAAATTAAACTAAAAATTATTATTATCATCATAGA
7210 7220 7230 7240 1250 7260 7270 7280 7290 7300 7310 7320

I ¢ M1 KDZEJZ K S Y I VNMMILTEFIKSTULVILTIMIRBRTEFSY SVTT FITSZGTITITILN
AATACATATAATTTTATCTTCTTTTCTATAAATAACATTTATTATTARAAATTTTCTAGT TAAAACTAARATTATTCGAAATGAATAGGATACAGTAAAAATTGTACCAATAAT TAAATT
7330 7340 7350 7360 7370 7380 73%0 7400 7410 7420 7430 7440
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I M s F Y I M K S F F FMETITIULUDIEKTSZY Y66V ULFPVFGCTL S5 LI ST FITLTIM
AATTATTGAAAAATAAATTATTTTTCTAAAAAAAAATATTTCAATAATTAAATCTTT TGAATAATAACCAACTAAAAAAGGAAAACCACATAATCTTAAAATTGAAAAAATTAAAATTAT
7450 7460 7470 7480 74%0 7500 7510 7520 7530 7540 7550 7560

S KM P Y I Y Y MGY Y M®BRTIDA OQNSTZYMYHM Y S GV CMTFMTLSI KT FMAH H!II
TCTTTTTATTGGATAAATATAATATATACCATAATATATTCGAATATCTTGAT TACTATATATATAATGTATATACCTACCAACACATATAAACATTAATGATTTAAATATTGCATGAAT
7570 7580 7590 7600 7610 7620 7630 7640 7650 7660 7670 7680

F L HLF VLETSOGGTI SLMSMMTFGTILG STL LTS VYA AVVKI KT LTUDTULTETFNA-AV
AAATAAATGTAAAAATACTAATTCAGTTGAACCAATTGATAATATTCTTATTATAAATCCTAATTGTCTTAAAGTAGAATAAGCAACAACTTTTTTTAAATCTAAT TCAAAATTTGCAAC
7690 7700 7710 1720 7730 7740 7750 7760 7770 7780 7790 7800

L 6 A F LM TUL1L S A I L MTIYNJIKYNTFDULULNUVYZRTIULLYTIGHATUVLTS S
TAAACCAGCARATAATATTGTTAATCTAGCAATCAATATAATATAATTTTTATAATTAAAATCTAATAAATTTACATATCGAATTAATAAATAAATTCCAGCAGTAACTAAAGTTGATGA
7810 7820 7830 7840 7850 7860 7870 7880 7890 7900 7910 7920

#H vV L §s $ v P TP AMMAMEPULMWTSF P I QA S KTF AMILIULTIUZYTIMMTFEN
ATGAACTAAAGATGAAACAGGAGTTGGAGCTATTATTGCTATTGGTAATCAAGT TGAAAAAGGAATTTGTGCTCTTTTAGTAAAAGCTATCAATAAAATATAAATCATTATAAATTCATT
7930 1940 7950 7960 7970 7980 799%0 8000 8010 8020 8030 B8040
Clal
M K ¥ F $ L NW $ GG Y Y TMULGMIULIULULGIID G L RNUILILITUVMG S TV F § K
TATTTTATAAAAACTTAAATTTCATCTTCCATAATATGTTATTAATCCCATAATTAATAATAAACCAATATCTCCTAATCGATTTAATAAAATAGTAACTATACCTGAAGTAAATGATTT
B0O50 BO60 B070 8080 8090 8100 8110 8120 8130 8140 8150 B160

M K M Y Y I VL CY s IULLG6ULGDWG6 1L I I sS L MNUPOSULIULMYMSTIITULTFILI
TATTTTTATATAATAAATTACAAGACAATAAGAAATTAATCCTAAACCATCTCAACCTAAAATAATTGATAATATATTTGGTCTTAAAAT TAACATATATATAGAAATTAAARATAAAAT
8170 8180 8190 8200 8210 8220 8230 8240 8250 8260 8270 8280

M L ¥ L FRDMIEKILESLDMY s I s Y I T 1 M S F I M S VL F I F MUL S K YD
TATTAAATATAAARAACGATCCATTTTTAATTCACTTAAATCTATATATCTAATTCTATAAATAATAAT TATAGAAAAAATTATTCTARCTAAAAAAATAAATATTAATGATT TATAATC
8290 8300 8310 8320 8330 8340 8350 8360 8370 8380 8330 8400

1 L 1L L F NTFIKMSNZ FT Y I NWETFTFZFEIZ KN NILIYTULULYIL S MULMMLTF ST FE
AATTAATAACAAAAARTTAAACTTTATTGAATTAAATGTATAAATATTTCAT TCAAAAAAAAATTCCTTATTTAAATATAATAAATATAATCTTATTAACATTATTAAAAACCTAAATTC
8410 8420 8430 8440 8450 8460 8470 8480 8490 B500 8510 8520

& start ND5* -tRafis e
F L L I 6 ¢ VvV MM K I I
AAATAATAAAATTCCACAAACTATTATTTTAATAATGATTTAAAATAAATTATTTTATATCATTGATCCCACAAATCAATATTTTAAACTTAAACTATTTAAATCTAATTTTAARACTTT
8530 8540 8550 8560 8570 8580 8590 8600 8610 8620 8630 864C

end ND4 EcoR1
* 1 F YL KL FMUILNTILUPTIW®WMHULLIULVYVF FYEUV VLTI GNIKIIKT FMTIUFTIKGH
AATTTAAATAAAATAAAGTTTTAAARACATTAAATTTAAAGGAATTCARTGTAATAATAATACAAAATATTCAACTAARATTCCATTTTTAATTTTAAACATAATAAARATTTTTCCATG
8650 B660 8670 8680 8690 8700 8710 8720 8730 8740 8750 8760

N I FMF LY I S Y I F S FULCYMMLTIILMMTEFIEKTLW®WSTIMGTIULTULMVES!]]
ATTAATAAATATAAATAAATAAATTGAATAAATARATCTARATAAACARTATATTATTAAAATTARTATTATAAATTTTAACCACGAAATTATCCCAATTAATAATATAACCTCGCTART
B770 B780 8790 8800 8810 8820 8830 8840 8850 8860 8870 8880

L NL S VP S GMNS S CLMFWILILSMSPMTFNIMGTEKNTIVFMTILRSNTDOQ
TAAATTTAARAGAAACTGGAGATCCTATATTTGATGAACATAACATAAATCATAATAATGATATTGAAGGTATAAAATTAATTATACCTTTATTAATAAATATTAATCGTCTATTAGTTTG
8890 8900 8910 8920 8930 8940 8950 8960 8570 8980 8990 8000

S ¥ I VNV LF FL G S S S L GH S I MMLY G G6G1IL 51 KL FTMMSMTIML
TCTATAAATTACATTAACTAAAAAAAATAAACCTGAAGAACTTAAACCATGAGAAATCATTATTAAATATCCTCCAATTAATCTAATTT TTAARARAGTTATTATTCTTATAATTATTAA
9010 9020 9030 9040 9050 9060 9070 9080 9090 9100 9110 9120

G M HV I s s I A I 1 $ KMDTFAOQESLCMILSILTIULVGF s NTIMUVLIIKZSGQTIIL
TCCTATATGAACAATAGATGAARTTGCAATAATTGATTTTATATCAAATTGTGATAAACATATTAATCTTAAAATTARAAACCCCAAAAGAAT TAATTATTACCAARATTTTT TGAATTAR
9130 9140 9150 9160 9170 9180 9190 9200 9210 9220 9230 9240

1 F EN K Y I I ML RL MG Y G G6GL KLMTISALTIMSGYYPAEUVHATZKTLL
AATAAATTCATTTTTATARATAATTATCAATCGTAATATTCCATATCCTCCTAATTTTAATATAATTGARGCTARAAT TATTGATCCATARTAAGGAGCTTCAACATGAGCTTTTAATAA
9250 9260 9270 9280 9290 9300 9310 9320 9330 9340 9350 9360

® G H F L ¥ I P I K VL F S ML LY I FLMMNILN ¢ L N L M EMLMTFNILS Y D
CCAACCATGAAATARATAAATAGGAATTTTAACCARAAATGATATTAATAAATAAATAAATAATATTATATTTARATTTARATTTAATATCTCTATTAATATAARATTTAATCTATARTC
9370 9380 9390 9400 9410 9420 9430 9440 9450 9460 9470 9480
Clal
1 L Y I Y Y I I YL M PULSF I MTJZYV FMLYTFG6 S L WRNESYGWI KV VLY
AATTAAATAAATATAATAAATAATATATAATATTGGTAAAGAAAAAATCATTGTATAAAATATTAAATAARATCCAGATAATCATCGATTTTCACTATAACCTCATTTTACAACTARATA
9490 9500 9510 9520 9530 9540 9550 9560 9570 9580 9590 9600

F I L L L G F E Y F L Y F L L L NMSULFVLILIULSTIMILILILNMMTFILTZGCNTLSN
AAAAATTAATAACAAACCAAATTCATAAAATAAATAAAATAATAATAAATTTATAGATAAAAAAACTAATAATAAAGAAATTATTAATAATAAATTTATAAATAAACAATTTAATCTATT
9610 9620 9630 9640 9650 9660 9670 9680 9690 9700 9710 9720
Ndel
N N L § 1 F 11 6 F I WL TUL1LMTI1ILSG Y S Y MNTFSIL NG CTFTIJYTIM®DTIMWNTLN
ATTATTTAAAGARATAAAAATTAATCCAAAAATTCATAAAGTTAATATAATCAATCCATATGAATATATATTAAATCTTAAATTACAAAARATATAAATTCAATCAATTCAATTTARATT
9730 9740 9750 9760 9770 9780 9790 9800 9810 9820 9830 9840

F L N 1L LL NTITI I LNGTITIIULNULNUNIKMIEKNMTFILMTFIULYTIMS5MMILMNUNL
AAATAAATTTAATAATAAATTAATAATAATTAAATTTCCAATAATTAAATTTAAATTATTTTTTATT TTATTTATAAATAATATAAACAAATAAART TATTGATATTATTAACATATTCAR
9850 9860 9870 9880 9890 9900 9910 9920 9930 9940 9950 9960
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¢= start ND4 end ND4L
M I L L L L L ¥ M * ¥ I L D MV $ L KQ BHBGULEYNMSVLL $L 6L VUL ESTC
TATAATTAATAATAATAATAAATATATTAATTAATAAATCAAATCTATAACTCTTAATTTTTGATGACCAAGTTCATAATTTATTCTTACTAATAATGATAAACCTAAAACTAACTCACA
9970 9980 9990 10000 10010 10020 10030 10040 10050 10060 10070 10080

V $ FV L F I LF LW SNIEJZYSGTITITFVFULVTIVILTFEMTILITULTFSULTFNUVN
TACAGAAAATACTAAAAAAATTAAAAATAACCATCTATTAATTTCATATCCAATAATAAAAAATAAAACAGTAATTACTAAAAATTCTATTAAAATTAAAAAACTTAAAAAATTTACATT
10090 10100 10110 10120 10130 10140 10150 10160 10170 10180 10150 10200

¢ start ND4L

Y Y A L FMFF LLMMYVTFTLTLK:!II #—eeeat RNATHI-,
ATAATACCATAARAATATAAAAAATAATAATATTATTACAAATAATAAT TTAATAAATTCTTATAAAGCTAARTAGT TTAAAATTTAARAACAT TAATTTZGTAAATTARAATTATATTA
10210 10220 10230 10240 10250 10260 10270 10280 10290 10300 10310 10320
Clal
* . -t RNAPTO. -
ARATTCATTATAATATTTTAGCTAAATTTATCATTCATAAAT TTCAAAAAARTTTATTAAATAAATATCGATAATTCCCAAAAT TACCATTTTTAAATTARACTATTTTTTGATARATTA
10330 10340 10350 10360 10370 10380 10390 10400 10410 10420 10430 10440
NDé =

I M L T I I ML S K I FM S S L I s MI1I LTI Y LNNIVFNSUZPSMILILTIYTLI
ATTATATTAACAATCATCATATTATCAAAAATTITTATATCTTCATTAATTTCAATAATTTTAACAAT TTATTTAAATAACATCTT TAATAGACCTTCCATATTACTAATTTATTTAATT
10450 10460 10470 10480 10450 10500 10510 10520 10530 10540 10550 10560
Ndel
s ¥ $ 1 ¥ M S L MM F TMOC S MN NS L LI L MTIULTIUVF FL S GMULTIMTF S YV F 1
TCTTACTCTATTTATATATCCTTAATAATATTTACCATATGTTCAATAAATTCACTAT TAATTTTAATAAT TTTAATTGTTTTTTTAAGAGGAATATTAATTATATTTTCTTATTTTATT
10570 10580 10590 10600 10610 10620 10630 10640 10650 10660 10670 10680

S L I N E P L KL KM KUPF 1 TULUVFULTITITITMMIEKTIUYNIKILSGQNIEWUHYTFNZY
TCATTAATCAATGAACCATTAAAATTARAAATAAAGCCTTTTATTCAAACTTTATTTTTAATTATTATTACAATAAAAATCTATAATAAATTAAGACAAAATGAACATTACTTTAATTAT
10690 10700 10710 10720 10730 10740 10750 10760 10770 10780 10790 10800

F K NI DL M Y L Y M KMNSTULVFVFIMIILMZLITITULTIULMTIKTIT Y I E K
TTTAAGAATATTGATTTAATATATCTATATATAAAAATAARTTCAACACTATTTTTTATTATAATTTTAATATTAATTATTACCCTAATTTTAATAACAAAGATTACATATATTGAAARA
10810 10820 10830 10840 10850 10860 10870 10880 10890 10900 10910 10920

Cytochrome b =

K T L R K K K * M K XK F M NTF F $§ S N E
AAAACTCTACGTAAARAAAAATAATTAATATTTAATTTAAAATCATTATTAAATTATTATAT TATTATTAATTTTTACCATCAATGAAARAATTTATAAACTTTTTTAGTTCCAATGAAT
10930 10940 10950 10960 10970 10980 10990 11000 11010 11020 11030 11040

F L K M I M § T I ¥ L B T P V N I NY M WNUTFG s I 1L 61 F L MIOQTI11 S G F I

TTCTAAAAATAATTATATCTACAATT TATTTACCAACTCCAGTAAATATTAATTATATATGAAAT TTTGGATCAAT TCTTGGAATTT TTTTAATAATTCARATCATT TCTGGATTTATTT
11050 11060 11070 11080 11090 11100 11110 11120 11130 11140 11150 11160

Bell

L s M H ¥ C P N I DI A F W S I TNIMIZEKUDMNSGMWMWIULUFRULT1I HMNUGA ASF Y

TATCAATACATTATTGTCCAAATATTGATATTGCTTTCIGATCAAT TACTAATAT TATAARAGATATAAATTCAGGATGATTATTTCGTTTAATTCACATAAATGGAGCATCATTTTATT
11170 11180 11190 11200 11210 11220 11230 11240 11250 11260 11270 11280

Pvull

F L MM Y I HI $ RNILUF Y C S Y KL NNUVWSG I GG I M I L LM SM®BAAABATFMG

TTTTAATAATATATATTCATATTAGT CGAAATTTATTTTATIGTTCATATAAATTAAATAATGTATGAGGAATTGGAATTATAATTCTTTTAATATCAATAGCAGCTGCATTTATAGGAT
1129%0 11300 11310 11320 11330 11340 11350 11360 11370 11380 11390 11400

¥ VL P W G QOM S Y WGA TV ITWNIULLSATIUZPYTI GGDTTIUVLWIWGSGF s I

ATGTACTACCATGAGGACAAATATCATAT TGAGGTGCAACAGTTATTACTAATCTTTTATCAGCAATTCCTTATAT TGGTGATACAATTGTATTATGAATTTGAGGTGGATTTTCAATTA
11410 11420 11430 11440 11450 11460 11470 11480 11490 11500 11510 11520

Clal

N N A TLNIRUVFVF $L K F I L P L L I L F MV I 1L HLF AUL HULTS G S S NUPILSG

ATAATGCTACATTAAATCGATTTTTTTCTTTACAT T TTATTTTACCAT TATTAAT T TTATTTATAGT TATTCTTCATTTATTTGCCTTACATTTAACTGGATCATCTARTCCTCTTGGAT
11530 11540 11550 11560 11570 11580 11590 11600 11610 11620 11630 11640

Bglll

S N F NN Y K I S FH P Y F 51 KDU1IULlLG6 F Y I I 1 F I FMTFTINTFUGQTFUZPYH L

CAAATTTTAATAARTTATARAATTTCAT T TCATCCATAT T TTTCAAT TAMAGATCITTTAGGAT TTTATATCATCTTATTTATCTT TATATTCATTAATT TTCAATTTCCATATCATTTAG
11650 11660 11670 11680 11690 11700 11710 11720 11730 11740 11750 11760

G DP DNV FKIANPMNTZPTIUHIKUPEWTYTF FLTFA AY S5 I1IULRATIPNIKIULTGSGEG
GAGATCCAGACAATTTCAAAATTGCAAATCCAATAAATACTCCARCTCATATTAAACCTGAATGATATTTCCTATTTGCATATTCAATT TTACGAGCAATTCCTAATAAATTAGGAGGTG
11770 11780 11790 11800 11810 11820 11830 11840 11850 11860 11870 11880

vieLVvmMs I L I L Y I M I F Y NNIKMMNNIEKTEFNMLNIEKTITY Y WMEPTINNKN
TARTCGGATTAGTAATATCAATTCTTATTCTTTATATTATAATT T TTTATAATAATAAAATAATAAACAATAAATT TAATATATTAAATAAAAT TTATTATTGAATAT TTATTAATAACT
11890 11900 11910 11920 11930 11940 11950 11960 11970 11980 11990 12000

F I L L TW®W UL GG KQ1LIEYPF TNTINMILTFEFTTT YT FULUZYTFTFTULNTFUVYTUL S5 KL
TCATTTTATTAACATGATTAGGTAAACAATTAATTGAATATCCATTTACTAATATTAATATAT TATT TACAACAACATATT TTTTATATTTTTTCTTARATTTCTATTTAAGARAATTAT

12010 12020 12030 12040 12050 12060 12070 12080 12090 12100 12110 12120

W DNLIWNSZPLN * . tRNASED-
GAGATAATTTAATTTGAAATTCACCATTAAATTAAAT TAAATAAAAAATTAATTTTT TTAARATCAATTTTTAAATTTTAAGT TAATGARCTTGAATAAGTATATATTTIGAAAATATAA
12130 12140 12150 12160 12170 12180 12190 12200 12210 12220 12230 12240

end ND1

* * 1 CL FEKMTPF UYL VYMLJYTIMVYVTULHM
TATAGAAATAAAATTTTCTATTAACTTTTTTACTTATTTTAATATAAATTAATATTAAACTTTAAATACATAAAAATTCTT TTATAAAATATAAATATAT TAAATAAAT TATAACTAATA
12250 12260 12270 12280 12290 12300 12310 12320 12330 12340 12350 12360
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EcoRI EcoR1 Bcll
L M ETW CMNMLIKTZDYR®RTIUR RZPILTIG RTIMWTIIILOCTIMHTFULYTIULWTITFIKTIISHW
TTAATATTTCAGTTCAACATATATTTATTAATTTATCATATCGAATTCGAGGTAAAATACCTCGAATICAAATAAT TAAACAAATATGAAATAAATAAATTAAAATAAATTTAATTGATC
12370 12380 12390 12400 12410 12420 12430 12440 12450 12460 12470 12480

Y K F 6 Y FM L1 s LI VS MFMTINMYTESTLT FTIULVTF FMSSUHKEYTETINTFEGS SV

AATATTTAAATCCATAAAATAT TAATCTTAAAATAACTCTTATAAATATAATATTTATATATTCAGATAARAAAATTAATACAAATATTCTTCTATGATATTCAATAT TAAAACCAGATA

12490 12500 12510 12520 12530 12540 12550 12560 12570 12580 12590 12600
Hinfl

L E s E G EI L P F P TR RWNULETITILMS ST FMMLYULUZP Y LLL I A F KTINNZ GQTF

CTAATTCAGATICTCCTTCAATTAAATCAAATGGAGT TCGATTTAATTCAATTAATATTCTAGTAAACATCATCAAATATAATGGATACAATARAATTGCAAATTTAATATTATTCTGAA

12610 12620 12630 12640 12650 12660 12670 12680 12690 12700 12710 12720

F F F ENVFSF SEVMMMLSFVLF FVFULNTIETFSIMTSUVILRMSGTULTI A
AAAAAAAAAATTCATTAAATGAAAAACTCTCAACTATTATTATTAATCTAAATACTAAARARAATRAATTART TTCAAATGAAATTRTTGTTGATACTAACCGTATTGATCCTAAAATAG
12730 12740 12750 12760 12770 12780 12790 12800 12810 12820 12830 12840

Y NCN S I W 6 V F L VP YV S LGVLVLILMTFTULTIST FETIZYZYMTFGT FWUP YL
CATAATTACAATTAGAAATTCATCCAACAAATAAAACAGGATAAACTCTTAAACCTAAAACTAACAACATAAACAAAATACTAAATTCAATATAATATATAAATCCARATCAAGGATACA
12850 12860 12870 12880 12890 12900 12910 12920 12930 12940 12950 12960

I WMV L SLT F F MLMPS Y I FULNZSZYNVFTFUFMAWEIZKSILULKULAD S FU®POQF
AAATTCATATAACTAATGATAAAARAAATATTAATATAGGTCTATAAATAAATARATTTGAATAATTAAAARAAAARATCATTCTTTAGATAATAACTTTAATGCATCACTAAAAGGTTGAA
12970 12980 12990 13000 13010 13020 13030 13040 13050 13060 13070 13080

M 6 F L M I KNUPGI KU RDU QI YGULTI XRETLILTTLTFA AV S IULVMIMILITLL
ATATACCARACAATATAATTTTATTAGGACCTTTACGATCCTGAATATAACCTAAAATTTTTCGTTCTAATAAAGTTAAARATGCTACTCTAATTAAAACTATGATTATCAAAATCAATA
13090 13100 13110 13120 13130 13140 13150 13160 13170 13180 13190 13200

¢ start ND1

N I L V R I* ~tRNALEY w e
ARTTAATTAATACTCAAATTATTATTTATTAATTTAAAAGAATTAATATAAT TAAATCCTAAATTTAATGCACTATTATGCTAARATAACTATATAATATATT TATTATTAATTTATAAA
13210 13220 13230 13240 13250 13260 13270 13280 13290 13300 13310 13320

TAATTTAAAAATTAAAGTCCTTTCGTACAATTARTTAATATTTTATTATAGATAGAAACCAATCTGACTTACGTCGATTTGAACTCAAATCATGTAAGATTTTAAAAGTCGAACAGACTT
13330 13340 13350 13360 13370 13380 13390 13400 13410 13420 13430 13440

AAAAACTTAAACTACTGCGCCTAATTTTCATCTTAATTCAACATCGAGGTCGCARACATCTTTATCTATATGATCTATCARAAGATATTACGCTGTTATCCCTAAGGTAATTTATTCTTT
13450 13460 13470 13480 13490 13500 13510 13520 13530 13540 13550 13560

TAATTACAATTTATAATTCAAARARTTATCTTTATATCARAATTAAATCTTAAATAAAGTTTATTAAATTTACCAATCCTCCCAATCAAATTTAATCTTARATATATTTATTARAATTAT
13570 13580 13590 13600 13610 13620 13630 13640 13650 13660 13670 13680

AAATAAATTTAAAAATTAAATTAAATTCTATAGGGTCTTATCGTCCCATAATTAAATTT TAGAATTTTAACTAAAAATTTAAATTCATTTAATAAT TTAGAGACAGTTATTATTTCATTA
13690 13700 13710 13720 13730 13740 13750 13760 13770 13780 13790 13800
Pstl

ATTCTTTCATACAARTTCTTCAATTAAAAGACAATTTATTATGCTACCTTTGTACAGTCAACATACTIGCAGCTATTTAAAATAATTCATTGAGCAGATCGACCTAAAATTATAATCARCAG
13810 13820 13830 13840 13850 13860 13870 13880 13890 13900 13910 13920
EcoR1

GACATGTTTTTGATAAACAGGTGAATAATATATTTGCCGAATTCCTTTAAATTATATAATACARAATATCAT TATARARTATAACTTTATTACTAATCTAATCACTATTTCTATATTTTA
13930 13940 13950 13960 13970 13980 13990 14000 14010 14020 14030 14040

TTAATTAAAATATAAATTTTTATAGAARAATAAAATATAAATTTAAATCATTATTAATTTATAAATATTAAATTATTARATTATTARAATTAAAGAAAAATATTATCTCTATAACATTAR
14050 14060 14070 14080 14090 14100 14110 14120 14130 14140 14150 14160

AAATTAAAATTAAATTTTTATCTTAAATTTATAGATTATCCCATAAATTTTTAATATAAAAATTAATAAATTAAAATARAATTTAATTTACTAARATAAT TATATCTAAATTAAATTTAT
14170 14180 14190 14200 14210 14220 14230 14240 14250 14260 14270 14280

TTCTAAAAAAACTAGATATTAATARGTTCGTTTAACATTTAATTTCTARATCTATATTTATAATTTTATTGCTACAARARAAATAATATAAATTTAGCTCCCTTATTTTCGAGATATTTA
14290 14300 14310 14320 14330 14340 14350 14360 14370 14380 14390 14400

ARATCATTAAATAAATTTTAATCAACCCTGATACAAAAGGTACARAAAAATTATTCTACTTTTTCACATTTARATTTTCATT TACATTACTTTAAACTATAAAATTTTARATTATTTCARA
14410 14420 14430 14440 14450 14460 14470 14480 14490 14500 14510 14520

ATAATTAATTTAACCTAAATAAAATCTTTATAAACTTTTAAAAAAAAAAATAAATTATTATTATTAATATATATATATATATATATATATATATATATATATATAARTATAACCAAATAR

14530 14540 14550 14560 14570 14580 14590 14600 14610 14620 14630 14640
------- <-1srRNA . -tRNAVaL .
TTTTATTAATAATTTTAATTATAAAATTTTAAAAACTAATTTTTTAATCTTTTCACTGTAAAAGAAATATTTTACT TTARACTARAATTT TAATCTAAAAACACCTTCCGGTACTCTTAC

14650 14660 14670 14680 14690 14700 14710 14720 14730 14740 14750 14760

TATGTTACGACTTATTCCAATTTTAATGAAAT TGACGGGCGATTTGTACACTTTTTAATACTATCTTCAATTAAAGAAATTACT TTAATTTACTTTTAARTTCTCTTTCATATTTATATT
14770 14780 14790 14800 14810 14820 14830 14840 14850 14860 14870 14880

Fig. 3 part 6.



Honeybee Mitochondrial Genome 107

AAAATAAATAATTCTARAATTAAATTTATTGATATTCATCTTATATCTTAAATATACTACATTTTGATTTGAATTATTATTATATAAARTTTCTCTARCCCAAATAAATTCARGCTAATT
14890 14900 14910 14920 14930 14940 14950 14960 14970 14980 14990 15000
Bglll Hinfl

AAAACAACAATACATAAATTTAAACTTAAGTAGATCTTATCGTGGACTATCAAATTARTCGACAAACATCTCTAACTAGATATAAAARGCCGCCATATCGTTTAATTTTAATGATTCAAC
15010 15020 15030 15040 15050 15060 15070 15080 15090 15100 15110 15120

ATTTACTACCTTAATATATTTATTTACTATTTTTATAGTAGGGTATCTAATCCTAGTTTTTTATTAAATTTTTTAATGACAAARAAAATTATTTATAATTATTAT TATTAATTCAAAATT
15130 15140 15150 15160 15170 15180 15190 15200 15210 15220 15230 15240
Hinfl

TCACCTAAAATCAATAAATTTAATTATAATTTTTATTACAATTTAAATTAATATTAGAAAAAATTAATTTATAAGTCAAGTTTAACCGCTATTGCTGGCGACTCATATTTATCCTTACTA
15250 15260 15270 15280 15290 15300 15310 15320 15330 15340 15350 15360
EcoR1

GAATTAATTTCCGAATAARACTTTCATTCATTGTTTCAGAATTGTCTATTAACTATAATTTACTATAATTTTTAATAATTTT TATATTTTATATATAAATCAATTAATACAATTAATCTA
15370 15380 15390 15400 15410 15420 15430 15440 15450 15460 15470 15480

~ssrRNA * A + T rich region
AAAAACTACAACATGATTTATTTAATARATTTATAATAAATAATATAARATAATTTTTAATATATATATATATATATATATATATATATTATAATTTTTATTTATTCATAGTATTTAATA
15490 15500 15510 15520 15530 15540 15550 15560 15570 15580 15590 15600

TATAATTTTATTATTTAGTATAAAATTTTAAATATAAAATTAACTATTTTATATTATAAATATTTTTTTT TATTAATTAATTTARATAT TAATARTAAATAATAAAATGAGTTTTTTTTT
15610 15620 15630 15640 15650 15660 15670 15680 15690 15700 15710 15720

TTTTTTGTTATATTTTATTTATT TAAARTAAAATATATATATATATATATATAATATTATATATATTTATAATTATATAAATATATATATAT TATTTTATTCTCTAATTATATATTAATT
15730 15740 15750 15760 15770 15780 15790 15800 15810 15820 15830 15840

TATAAATAATTATATATATATAAATATTAATTTTATATTAATAAATATATATATATAATTATATATTGATTTATARATATTTATAAAACCAATATTTATTAATTTATTTTTTAAAATTTA
15850 15860 15870 15880 15890 15900 15910 15920 15930 15940 15950 15960

ATAATTTTTATTAAATTAACTTAATTTTTTATACTAATTTAAAAAATTACATAATAACATATATGAATAAATAAGCATAATAATTAATTTTTAATATTTTCTCTTARATTAAATARTTTT
15970 15980 15990 16000 16010 16020 16030 16040 16050 16060 16070 16080

AATAAAAAAACTTAAATAAAAAATAAAARAT TTTTAAAAATAAAAACTTTAAAAATAAAAAATTTTAAAAAATAAAAACTTTTTTAAAAAAATAAAAAACTTTTT TAAAARATARAAACTT
16090 16100 16110 16120 16130 16140 16150 16160 16170 16180 16190 16200

TTTAAAAAAATAAAAATTTAAAAAATAAAAAATTTTTAAAAAATAAATAAAATAAAARAATAGTAACATTATAARCAATAAAAATAATATTTTCAATAACTARTATTAATATTAATATCTT

16210 16220 16230 16240 16250 16260

ATTTAAAAATATTTTACTTAATT
16330 16340

Fig. 3 part 7.

pus codons (ROE et al. 1985), but in Apis these figures
are 355 and 26 and in Drosophila 313 and 17. Ex-
cluding termination codons, the percentage of codons
ending in A or T is 93.8% in Drosophila and 95.2%
in Apis.

Base composition differs markedly between codon
positions (Table 2), evidence of the operation of a
strong mutational bias in the molding of the current
bee mtDNA. At 83.3% AT, the overall composition
of the protein encoding genes is slightly less AT-biased
than the mitochondrial genome as a whole, but the
AT content at the third codon position, at which most
(but not all) substitutions will not lead to replacements
is 92.1%. The second position is least AT-biased
(76.4%), but this varies between genes (see below).

The honeybee protein-encoding genes are signifi-
cantly more AT-biased than those of D. yakuba for
each codon position (x§ = 86.9, P < 0.001; 70.5, P <
0.001; 6.6, P < 0.02; for the first, second and third
codon positions, respectively).

The inferred amino acid sequences of the proteins
encoded by honeybee mtDNA are given in Figure 6.
The protein genes of Apis and Drosophila are com-
pared in Table 3. The order of similarities between
bee and fly genes and proteins (Table 3) is similar but

16270 16280 16290 16300 16310 16320

not identical to that between fly and mouse (CLARY
and WOLSTENHOLME 1985). However, because many
of the divergences are not significant from each other
for each insect (x? tests, not shown), in fact the only
significant difference is the relative placement of the
ND2 divergence. In several instances, Drosophila pro-
teins (but only marginally that for COIIl among the
genes) are more similar to those of Mus than they are
to those of Apis [e.g., the similarity between the Dro-
sophila and Mus cytochrome b amino acid sequences
is 67% (CLARY and WOLSTENHOLME 1985), whereas
between the Drosophila and Apis sequences the simi-
larity is 53%].

The extreme base composition and codon biases of
honeybee mtDNA genes leads naturally to the ques-
tion of whether or not these are associated with the
amino acid composition of the respective proteins.
Multiple stepwise regression was performed using the
number of occurrences of amino acids as the Y variable
and the following potential X variables pertaining to
each codon family: %A, %T, %G, %C, %AT, and size
of family (number of codons). The same analyses were
carried out for the Drosophila, Mus, and Xenopus
mitochondrial genomes. Following previous results
with the cytochrome b gene (CROZIER and CROZIER
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FIGURE 4.—The 22 tRNA genes of honeybee mtDNA, folded into the configurations inferred for the resulting tRNAs.

1992), the size of the codon family was found to be bee, for which only the %T in the codon family is a
the most important predictor for the fly and the two significant predictor of amino acid use. The significant
vertebrates, but to be relatively unimportant for the X variables for the four species are given in Table 4.
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The relationship between amino acid usage and %T
in codon family is shown in Figure 7. A strong positive

relationship is apparent.
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The greater base composition bias in Apis than in
Drosophila raises the possibility that this bias will affect

amino acid use in the bee relative to the fly. This was
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Large RNA subunit
TAATTAAAATTATTAATAARAT TATTTGGTTATATTTATATATATATATATATATATATATATATATATATATATTAATAATAATA-ATTTAT TTTTTTT
e e——ece———— —— Teeeoe=T.T¢..T...TA..T.TA..TAT.T.~ATA...A....T..G.AA. .AC.A.AAA

TTTAARAGTTTATARAGATTTTATTTAGGT TAAATTAATTATTTTG-AAATAATTTAAAA-TTTTATAG---TTTAAAGTAATGTAAATGAAAATTTARA
+s+vssessae.==.T.GT...G~T. .A.A.AA...A.....T.AA.AAT.G..TA...GT.T.G.A.A. . ARAA..G..A....T.G.=~A.-TT......

TGTGARAAAGTAGAATAATTTTTTGTACCT T TTGTATCAGGGTTGATTAAAATTTATT TAATGATTT TAAATATC TCGAAAATAAGGGAGCTAAATTTAT
-T.T....GBA.ATT......A....cc00eGuvereuesCoi T . .TAAA.AA. ., .-ATA. .. .TT.T..... . TTT...AA...T...TA.A..

ATTATTTTTTTTGTAGCAATAAAATTATAAATATAGAT TTAGAAATTARATGTTAAACGAACTTATTAATATCTAGT TT TTTTAGAAATAAATTTAATTT
.+ .TAAG..AA...GA...A.TT...TAT.....TATA. . e veGunnnneneTT . TTT. . .AAGG. . cucrveveseesBernuonosorsananes

AGATATAATTATTTTAGTAAATTAAATATTATTTTAATTTATTAAT-TTTTATAT TARAAATTTATGGGATAATCTATARATTTAAGATAARAAATTTAAT
...A..T..A.A....T.T...~~--.A..TA.......AA,....T.A.A..T....T.Tvveevvee-eeBGerruu . .A.A. . TT.TT.. .AA. ...

-TTTAATTTTTAATGTTATAGAGATAATATT TTTCTTTAATT TTAA~-TAATTTAATAATTTAATATTTATAAATTAATAATGATT TAAATTTATATTTTA
ARA...A...A.TAAA....-T.C.T.G.A..AG.AA.T...AA..AATG.G.T.......==-AT. .0 ecesee=..Tou.===A. . .A......

TTTTTCTATAAAAATTTATATT TTAAT TAATAAAATATAGAAATAGTGATTAGAT TAGTAATAAAGT TATATT TTATAATGATATTTTGTATTATATAAT
A..A.T...T..... A.TA....... LATT......TA..T....A....AGA.......—-T.TAA.,.~T.G...A..-T.A....-T...G-A.A.G.

TTAA---AGGAATTCGGCAAATATATTATTCACCTGTTTATCAAAAACATGTCCTGTTGA~TTATAATTTTAGGTC-GATCTGCTCAATGAATTATTTTA
-«..ATA.A.. ... A AGLGaoiies AL ereees e T.T . WAL .-T..ALAA...TA.C....C..C...."A......

AATAGCTGCAGTATGTTGACTGTACAAAGGTAGCATAATAAATTGTCTTT TART TGAAGAATTGTATGAAAGAATTAATGAAATAATAACTG---TCTCT
[T ¢ T o GeveovonovoanassaeCT. AL ceeveeereses.GC.G.A.....T.GT.GG.C......T......TTTCA.T.

AAATTATT-AAATGAATTTAAATTTTTAGTTAAAATTCTAAAATTTAATTATGGGACGATAAGACCCTATAGAATTTAATT TAATTTTTARATTTATTTA
«+e.~T.AA..TA......T.Ts...c0eeCue  AGeenee . JA.T...AAA.....G.b e nn e e e .A.TC..T..A-TT..A..T.T....A...

TAATTT-TAATAAATATATT--~TAAGATTAAAT T TGATTGGGAGGAT TGGTAAAT TTAATAAACT TTATT TAAGATTTAATTTTGATATAAAGATAATT
-..AGAT....TT.AT.T.AATAA.TT.AA.T....T......GT...ATTA........ A.......~===T.AT.....AAAAC..TA.TTT..G.A.

TTTTGAATTATAAATTGTAATTAAAAGAATAAATTACCTTAGGGATAACAGCGTAATATCTTTTGATAGATCATATAGATARAGATGTTTGCGACCTCGA
AA....TCC..T...AA.G.......A.T...GoveeTeuunierieennnreeessTeTie GG TeveneoCovv e JAALAL Lo lliee s

TGTTGAATTAAGAT-GAAAATTAGGCGCAGTAGTTTAAGTTTTTAAGTCTGT TCGACTTTTAAAATCTTACATGATT TGAGTTCAAATCGACGTAAGTCA

..... Goeveoeod AT, . TT..G..T.TeoCC...Cee~A e inirrncnnoenssanasnaesToveenieeeseCaiveeneesCouGT .. ,.C.
GATTGGTTTCTATCTATAATAAAATATTAATTAATTGTACGAAAGGACTTTAATTTTTAAATTATTTATAAATTAATAATAAATATATTATAT -~ -=~~~
I +..T...A...T...A.TA,TT.A........c...==C..A.A.....A..A..... TT..Te..-...GA.......TAATATATA
ATAR

Small RNA subunit

AATTATAGTAAATTATAGT TAATAGAGAATTCTGAAACAATGAATGAAAGT TTTATTCGGAAATTAATTCTAGTAAGGATAAATATGAGTCGCCAGCAAT
veese==.T.T.CGC..~....-T.AT...A.T..TT..A...ATTT..AAA..-G.-A.T.....-=AA....TT..CC..~. . TG..~.c.....G.

AGCGGTTAAACTTGACTTATAAATTAATTTTTTCTAARTATTAATTTAAATTGTAATAAAAATTATAATTAAAT TTATTGATTTTAGGTGAAATTTTGAAT
Covannnne T..CAATAA..C....A...ccun. =e.GoveBio=tseeeree=o.~TT.T...A..A.,..A. . .AAT..A...A.ccctenn WAT..

TAATAATAATAATTAT-AAATAATTTTTTTTGTCAT TAAAAAATTTAATAAARRACTAGGATTAGATACCCTACTATAAAAATAGTAAATAAATATATTA
I L WAALLGAR, .=~ A, .. TiiieenccnesaneranerenasssenasaTa s . TT. AT L iuees =.GC,

AGGTAGTAAATGTT-GAATCATTAARATTAAACGATATGGCGGCTTTTTATATCTAGTTAGAGATGTTTGTCGATTAATTTGATAGTCCACGATAAGATC
Al .TA...ATGT..T.G...C..... AA..T......TA.....-G....TCC....GAACC...TTTG...-.C....A........GGACCT
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FIGURE 5.—The two ribosomal RNA genes of A. mellifera aligned with their D. yakuba counterparts; in each case the bee sequence is the

upper one. Hyphens denote gaps inserted to improve the alignment.
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TABLE 1

Codon usage and inferred genetic code for the honey bee, Apis mellifera, compared to Drosophila yakuba

Apis Dros Apis Dros Apis Dros Apis Dros
TTTF 354 313 TCT S 53 120 TATY 209 142 TGT C 25 40
TTCF 26 17 TCCS 11 4 TACY 10 28 TGCC 0 2
TTAL 472 542 TCA S 166 102 TAA * 11 7 TGA W 78 96
TTG L 24 25 TCG S 1 3 TAG * 0 0 TGG W 5 6
CTTL 35 36 CCTP 36 79 CATH 57 65 CGTR 9 8
CTCL 1 2 CCCP 3 3 CACH 3 12 CGCR 0 0
CTAL 36 19 CCAP 64 45 CAAQ 39 70 CGAR 29 45
CTG L 0 2 CCGP 0 3 CAGQ 2 0 CGG R 1 6
ATT 1 476 345 ACTT 53 97 AATN 238 193 AGT S 18 34
ATC1 24 15 ACCT 5 3 AACN 11 13 AGCS 2 1
ATAM 312 195 ACAT 72 85 AAAK 152 76 AGA S 81 73
ATGM 22 18 ACGT 1 2 AAGK 8 9 AGG S 2 0
GTTV 67 90 GCT A 20 125 GATD 52 54 GGT G 47 67
GTCV 1 3 GCC A 1 9 GACD 5 10 GGC G 0 2
GTA V 53 93 GCA A 36 37 GAAE 74 82 GGA G 856 129
GTGV 0 8 GCG A 0 2 GAGE 5 1 GGG G 3 22

The frequency of codon usage is calculated from all codons in the protein-encoding genes (3686 in Apis, 3735 in Drosophila). Amino
acids are indicated using the standard one-letter code. Data for D. yakuba are from CLARY and WOLSTENHOLME (1985).

TABLE 2

Base composition of honeybee protein-encoding genes

Base
Codon position A T G C
1 40.05 39.24 12.17 8.54
2 23.77 51.63 10.44 14.16
3 47.75 47.45 2.01 2.79
Overali 37.19 46.10 8.21 8.50

Percentage composition is determined from all codons in the
protein-encoding genes of A. mellifera.

investigated by using the same multiple regression X
variables as before as predictors for the quantity abun-
dance in Apis/abundance in Drosophila. Only %AT
was selected as a significantly associated variable (P <
0.001). This relationship is shown in Figure 8. The
differences in amino acid occurrences between bee
and fly are in some cases extreme. For example, the
proportion of residues which are lysine in the inferred
honeybee proteins is almost twice that of Drosophila,
whereas the proportion of alanines in honeybee pro-
teins is only about one third that in the fly.

The differences in amino acid composition between
honeybee and fly proteins are in two cases associated
with a markedly skewed pattern of replacements.
Thus, alanines in drosophilid mitochondrial proteins
are as often replaced by serines in honeybee proteins
(43 occurrences) as they are conserved (42 occur-
rences), and a similar result holds for valine, which is
replaced by isoleucine in Drosophila proteins (51 oc-
currences) almost as often as it is conserved (53 oc-
currences). In each case the replacement is conserva-

tive according to the criteria of FRENCH and RoBsoN
(1983) (see Figure 6). The most conserved amino acid
overall is arginine: 95% of the occurrences in the
honeybee proteins are conserved in those of Drosoph-
ila, and 63% of those of Drosophila are conserved in
the honeybee.

The association between base composition of codon
tamily and the occurrence of amino acids in honeybee
mitochondrial proteins parallels findings reported
elsewhere for other systems. For example, the amino
acid composition of mammalian nuclear genes tends
to reflect the GC content of the chromosomal seg-
ments in which the genes occur (e.g., BERNARDI and
BERNARDI 1986; BERNARDI 1989). The effect re-
ported here, of amino acid occurrence varying ac-
cording to base composition, can also be expressed in
terms of the ratio of the total occurrences of “A + T”
(¥, I, M, Y, N and K in the standard one-letter code)
and “G+ C” (P, A, R and G) amino acids: for D.
yakuba the ratio of “GC” to “AT” amino acid occur-
rences is 0.43 (JUKES and BHUSHAN 1986) whereas in
the honeybee it is 0.18.

Concluding discussion: Honeybee genes and pro-
teins have diverged much more from those of the
common ancestor of Apis and Drosophila than have
those of this fly (CROZIER, CROZIER and MACKINLAY
1989; CRrOZIER and CROZIER 1992). Possible expla-
nations for this divergence include the smaller effec-
tive population size of honeybees compared to Dro-
sophila (CROZIER 1980), poorer mutation repair in
bee than in fly mitochondria, and different stationary
states due to the differing base compositions (i.e., a
role for AT pressure). The population size explana-
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FIGURE 6.—The inferred amino acid sequences for the proteins encoded by honeybee (A. mellifera) mtDNA, aligned with their D. yakuba
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tion is weakened by the fact that the two lineages have
had different life patterns to the current ones for most
of their evolutionary history (CROZIER, CROZIER and
MACKINLAY 1989), and the second explanation is en-
tirely conjectural (although testable in principle). The
third explanation is rendered plausible by an associa-
tion between the amount of divergence of insect
mtDNA and AT% (L. S. JErmIIN and R. H. CROZIER
in preparation).

The honeybee and Drosophila COI and COII genes
remain more similar than expected by chance at all
codon positions when the chance expectations are
determined as the products of base proportions (Cro-
ZIER 1992). The sequences reported here extend this
result to all of the mitochondrial protein-encoding
genes (analyses not shown). One possible explanation
for the persistence of greater than chance similarity is
that changes have not yet saturated; another is that
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TABLE 3

Comparison of protein-encoding genes of Apis and Drosophila

No. of amino acids Percent similarity

Gene Apis  Drosophila  Nucleotides ~ Amino acids
ATPase6 226 224 64 47
ATPase8 52 53 62 46
COl 520 512 74 70
coll 225 228 68 55
COllI 259 262 66 53
Cytb 383 378 66 53
NDI1 305 324 64 47
ND2 333 341 51 27
ND3 117 117 63 49
ND4 447 446 64 45
ND4L 87 96 57 37
ND5 554 573 61 42
ND6 167 174 53 31

Data for D. yakuba are from CLARY and WOLSTENHOLME (1985).

TABLE 4

Variables selected by stepwise multiple regression analysis as
significantly associated with the number of occurrences of
amino acids

Species Variables F-to-remove  1?
Apis mellifera %T in codon family 9.89  0.35
Caenorhabditis elegans %T in codon family 43.02  0.75
Codon family size 26.83
%A in codon family 6.49
Drosophila yakuba Codon family size 20.81  0.63
%T in codon family 4.87

% AT in codon family 4.74
Mus musculus Codon family size 28.60  0.59
%AT in codon family ~ 12.92

Codon family size 30.95  0.61
%AT in codon family 9.14

Total suite of variables: %A, % T, %G, %C, and %AT in codon
family, and codon family size (number of codons). Variables in table
are listed in order of importance for each species according to F-
test (threshold value for both F-to-enter and F-to-remove set at
4.41). The coefficient of determination, 72, indicates the proportion
of the variance explained by the significant variables. Data sources:
A. mellifera (this paper), C. elegans (OKIMOTO et al. 1992), D. yakuba
(CLARY and WOLSTENHOLME 1985), M. musculus (BIBB et al. 1981),
X. laevis (ROE et al. 1985).

Xenopus laevis

DNA-level processes (ALMAGOR 1985) constrain var-
iation even at the third positions of codons. The first
hypothesis seems unlikely given the 280 million years
(My) of separation between these species (CARPENTER
and BURNHAM 1985). The second hypothesis at first
appears plausible because analysis of the association
of nucleotides at adjoining positions across all protein
genes shows a significant association for each of the
three possible classes (first codon position with second;
second with third; and third with the first position of
the following codon; in all cases P < 0.001 by G-test);
such associations have been reported for coding se-
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FIGURE 7.—Relationship between use of amino acids in honeybee
mtDNA proteins and %T in codon family.
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quences generally (reviewed by CrROZIER 1992; MAD-
pox 1992), suggesting a general occurrence of DNA-
level processes. However, there is no association be-
tween doublet type and the likelihood of a position
being conserved between honeybee and Drosophila
(analyses not shown), indicating that an explanation
based on DNA-level processes is inadequate.
Transitions have often been suggested to occur
much more frequently during the evolution of mito-
chondrial genomes than transversions. Comparisons
of mtDNA haplotypes in Hawaiian Drosophila indi-
cate a ratio of transitions to transversions of 16:1
(DESALLE et al. 1987), and THOMAS and WILSON
(1991) report a ratio of 12:1 for intraspecific compar-
isons in the nematode genus Caenorhabditis. Such a
high ratio is expected to occur only over short
stretches of evolutionary time, because once a trans-
version has occurred all subsequent transitions appear
to be transversions when the sequences are compared.
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TABLE 5

Transitions and transversions observed between Apis and
Drosophila for the complete suite of protein-encoding genes

Codon position

1 2 3 All
Transitions 400 357 243 1000
Transversions 1000 643 1318 2961

Observed (S/V) 0.400 0.555 0.184 0.334
Expected (S§/V) 0.382 0.487 0.104 0.324

Data are from this paper for A. mellifera and from CLARY and
WOLSTENHOLME (1985) for D. yakuba. The observed and expected
transition/transversion ratios are also shown (Observed (S/V) and
Expected (S/V)). Transitions at the third codon position are signif-
icantly more common than expected by chance (x] = 688, P <
0.001); transitions at the second codon position are marginally more
common than expected by chance (x{ = 3.98, P < 0.05).

TABLE 6

Transitions and transversions between the small and
large subunit of Apis and Drosophila mitochondrial
ribosomal RNA genes

Observed Expected Observed (S/V) Expected (S/V)

s-TRNA
Transitions 81 56.96 0.526 0.320
Transversions 154 178.04

-rRNA
Transitions 79 77.76 0.273 0.268
Transversions 289 290.24

Data are from this paper for A. mellifera and from CLARY and
WOLSTENHOLME (1985) for D. yekuba. The observed and expected
transition/transversion ratios (S/V) are also shown. There is an
excess of transitions over chance expectation for the small subunit
gene (x} = 13.4, P < 0.001) but not for the large subunit gene.

As might be expected under this reasoning for a pair
of species separated for 280 My (CARPENTER and
BURNHAM 1985), most of the transition/transversion
ratios determinable in the comparison with Drosoph-
ila are close to chance expectation based on the nu-
cleotide proportions for both protein-encoding genes
(taken as a whole) and the ribosomal RNA genes
(Tables 5 and 6). The deviations from chance expec-
tation are in the direction of an excess of transitions,
despite the long period of separation.

The similarity between honeybee and D. yakuba at
the third codon position differs markedly between
genes relative to expectations based on the products
of the base proportions (Figure 9) and the observed
third-position similarities are significantly associated
with those at the second codon positions (Figure 10).

The persistent similarity between Drosophila and
Apis at the third codon position, the excess of transi-
tions over expectation at the third codon positions
when these insects are compared, and the association
between second and third codon similarities can be
simply explained by considering conservation of the
amino acid sequence. Twelve of the codon families
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FIGURE 9.—Relationship between observed and expected simi-
larities at codon position 3 between A. mellifera and D. yakuba
protein-encoding mitochondrial genes. Expectations were calcu-
lated from the products of the base proportions in the two sets of
genes.
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FIGURE 10.—Relationship between similarities between A. melli-
fera and D. yakuba at codon position 3 and codon position 2 for
protein-encoding genes. The regression line has a coefficient of
determination of r* = 0.39.

consist of two codons, greatly limiting the possible
bases for conserved amino acids for these families.
For example, for phenylalanine, only T and C are
possible at the third position, and most such codons
for both insects will be TTT. Hence, there will be a
relationship between conservation at the amino acid
level (and hence at the first and second codon positions
as well) and similarity at the third codon position.
When expectations are determined in terms of codons
for conserved or not conserved amino acids using the
base proportions for each codon family in each insect,
there is a good fit of observation to expectation {e.g.,
Figure 11).

Similarly, for conserved amino acids with two-codon
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FIGURE 11.—Relationship between observed and expected simi-
larities between A. mellifera and D. yakuba for third codon positions
for codons for conserved amino acids. Expectations were calculated
as the product of base proportions between the sequences for each
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families, the only detectable substitutions will be tran-
sitions at the third codon position.

The excess of transitions at the second codon posi-
tion is of borderline statistical significance, and should
be regarded with caution.

The excess of transitions over expectation for the
srRNA gene, but not for the IrRNA gene, clearly
cannot be due to the same factor as that advanced for
the protein-encoding genes, but may indicate that the
folding pattern of the small ribosomal subunit RNA
is relatively sensitive to nucleotide size, favoring tran-
sitions because these substitutions will not change
nucleotide sizes whereas transversions will.

The likelihood that transitions will greatly exceed
transversions in the evolution of honeybee mtDNA is
uncertain. Given the predominance of adenine and
thymine, most substitutions must be A—T or T —

A, which are transversions. If it were otherwise, then

the high AT content actually seen would have been
eroded, unless each transition tends to be reversed by
a further transition at the same site (W. K. THOMAS,
personal communication). Such an explanation ac-
cords with the observed excess of transitions over
transversions seen in the evolution of nematode and
Drosophila mtDNA, both of which are AT-rich ge-
nomes. Data are now being collected to test this latter
possibility.

Although it is clear that a bias of substitutions
toward A and T has affected the nucleotide compo-
sition of honeybee mtDNA, and appears to have mark-
edly affected the amino acid composition of honeybee
mitochondrial proteins, the source of this bias is un-
certain. It is, however, known that some natural mu-
tational processes favor the generation of an AT-bias.
Thus, guanine is prone via alkylation to conversion to
O®%-methylguanine which often mispairs with thymine,
leading to replacement of GC pairs with AT pairs
(WATSON et al. 1987). Alkylating agents capable of

producing O%-methylguanine are endogenously pro-
duced in prokaryotic cells (REEBECK and SAMSON
1991), and it is reasonable to suppose that this is true
for eukaryotes too. Endopterygote insects may then
be characterized either by a higher endogenous pro-
duction of alkylating agents in mitochondria, or by
relatively inefficient import into mitochondria of
DNA repair methyltransferases.
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