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ABSTRACT. A cDNA encoding mitochondrial cytochrome ¢ oxidase subunit I (mt COI) from Manduca
sexta (Lepidoptera: Sphingidae) was cloned and sequenced. AT (adenine-thymine) content is high and codon
usage is biased and likely reflects the role of mt COIl in electron transport. The encoded protein is 514 amino
acids long, contains seven invariant His residues observed in COls in all organisms and would be predicted to
be composed of 12 transmembrane regions. comp BIOCHEM pHysioL 113B, 785-788, 1996.
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INTRODUCTION

The tobacco hornworm moth, Manduca sexta, is commonly
used to model biochemical and physiological systems in in-
sects. Because of its wide utility, we have initiated an effort
to characterize the mitochondrial genome and assess its use-
fulness in insect phylogenetic and population analysis. The
animal mitochondrial genome is unique in that it is small,
circular, consists almost entirely of coding sequences (13 pro-
tein genes, 22 tRNA genes, 2 rRNAs) and is maternally
inherited. Sequences of some mitochondrial protein coding
regions (e.g., cytochrome b) are believed to be so highly con-
served as to be of use in resolving deep phylogenies. Yet,
certain other portions of the mitochondrial genome, such as
the control region, exhibit enough variability to allow charac-
terization of single populations (1).

Of the proteins encoded by animal mtDNA, three are sub-
units of cytochrome ¢ oxidase that form the membrane-bound
catalytic core involved in the final steps of electron transport
(2,3). The complex uses heme and protein-bound copper
atoms to accept four electrons from cytochrome ¢, transferring
them to a single bound O, molecule and ultimately producing
two molecules of water by a mechanism that is not completely
understood. Although it is estimated that the cytochrome oxi-
dase reaction accounts for some 90% of oxygen uptake in
cells, no mitochondrial cytochrome ¢ oxidase proteins have as
yet been purified and crystalized. Thus, no three-dimensional
structures are known, and protein function has been deduced
only from peptide sequences inferred from nucleic acid se-
quences (2,3).

Among the insects, six complete mitochondrial cytochrome
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¢ oxidase subunit 1 (mt COI) sequences have been reported
(5 Diptera, 1 Hymenoptera), and over the invertebrates as a
whole, at least 11 complete sequences, including the insects,
are known. Herein, we report the first complete nucleotide
sequence of an mt COI ¢cDNA from a lepidopteran, M. sexta,
examine codon usage patterns and compare representative
complete invertebrate mt COI nucleotide and inferred peptide
sequences.

MATERIALS AND METHODS

A partial clone of mt COl ¢cDNA was obtained from a cDNA
midgut library and subcloned into a pBluescript SK (Stra-
tagene, La Jolla, CA) vector as described by Peterson et al.
(4). Because the length of the clone was approximately 1.6
kb, Exolll (Stratagene, La Jolla, CA) deletion mapping was
used to generare a population of smaller subclones for sequenc-
ing. Double-stranded sequencing was performed as described
by Sambrook et al. (5).

Based on similarity to other known mt COI sequences, the
length of the original cDNA was judged to be approximately
30 bp short of full length at the putative 5' end. Conse-
quently, we used the polymerase chain reaction (PCR) to
amplify and obtain the missing sequence. Two oligonucleotide
primers were designed, one based on known M. sexta sequence
(5-AAGCTTAAAGAAGTTCCAACTATTCCTGCT-3")
and the other based on Drosophila yakuba sequence from mt
NADPHase 2 (5-GGTGGATTACCTCCATTTTTAGGA
TTTTTACC-3'). The seccond primer sequence was chosen
hased on the assumption that gene order was conserved and
that NADPHase 2 was adjacent to COl as in D. yakuba (6).
A single PCR product, 0.5 kb long, was obtained and sub-
cloned into a commercially available T-vector (Invitrogen,
San Diego, CA) (7). PCR conditions were as reported by
Kocher et al. (8).
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DNA and amino acid sequences were aligned and compared
with the aid of the Genetics Computer Group (Madison, W1)
(GCG) package based on the method of Needleman and
Wunsch (9). Distance and parsimony analyses were performed
on nucleic acid sequences, inferred translated sequences and
second codon positions with the GCG package (10), the
branch and bound and bootstrapping options of PAUP {Phy-
logenetic Analysis Using Parsimony) (11) and the 3.04 release
of MacClade (12).

The invertebrate species, with known complete COI se-
quences, used for comparison and their GenBank accession
numbers were Platyhelminthes: Fasciola hepatica, M93388,;
Nematoda: Caenorhabditis elegans, X54252, Ascaris suum,
X54253; Echinodermata: Pisaster ochraceus, X55514, Paracen-
trotus lividus, J04815; Arthropoda: Insecta: Diptera, Culicidae:
Anopheles quadrimaculatus, 104272, Diptera, Calliphoridae:
Lucilia illustris, 114945, Phormia regina, 114946, Phaenicia seri-
cata, 114947, Diptera, Drosophilidae: Drosophila yakuba,
X03240, Hymenoptera, Apidae: Apis mellifera, M23409.

The M. sexta mt COI discussed herein is GenBank Acces-
sion No. U09843.

RESULTS AND DISCUSSION
M. sexta mt COI

The initiation codon of M. sexta mt COl (ATT) begins at
nucleotide 74 (sequence not shown) and aligns with the puta-
tive initiation tetranucleotide (ATAA) of D. yakuba mt COI
(6). Codons ATT, ATG and ATA are believed to act as
initiation codons in an array of animal mitochondrial genomes
(6), and ATT has been shown to be the initiation codon for
mt COIl in two beetles (13). ATT encodes lle internally
but may code for Met in the initiation position in animal
mitochondrial genomes (14).

Like other mitochondrial genomes, no specific termination
codon is present. In addition to TAA, TAG, AGA, AGG
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and GTG, a single T immediately adjacent to the 5’ terminal
nucleotide of the sense strand of a tRNA gene is believed
to signal termination in a number of animal mitochondrial
genomes (6). A single T occurs at nucleotide 1616 and signals
the end of the open reading frame. If M. sexta mitochondrial
gene order is conserved, with respect to Drosophila, the 5’ end
of a tRNA gene for leucine would be expected to immediately
follow the 3’ portion of M. sexta COI.

A search of GenBank with the 5’ portion of the M. sexta
sequence (nucleorides 1-73) indicates greatest similarity to
regions that encode an mt tRNA for tyrosine, on the comple-
mentary strand, in three other invertebrates. In fact, the se-
quence can be folded into the standard cloverleaf secondary
structure and displays the correct anticodon for tyrosine, GTA
(residues 50—48).

Codon usage appears to be the same as in other insect
mitochondrial genomes, that is, TGA encodes Trp and is not
a termination codon, ATA encodes Met and not Ile and
AGA encodes Ser not Arg (6). Like other known mitochon-
drial sequences, AT content is relatively high at 72.5% over-
all. Only 7% of all codons used end in G or C; and four
doublets end only in A or T: AAX, CTX, GAX and GTX.
Codon usage bias is quite strong. Table 1 shows the codon
usage frequency for M. sexta mt COL. Note that for two acidic
amino acids (Asp and Glu), two basic amino acids (Lys and
Arg) and two polar amino acids (Asn and Gln), only a single
codon is used. For His, an important amino acid in binding
the two oxidation-reduction centers involved in electron
transport, an alternate codon is used only once.

The inferred amino acid sequence of M. sexta COl is shown
in Fig. 1. If the inferred protein sequence is subjected to Kyte—
Doolittle (15) analysis, the hydrophobicity plot in Fig. 2 is
produced. From the plot it can be seen that M. sexta mt
COI would be predicted to be a membrane spanning protein
composed of 12 hydrophobic tegions that is identical to pro-
files produced by prokaryotic counterparts as well (2,3).

TABLE 1. Codon usage by Manduca sexta mitochondrial cytochrome ¢ oxidase I (first column) and all invertebrate taxa combined

(second column)

Arg AGG 0 11 Gin CAG 0 7
Ser AGA 6 69 CAA 9 94
AGT 3 83 His CAT 15 147
AGC 1 4 CAC 1 56
Lys AAG 0 36 Leu CTG 0 12
AAA 6 66 CTA 5 99
Asn AAT 25 182 CTT 8 105
AAC 0 28 CTC 0 11
Met ATG 1 112 Pro CCG 0 13
ATA 28 239 CCA 10 97
Ile ATT 57 478 CCT 13 159
ATC 2 24 CCC 3 31
Thr ACG 0 10 Trp TGG 0 35
ACA 16 141 TGA 14 145
ACT 10 200 Cys TGT 1 19
ACC 2 27 TGC 0 1

Gly GGG 9 76 Stop  TAG 0 2
GGA 27 306 TAA 0 8
GGT 8 154 Tye  TAT 17 167
GGC 0 14 TAC 4 64

Glu  GAG 0 15 Lew  TTG 3117
GAA 9 86 TTA 51 470

Asp GAT 15 136  Dhe TTIT 35 405
GAC 0 46 TTC 4 118

val  GTG 0 26 Ser  TCG 0 7
GTA 14 169 TCA 16 135
GTT 8 216 TCT 16 183
GTC 0 16 TCC 1 26

Ala GCG 0 8 A CGG 0 6
GCA 16 112 CGA 9 73
GCT 11 220 CGT 0 25
GCC 3 45 CGC 0 6
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FIG. 1. Amino acid sequence of Manduca sexta mitochondrial
cytochrome ¢ oxidase 1. Histidines that are invariant in all
known COI sequences are indicated by arrows.

FIG. 2. Hydrophobicity plot showing twelve transmembrane
regions of Manduca sexta mitochondrial cytochrome c¢ oxidase
I. Hydrophobic regions project above x-axis.
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Invertebrate mt COI Comparisons

If the representative invertebrate mt COl inferred protein se-
quences available in GenBank are aligned (data not shown),
a high degree of conservation is apparent and only the extreme
termini are highly variable. Four amino acid regions are in-
variant over all taxa and surround six of seven invariant His
residues: amino acids 233-245, 287-293, 368—371, and 377-
383. Seven His residues that have been found to be invariant
in other organisms (3) are His 62, 234, 241, 291, 292, 369
and 377. Based on the model of Holm et al. (16), the arrange-
ment of redox centers would be such that heme a is liganded
by His,s, and Hisyg, heme a;y by Hisy, and Cu B by His,,,,
His,g,, and Hisyy; (Fig. 1). If a hydrophobicity plot is con-
structed for each inferred invertebrate protein according to
the method of Kyte and Doolittle (15) and is overlaid onto
the same plot for M. sexta in Fig. 2, the profiles are identical
and sequences composed of 12 hydrophobic or transmembrane
regions (data not shown) are predicted.

Tables 2 and 3 show distance matrices (PAUP) for the
invertebrate mt COI sequences based both on nucleic acid
and amino acid sequence. Not surprisingly, mean distances
are rather high. At the amino acid level, mean distances vary
from 0.01 to 0.56, whereas at the nucleic acid level, mean
distances vary from 0.06 to 0.50. Interestingly, these differ-
ences are more conservative than for similar comparisons
among the insects for COII (13). Nucleotide divergences be-
tween within-order taxa, for example, are as high as 45%
(beetles) with respect to COIl, whereas within-order differ-
ences with respect to COI here are as low as 6-20% among
the five dipteran sequences.

Because of its role in electron transport and general conser-
vation, we also attempted to assess the usefulness of mt COI
nucleotide (unweighted and weighted second positions of co-
dons) and amino acid sequences for phylogenetic analysis
of the higher invertebrate taxa. Using parsimony methods
(branch and bound, bootstrapping, PAUP, MacClade), we

consistently found only one most parsimonious reconstruction

TABLE 2. Distance matrix for invertebrate mitochondrial COI nucleic acid sequences (PAUP)

1 2 3 4 5 6 7 8 9 10 11 12

1 Cuaenorhabditis elegans — 0.21 0.41 0.40 0.35 0.35 0.36 0.33 0.37 0.36 0.37 0.45
2 Ascaris suum 326 — 0.42 0.43 0.37 0.37 0.38 0.36 0.39 0.36 0.39 0.38
3 Pisaster ochraceus 633 646 — 0.21 0.32 0.32 0.32 0.31 0.32 0.33 0.36 0.49
4 Paracentrotus lividus 625 671 328 — 0.32 0.31 0.32 0.32 0.32 0.33 0.36 0.50
5 Lucilia flustris 540 571 493 491 — 0.06 0.09 0.13 0.17 0.19 0.26 0.46
6  Phaenicia sericata 540 567 493 474 85 — 0.09 0.12 0.16 0.19 0.26 0.45
7 Phormia regina 556 576 495 487 139 138 — 0.13 0.18 0.20 0.28 0.46
8  Drosophila yakuba 511 552 480 483 197 184 199 — 0.17 0.20 0.27 0.44
9  Anopheles quadrimaculatus 563 595 491 488 261 252 283 262 — 0.19 0.27 0.46
10 Manduca sexta 531 556 514 513 293 293 304 299 296 — 0.26 0.45
11 Apis mellifera 576 608 554 549 399 406 424 409 416 393 — 0.46
12 Fasciola hepatica 698 584 740 762 697 687 700 675 708 680 699 —

Below diagonal = absolute distances. Above and below the dashes = mean distances.
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TABLE 3. Distance matrix for invertebrate mitochondrial COI peptic sequences (PAUP)

1 2 3 4 5 6 7 8 9 10 11 12
1 Caenorhabditis elegans — 0.12 0.42 0.40 0.38 0.37 0.37 0.38 0.40 0.39 0.42 0.56
2 Ascaris suum 62 — 0.43 0.41 0.37 0.37 0.37 0.38 0.39 0.39 0.43 0.55
3 Pisaster ochraceus 217 221 — 0.14 0.30 0.30 0.30 0.29 0.30 0.32 0.39 0.55
4 Paracentrotus lividus 207 211 73 —_ 0.27 0.27 0.27 0.26 0.27 0.28 0.36 0.55
5 Lucilia illustris 192 191 155 139 — 0.01 0.02 0.04 0.12 0.16 0.31 0.53
6  Phaenicia sericata 191 191 155 138 3 — 0.01 0.04 0.12 0.16 0.31 0.53
7 Phormia regina 191 191 154 136 9 7 0.04 0.12 0.15 0.31 0.53
8 Drosophila yakuba 187 191 150 133 20 19 19 — 0.11 0.16 0.31 0.53
9  Anopheles quadrimaculatus 204 201 153 140 62 62 59 54 — 0.16 0.32 0.53
10 Manduca sexta 201 200 162 144 81 81 78 80 81 — 0.30 0.54
11 Apis mellifera 217 222 201 187 158 157 157 156 164 151 —  0.54
12 Fasciola hepatica 283 280 277 278 269 269 270 267 268 270 273 —
Below diagonal = absolute distances. Above diagonal = mean distances.
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