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ABSTRACT

The complete sequence (14,130 bp) of the mitochondrial DNA (mtDNA) of the land snail Albinaria
coerulea was determined. It contains 13 protein, two rRNA and 22 tRNA genes. Twenty-four of these
genes are encoded by one and 13 genes by the other strand. The gene arrangement shares almost no
similarities with that of two other molluscs for which the complete gene content and arrangement are
known, the bivalve Mytilus edulis and the chiton Katharina tunicata; the protein and rRNA gene order is
similar to that of another terrestrial gastropod, Cepaea nemoralis. Unusual features include the following:
(1) the absence of lengthy noncoding regions (there are only 141 intergenic nucleotides interspersed
at different gene borders, the longest intergenic sequence being 42 nucleotides), (2) the presence of
several overlapping genes (mostly tRNAs), (3) the presence of tRNA-like structures and other stem and
loop structures within genes. An RNA editing system acting on tRNAs must necessarily be invoked for
posttranscriptional extension of the overlapping tRNAs. Due to these features, and also because of the
small size of its genes (e.g., it contains the smallest rRNA genes among the known coelomates), it is one
of the most compact mitochondrial genomes known to date.

N the last few years, there has been an accelerated
accumulation of sequence data on animal mitochon-
drial genomes. Most of the complete mitochondrial
DNA (mtDNA) sequences that have been published
concern deuterostomes [vertebrates and echino-
derms: human (ANDERSON ef al. 1981), mouse (BIBB
et al. 1981), rat (GADALETA et al. 1989), cow (ANDER-
SON et al. 1982), fin whale (ARNASON et al. 1991), blue
whale (ARNASON and GULLBERG 1993), harbor seal,
Phoca vitulina (ARNASON and JOHNSSON 1992), Ameri-
can opossum, Didelphis virginiana (JANKE et al. 1994),
chicken (DEsjarRDINS and Morals 1990), Xenopus
(ROE et al. 1985), carp (CHANG et al. 1994), sea ur-
chins Paracentrotus lividus (CANTATORE et al. 1989)
and Strongylocentrotus purpuratus (JACOBS et al. 1988),
sea star, Asterina pectinifera (ASAKAWA et al. 1991)],
while the available sequences for protostome coelo-
mates are limited to four arthropods [Drosophila
yakuba (CLARY and WOLSTENHOLME 1985a), bee (Cro-
zIER and CROZIER 1993), mosquito, Anopheles quadrima-
culatus (MITCHELL ¢t al. 1993), Artemia (PEREZ e al.
1994, EMBI ~data bank accession number X69067)] and
one mollusc {the chiton Katharina tunicata (BOORE and
BROWN 1994b)]. Within the phylum of molluscs, con-
siderable information is also available for Mytilus edulis,
whose partial sequence but complete mtDNA gene con-
tent and organization is known (HOFFMAN ef al. 1992),
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as well as Cepaea memoralis, whose partial gene order
{excluding tRNA genes) has been published (TERRETT
et al. 1994).

The mtDNA gene content of coelomate metazoans
is constant: it consists of 13 protein genes, two genes
for the small and large ribosomal RNA subunits, and
22 tRNA genes, some of which are transcribed from
one and some from the other mtDNA strand. An excep-
tion is observed in molluscs. Mytilus is missing a protein
gene (ATPase8), while it contains an extra tRNA gene
and has all of its genes transcribed from one strand
(HOFFMANN ¢f al. 1992); Katharina, on the other hand,
contains the standard set of 37 mitochondrial genes, as
well as two extra tRNA genes, that may or may not be
functional (BOORE and BROwWN 1994b).

Besides coding regions, there are also noncoding
sequences in animal mtDNA and, more specifically, a
major noncoding segment, which in deuterostomes (D-
loop) contains a combination of sequence elements
that are related with control of both replication and
transcription (JACOBS et al. 1988; CLayTON 1991, 1992;
WOLSTENHOLME 1992; SHADEL and CrAYTonN 1993).
The length of this region is extremely variable [121
nucleotides (nt), sea urchin (JACOBS ef al. 1988); over
20 kb, pine weevil (BOYCE e al. 1989)]. The length
variation is usually due to the presence of short (e.g,
10 bp) (GHIVIZZANI ¢t al. 1993) or longer [e.g., 260 bp
(BROUGHTON and DOWLING 1994) or 1.2 kb (GJETVA]
et al. 1992)] repeated sequences. Size variation in non-
coding sequences inevitably results in total length varia-
tion, which can be observed even at the level of individ-
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uals (reviewed by MORITZ et al. 1987). Extremes in size
variation have been documented in molluscs: seven
species of scallops have sizes ranging from 16.2 to 42
kb (SNYDER et al. 1987; LAROCHE et al. 1990; GJETVAJ et
al. 1992).

The mtDNA gene organization is considered to be
relatively constant within each metazoan phylum,
where the observed variations mainly concern tRNA
gene rearrangements (WOLSTENHOLME 1992) and nu-
cleotide substitutions (CROZIER et al. 1989; PALUMBI
and BENZIE 1991; AVISE et al. 1992; MARTIN et al.
1992). However, molluscs are the largest exception
to this rule, since large variations in gene organiza-
tion (e.g., between Mytilus and Katharina) (BOORE
and BROWN 1994b) and sequence [Albinaria turrita
vs. Mytilus (LECANIDOU et al. 1994) and Katharina
vs. Mytilus (BOORE and BROWN 1994b)] have been
found.

We have recently pointed out the first indications for
this great diversity of molluscan mtDNA, as Albinaria
sequences are more similar to the corresponding se-
quences of Drosophila than of Mytilus, and have sug-
gested that this may be attributed to either a polyphy-
letic origin or to a high and differentiated evolutionary
rate of molluscan mtDNA (DOURIS et al. 1995; LECANI-
DOU et al. 1994). BOORE and BROWN (1994b), on the
basis of the observation that structural features of Ka-
tharina resemble more those of Drosophila than of
Mytilus, have proposed a fast mtDNA molecular clock
for Mytilus.

In this paper, we present the complete mtDNA se-
quence of the land snail A. coerulea. It is the smallest
mtDNA among coelomate metazoans (14,130 bp), does
not contain any noncoding sequence longer than 42
nt, and its gene organization seems to have almost noth-
ing in common with that of other known metazoans,
with the exception of the major genes of another terres-
trial gastropod, C. nemoralis.

MATERIALS AND METHODS

The mtDNA of A. coerulea was cloned in three consecu-
tive HindIIl segments: 6.55 kb (13A3, bases 1561-8123),
5.4 kb (13A12, bases 8124-13278), and 2.4 kb (13F6, bases
13279-1560) (Figure 2) (DOURIS et al. 1995). The follow-
ing evidence indicates that the entire mitochondrial ge-
nome is represented in these three HindIll clones: (1)
sequencing of an EcoRI clone (15A6, bases 282-2950) (Fig-
ure 2) showed that it overlaps clones 13F6 and 13A3, which
therefore must be adjacent; (2) clones 13A12 and 13F6
must also be adjacent, because a sequenced clone from
a closely related Albinaria species (A28 from A. turrita)
(LECANIDOU et al. 1994) overlaps them, and (3) the HindIII
site between clones 13A3 and 13A12 (base 8124) (Figure
2) lies in a conserved region of the ND4 gene (bases 8113
to 8137 correspond to the amino acid sequence FLVKLPIY,
which is identical in the chiton K. tunicata) (BOORE and
BROWN 1994Db).

Restriction fragments of the three HindIII clones, as
well as of the overlapping EcoRI clone, were subcloned
into plasmid vectors pUCS, 9, 18, 19, or pBluescript II

Albinaria coerulea mtDNA

14,130 bp

FIGURE 1.—Gene map of the A. coerulea mtDNA molecule.
The outer circle represents the sense strand for genes tran-
scribed clockwise and the inner circle for genes that are tran-
scribed counterclockwise. tRNA genes are depicted by the
one-letter amino acid code. Positive numbers at gene bound-
aries indicate noncoding nucleotides; negative numbers indi-
cate overlapping nucleotides of adjacent genes. Abbreviations
used: ATPase6-8, ATP synthase subunits 6 and 8; COLII, cyto-
chrome ¢ oxidase subunits I, II, and III; Cyth, cytochrome b
apoenzyme; NDI-6 and ND4L, NADH dehydrogenase subunits
1-6 and 4L; s*RNA and l#RNA, small and large subunits of
ribosomal RNA.

KS (Stratagene). Further subcloning was performed after
deletions of clones and subclones using the enzyme Exo-
nuclease III (HENIKOFF 1987). Clones and derived sub-
clones were amplified after transformation with CaCly/
RbCl, using as hosts Escherichia coli JM83. DNA was ex-
tracted by mini plasmid preparations with alkaline lysis
(SAMBROOK et al. 1989).

Both mtDNA strands were completely sequenced. Se-
quence determination was performed from the ends of clones
and subclones by the dideoxynucleotide chain termination
method (SANGER et al. 1977) using Sequenase V 2.0 (US Bio-
chemical) and universal M13/pUC primers. Samples were
resolved in 4 or 5% polyacrylamide, 7.5 M urea gels, and
autoradiography was performed using Kodak X-Omat film.
Sequences were identified by comparison with data from the
EMBL data bank or from cited publications. The tRNA genes
were identified by their potential to form the characteristic
for mt-tRNA stem and loop structures. Sequence analysis was
performed using computer programs developed by PUSTELL
and KaraTos (1984, 1986). Other computer programs used
are cited in the text.

Northern hybridization was used to identify the location
of the tRNA'”* gene. RNA was extracted from the feet (mus-
cle) of 12 snails, treated with Proteinase K, extracted with
phenol/chloroform and precipitated with ethanol ac-
cording to SAMBROOK et al. (1989). Samples were resolved
by electrophoresis in a 20 X 20 X 0.15 cm 4% polyacryl-
amide, 6 M urea gel and electroblotted in 0.5X TBE to a
Gene Screen Plus (DuPond, NEF-976) hybridization trans-
fer membrane (SRIVASTAVA et al. 1993). The membrane was
baked at 80° for 2 hr. mtDNA fragments used as probes
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were labelled by nick translation (SAMBROOK et al. 1989).
Hybridization was performed at 65° in 0.4 M NaCl, 1% so-
dium dodecyl sulfate, 50 mm Tris-HCI pH 7.5. Autoradiog-
raphy was performed using an intensifying screen (DuPond
Cronex Lighting-Plus) and Kodak X-Omat film. Exposure
was for 1-4 days.

The sequence of A. coerulea mtDNA has been deposited in
the EMBL nucleotide sequence data bank under accesion
number X83390.

RESULTS AND DISCUSSION

General features: A. coerulea mtDNA has the typical
features of metazoan mtDNA but several of its charac-
teristics are novel. Its length (14,130 bp) is the smallest
among known coelomates with the exception of that
belonging to yet another land gastropod, C. nemoralis,
that is reported to have approximately the same size as
Albinaria (TERRETT et al. 1994). The pseudocoelomate
nematodes A. suumand C. elegans (OKIMOTO et al. 1992)
have equally small mtDNA genomes. The small size of
Albinaria mtDNA is the consequence of its compact gene
organization, the small size of its genes, as well as the
absence of a lengthy noncoding region (Figure 1). It
contains all 37 genes typical of metazoan mtDNA: 13
protein genes (ATPase6, ATPase8, COI, COII, COIII, Cyth,
ND1, ND2, ND3, ND4, ND4L, ND5, ND6), two ribosomal
RNA genes (LRNA, syRNA) and 22 tRNA genes. The
sequence shown in Figure 2 constitutes the sense strand
for 24 genes (majorstrand, coding for more genes), while
13 genes are transcribed in the opposite direction (minor
strand, coding for fewer genes). The base composition
of the major strand is T, 37.9%; C, 13.8%; A, 32.8%; G,
15.5%, and the G + T content is 53.4%. However, if we
take into account the nucleotide frequencies at fourfold
synonymous sites (considered by definition as neutral
positions), we find that in these positions the major
strand has almost the same G + T percentage as the
minor strand (50.3 and 50.2%, respectively).

The A + T content (70.7%) of Albinaria is higher
than that of deuterostomes [in echinoderms the A +
T content ranges from 58.9%, S. purpuratus, (JACOBs et
al. 1988) to 61.3%, A. pectinifera (ASARAWA et al. 1991);
in vertebrates from 55.6%, human (ANDERSON ¢t al.
1981) to 63.2%, mouse (BIBB et al. 1981), as well as of
other known molluscs [69.0%, K. tunicata (BOORE and
BROWN 1994b); 62%, sequenced portions of M. edulis
(HOFFMANN et al. 1992) ], but lower than that of insects
(78.6%, D. yakuba (CLARY and WOLSTENHOLME 1985a);
84.9%, Apis mellifera (CROZIER and CROZIER 1993);
77.4%, A. quadrimaculatus (MITCHELL e al. 1993)] and
of pseudocoelomate nematodes (76.2%, C. elegans;
72.0%, A. suum) (OKIMOTO ef al. 1992). The A + T
content at fourfold synonymous sites (77.5% overall,
77.9% major strand, 76.3% minor strand) is indicative
of a clear bias toward A + T.

As far as the dinucleotide composition of the mtDNA
is concerned, Albinaria exhibits the same deficiencies
as all known metazoan mtDNAs. The double-stranded
dinucleotides CC+GG and GC-GC show a high ratio

of observed/expected frequency. p* = 1.44 and p* =
1.30, respectively; p* is the symmetrized dinucleotide
odds ratio calculated according to BURGE et al. (1992).
In contrast, the double-stranded dinucleotide CG*CG
is the only under-represented (p* = 0.70). At present,
there is no widely accepted explanation for the CpG
suppression in animal mtDNAs (CARDON et al. 1994).
Gene arrangement: Close inspection of the Albinaria
gene arrangement map (Figure 1) reveals certain inter-
esting features. The Albinaria gene organization is
novel, bearing almost no similarities to any published
complete gene arrangements, including those of two
other molluscs, Mytilus and Katharina (HOFFMAN et al.
1992; BOORE and BROwWN 1994a,b). However, the partial
gene organization of another terrestrial gastropod, C.
nemoralis (TERRETT et al. 1994), reveals many similarities
in the protein and rRNA gene order with Albinaria:
only one gene rearrangement is required to intercon-
vert the Albinaria and Cepaea protein and rRNA gene
order, namely a transposition of the ND4 or COIII gene.
As the Cepaea complete sequence and gene organiza-
tion has not been published, a comparison of tRNA
genes of these two land gastropods cannot be made at
present, although it can be inferred from looking dt
Figure 6 of TERRETT et al. (1994) that there are at least
two positions in the genome map that differ: a region
containing either tRNA genes or noncoding sequences
present between genes coding for ND6 and ND5 in Cep-
aea is absent from Albinaria and no tRNA is present
between srRNA and ATPase6 in Cepaea, whereas these
two genes in Albinaria are separated by two tRNA genes.
No gene boundaries are shared between Albinaria and
Mytilus and only very few with Katharina and the arthro-
pods. More specifically, tRNA", lrRNA and tRNA“*(CUN)
are directly adjacent in Albinaria, Katharina and the ai-
thropods, but in Albinaria these genes are transcribed
from the major strand; furthermore, Albinaria and Ka-
tharina also share the gene boundaries between tRNAM*
and srRNA, which are transcribed from the minor strand
in both molluscs. The only other shared gene boundaries
between Albinaria and other organisms are those between
genes COIII and tRNA™, which is also observed in the
nematodes (OKIMOTO ¢t al. 1992), and between the s
7RNA and tRNA®®, which is held in common with eching-
derms (see SMITH et al. 1993). .
It has been suggested from gene order comparisoris
that rearrangements involving tRNAs occur more fre-
quently than rearrangements involving other genes
(WOLSTENHOLME 1992). Thus, if the differences in rela-
tive locations of tRNAs are ignored, we can discern very
limited similarities in protein gene borders between
Albinaria and Mytilus involving the Cytband COIl genes,
and the ND4, COIIl and ND2 genes, although COIII is
transcribed from the minor strand in Albinaria (while
all Mytilus genes are transcribed from one strand). Per-
haps more interesting is the proximity of ND2and COI
genes in many organisms including the molluscs Albina-
ria, Katharina and Cepaea (but not Mytilus), the arthro-
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FIGURE 2.—The complete nucleotide sequence of the circular A. coerulea mtDNA. Only one strand is shown, which corresponds
for the majority of genes. Abbreviations used as in Figure 1; numbering starts at the first nucleotide after
the ND6 termination codon. The putative first and last nucleotide for all genes are indicated; putative initiation and termination
codons of translation, as well as the anticodon sequences of the tRNA genes, are in bold face characters. Arrows indicate the
direction of transcription. The translated amino acid sequences of protein genes are available from the authors upon request.

to the sense strand

pods (CLARY and WOLSTENHOLME 1985a; CROZIER and
CROZIER 1993; PEREZ e al. 1994) (sequence of Artemia
mtDNA submitted to EMBL with accession number
X69067) and the vertebrates (see WOLSTENHOLME

1992). In all the
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[ NDS->
CCGTTTTCCTATPTTATTAGGTGTTCTATCTGCTATTATAGETGTAAT T TACATAGTAT TAAATATACAARAT PCCAGTTATCT TTTARTATTTAATTTA
TTTTCAACCCAAAGGGTTRACTTTAACT TAGCT TTAATTTGTGATAAAGTAAGCACAAGGTTT TTGGTAGTGGTATTACTAAT TTCTAGCTGTGTTTTTC
TTTTTGCTAATGAATATATATCTGAAGATCATTATAACATCCETTTTGGTTGAATTTTART CAGAT TTGTAGCATCTATGGGAAT TCTGATTTTGAGCGG
TTCAATTTTTACTTTGCTTCTAGGTTGAGATGGCCTCGGGTTAACTTCATTTGCT T TAAT TGCATACTACGATAATTATAATGCATCTTCCTCAGCTTTT
CTGACGCTAATAACTAATCGATTAGGAGATGTATTAATTATTGCTACAT TTAGAGTAAT TCTAGTTACAGGTTTAACCGTCCACT TTCCCCCCTATACAT
TAGTTTGGCTCTCATCGATTTTATTTACARTTGCARGT TTTACARAGAGAGCCCAGTATCCT T TTAGGGCTTGACT TCCTGCAGCTATGGCCGCGCCARG
ACCAGTAAGGGCATTAGTCCACTCTAGGACACTAGT TACGGCTGGAATCTATTTARTAATTCGT TET T TTATAGTAGATGGTGCACCCGCTGAGATATAT
AGTTTAATGGEACTTGTTGGATCTATTACT TGTTTACT GGGAGGTAGAGTCGCAT TAT TTGAGTATGAT TTAAARAARRGTGATTGCCTTATCTACATTAA
GTCAGTTGGGAGTTATARTATATAGCTT ARG TCTTAATCTACCTTACCTAGCATTACT TCATTTATATGGACATGCTATGTTTAAAGCTATACTATTTTT
AGGGGCAGGACTTATTCTAATAATATCATATGGGACTCAAGAT TTACGT T TACTAGGTAGAT TACTATATTCTTCACCTAT PGT TATCTCACTGCTTAAT
ATTAGTATATTGTGCTTAATAGGATTTCCATTTGTTAGATCAT TTTACTCARAACAT TTAATCCTAGAAARGATATTAGATATAARTTGTARTTTCTTTA
CATCCATAATATTTATATTAGGAACTCTCCTTACTGGAATATATTCTATTCGCT TAATAAAAT TTTTATGTTGAGGCARTARTARTARTAAGCCTTCTTA
CTGTAATATGAGTTGACARAGCAAGATATCCATATTCCCTTTAGCGGCTCTCGCTGTAT TAAGCGGGCAGT TARTATCTTATCTTGATAGATCATATATA
ACGTTTAGATGGTCTACAARCCAATATART TTART T T TATGGGEAGTTC T T TTTTTAAGAAT TT TTT TTGGART TG T TATARAAT TTGGTARCT TTTACC
CAACTTTAATAAGAAGAATAATATTTTTAGGCCCTACATCATATAATCTAT TACAT TACACTARATCTTTAT TAAT TTATATAARACGGATTGATCTTTC
GATTAGTGAGCCCAACTGAGTTATAAGCARTTTAATATATTCTAGTTCT TGGCGAGT TATAAGCT TATTTAATTGATTAACARAT TATATGT TAGTTACA

[ ND1->
ND5-> ]
TGATTCTTGTTGGTTTGGTTAATAATTATARGAAT CCTTATATGGTAGTATTTAARAGGTTGCTATTARAT TTATGTAT TTTACTATCAGTAGCTTTTTA
TACTTTATTGGAACGTARAGTACTAAGCAGCATACAAATTCGAARAGGACCTAACAAAGTTGGCTTATATGETAT TATTCARCCAATTGCTGATGCCTTA
AAATTATTTTTAAAAGAGT TTTTTATTCCAGTTAATAGTAATTCCT T TATGTTTATAATTT TACCTCTAT TAGGCCTAACACTAAGGTTGATATTATGGG
CTGTTTTTCCTAGTATATGAATAT TCAATTTTCATAGCTATCTACTARTATTAT TTGTCGCACT TACCGGAACAT TTGTTTATGTARTTATT TTTGCCGG
TTGATCATCTAACTCTARATATTCTTT T TTAGGGGGGATACGAGCAGCTGCTCARACTATTTCTTATGAGGT TAGGATAT TATTATTATTATTTTTTGCT
GTTCTTATATATCGGACATATTCTTGATATGARGCAGGACTCAGGTCTCCARTTGGTATTATTAT T TT TATTAT TATAT T TATTTGGTTTGCATCATGTC
TAGCCGAGACARATCGTGCACCATTTGACT TTGCAGAAGGAGAATCCGAGT TAGTATCTGGET T TAATATTGAATAT TATGGTGGTATAT TCGCATTGCT
CTTTTTAGCTGAGTATAGT TCGATTCTATTTATATGTATAATATCAACCGTTTGATTTTTGTATAGGGATATARTCTTTAT TATAACAT TGCTAATTTTG
CTAATTGCGATAGCATTTTTAT T TGCTCECGEGET T TATCCTCGACATCGATATGAT T TAC TTATARACT TATGCTGARRGAGGT TTTTACCT TTTAGGT
WDI-> | { NDAL->
TATGCTGCATTTGCTATAGAATACTTCT TTGAAT TGTGTARAACATARATGACTAT T TATAGCTACT TAT TAT TAT TATGTATGGTARTGTTTGTCACGT
TTTTTACTCAARAAAATAACATTTTAAGAT TARTAGTAGT TCTAGAAAGT T TAATATTAAT TACTCTCTCGAGTGTAGCTGTTTCCCT TAATTATATGGC
TGGATCCAGCATAGTAATAATTTTATTATTGTGTTTTGCTGCTGCAGAAGCAGCAT TAAGGC T GAGT TTACT TG TTTGCT TTATTCARGT TAATTCTAGG
ND4L-> ][ Cytb->
TGTGAAATATTAGCARTAAATARAATTTTGTTTGCARARAAATCGTATAGCAGAAT CCATAT TAAGTT TACCTACTCCCCTTAATATTAGAAT TTGATGA
AATATAGGATCTATTCTTGGTATAATTTTAGGT TTACAATTGCTAACT GGART TCTACTGTCAATACAT TATTCGTCTCAATTAGAAATAGCAT TTAGCT
CTATTATTCATATTATTCETGATGTACCTGGAGGATGATTTCTTCGTTTACT TCATGCTAATGGGGCCTCTCTTTT T TCTTE T T TATGTATGCCCATAT
CGGACGTGGACTATACTATCARAGGTATAT TATCCATCCACGTGTATGAATGGTAGGTCTAACAAT TP TTTTGGT TAGCATGGCTACGGCTTTTTTAGGG
TATGTACTTCCATGEGGTCARATATCAT TTTGAGGTGCTACTGTAAT TACARACT TATTAT CAGCCGTGCCCTAT T TTGGCCCCAGRATGGTTGAATGAG
TTTGGGGAGGGTTCTCTGTTGGGCATGCTACCCTGAATCGTTTTTTCTCACTACATTTTTTAT TACCCTTTCTTATT TTAGCACTACTTCATAT
TATTTTTCTTCATGATARGGGGTCATCTARCCCATTAGGTAATTTATTTCACT TAAGGARRAAACCAT TTCACCCATATTTCACAATTARAGATAGGGTT
GGATTTTTAATAGTATTTGGTGT TCTGT TARTAATCACATTT TTCAGCCCTTCT TTACTACTAGATCCCGAAAAT TACAT TAGTGCGARCCCTATAGTCA
CTCCTACTCACATTCARCCGGAATGATATTITTTGTTCGCT TATGCTATTCT TCGATCTATTCCCTCARNAATTAGGGGGGGTAGTAGCT TTATTAATATC
TATTTTAATTCTATATTTTTTACCTTTATCTAGATATGGGAAAAGTATTCCTGTARGTATARATAT TATTTATCAGGTTTTATTTTGAAT TTTAGTAGTT
ACTTTTATTATTCTGACATGACTAGGTGCT TGCGAGAT TGARGAGCCATATCTCTCATTAGCGEGTCCT CT TACATTATTATATTTTTTAATGT TTTTAT
cytb-> 1, CRMA Asp->
TATTAGGGATATCGAATAATTTAAATT TTAATCTTATTCAAT TAAANTAT T TTACTTAATTTATAT TAAARTAAT TTCTT@TCATGAAATARATAACAGC
tRIA Cys->
ARTGTGTTAGTGTAGATATAGTTTAAACT TARAACGATATGTTGCAAGCATATAATTATAT TTTAATATATTATT TAT T TAATTAATAGCTTATAATGAR,
tRNA Phe> [ corr~>
TARAGCGTGGCTTTRARGGGGCTTAGAAAGARAAT TTTTCT TTAATTARTCCATGAGTACATGAGGACARRT TARTTTARTAGRTCCTGCGTCTCCGATC
CARATAGAAATAATATTATTTCATGACCATGCARTAGCAAT TCTTATCGGART TTTTACACTGGTAAGATTGCTAGGAGT TAAAT TATGT TTTARTACT T
TATCAACTCGAACTATACATGARGCTCAGT TATTAGAGACACTGTGARCAATTTTACCAGCTTTTCT TCTGGTGTGACTAGCTCTTCCARGACTGCEGTT
ATTATATTTACTCGATGAGCAGGGTAGAGAGGGTATTATTTTARAAGCTAT TGGCCATCAATGATACTGAAGATATGARAT GCCATCARTARACAT TTCT
ARCTTCGATTCTTATATAATTCCGGAAGAGGATT TGARACCAGGTGAT TATCGACTACTTGAGGTTGATAACCGGCCTATGETACCT TATGGTTTGGATA
PTAATGTTATTACTACAAGGGCTGACGTAATTCATGCATGAGCTTTACCAAGTATAGGGGTTARRATAGATGCTGT TCCAGGACGAT TARATAGTATAGG
TTTTCATGCAAACTTGCCAGGAAT TTAT TACGGACAATGCTCTGAAATTTGTGGGGCTAACCAT TCT T T TATACCTATTACGG T TGAAGCCATTGATGTT
cori-> 1 ERNA Tyr-> ..
ARAGATTTTATTAAAATATGTAACTARATTAAACT TTTATTARRACT TATT T TGGCCCTAGRAGCTAGGATGGTGETTATAARCTACTAGT TGARATTTA

tRRA TIp->
TTTCCCAAAGTATATATGTTAAGTTAAACAAATGTCCTTCAAAGACAAAAATAGTCATAAETAGGCTTATACTT&T{;&TATATAGTATATGRTTGTACA
——— tRNA Gly-> f His->
GTTACCTTCCAAGTAAAAAGGCTCTACTGTCTGAGTATG&TTéTATTAAGTTAAAATTAAACTATAAGGATGTGGCCCTTAATATTCACTTAAAAGTGAG
<~tRNA Gln
TAAACE}TTCG&TTTCTATAAAAATATTTTTCCTTTAACCTCAAAAATTAACGTGCTTTACACCAATAGA&X;E&ATAAAGGTTTTACCCATATTTTAGA
<-tRNA Leu (UUR) [ <~ATPase8
GACTTAAAATCTATGCACTTAATTCTGCCACATAGTIAATATATATTTACATTCI“AEAATATAATTTTTCACCACCAGATTTTTTTGTTTTTAAATGCG
AAGCAAGTARGGGAGAGGCTATTGGTGTGAGTATAAAATGATTAATAACTAATACAATAAGTAATAT CAATGTAACGGAAAATATAAT TAAAAGCCCATT
<-ATPaseB ) <-tRNA Asn [ <-ATPaseé

TATTGGTCTTAATTGAGGCITGXETAAGTAACCTAATGGTTTCTTTTTAATTAACAATTAAAGGCTATTCAAGCTCTACTTA&AGGGATGTTCATTTATG
TATAAACTTAAAAGTAAAGTAAARATATAGGCTTGAATGAAACAAACARAAAAT TCGAATAAATAATATCCTACTATGATCAAGTATCTAAGAGAARGAG
ARGTATTTCTTAGGTTCGAGCT TAATACAGATGCCATTAATGCTAGAATAATATGCCCGGCGCT TATATTGGCTACCAATCGAACTGTTAAAGTCAGGGG
TCGAATTATAATACTAATAGATTCAATTAARATTAAAAAAGGTAGTAATAGCAGTGGGGCACCAGATGGAGCTAAATGGGCTAATCTCTTTTT \T
TTAATATAGCCTGATAATARAAT TAACCCTCATAGTAARTAAARGCCAGGGTTATAT T TACTCATAGCCTAGT CGTAATTCCGTAGGTARATGGAGCTATAC
CTAAAAGGTTATTAAAAATAATTAATACTATTATAAT TGT TAATAAACTTTTAGT TAAAT TATATGTCGAAT TGTTTCAATTAGATGCTGCTARATATTT
ARTARTATTATTTTGATCTATTCTTCACGTCTTATTTCAAAT TATGARAACTGATARRARTATCGGTGTTARTCACGACCATARAGAAGT TATTCCATCT

<~-ATPaseb ] v <=-tRNA
AAGGATGAAAATAAGTCTACTATC!ITTAATATTGGAAAATGGGCTAATCAAAGCTGAGGTCRAAACTCAGTGCGACTTGTTCGCTTCAAIAT*AAA{;E
<-tRWA Glu , [ <-ssRW
CTACAGAGTTATATCTAACTCAT T TTTATTATGARAAAATAACGTATTTARAT TTTATACTATATAACTTACTACTACATGGTGTAAGTATATTATTAGG
GGCAGCTTCCACTACCCCTACTTTGTTACGACTTATCTCCCT TTTCAGCGAGAGTGACGGGCGAT TTGTACACCARATAARACATGT TCATATTTTAATT
ATCCTTATATATTACTTTTAMGTCCATCT T TATACAATTTTTCAT TTCGTAGTCCGARTAAAT TARTTAAT GTARCTCACCT TAATTCTTACCARTAGAC
TGCACCTTGATTTGTCTTAATATTTGATTAATAT TCATGAACCCCTTTGTAGGGGT TCATGARGACAACGGTATACARAT TTTTTARAAAGTAAGTATAA
TAATGCTTGGTGGTTATCAAT TATATGGTAAGT TCCCCTAAATGATTTATT TAGCCGCCATAATTTTTAAGT T TGAAT TAATATAATTTTAATCCTTATT
AAATTACTTAGTTGGGGTCATAATAGTAGGGTCTCTAATCCTAGT TTTATCTATGAAT TTGTTATAGCCATACTTTTGAGAAT TAATATTCATAATAATA
TPTCACCATTTATTATAT TACTTTAARGAATTATAAGTARTTTAATAAACTTGTAAGCTAACT TATTAGGT T TGACCGCGGT TGCTGGCACCTAATARAC
CTAAATTAATARACTGTCTAAATTATAATTTCTTATATAATT TAARATCT TAARCTGGAGAATGCTACACT TCAGGATCCATATTTARCCATATTTATTG

above, these two protein genes are SMITH et al. 1993).

either directly adjacent (Katharina) or are separated by
different tRNA genes. Interestingly, in sea urchins ND2
and COI are separated by the I-rRNA gene (JACOBS et
al. 1988; CANTATORE et al. 1989; DE GIORGI et al. 1991;
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<-srRNA ] <-tRNA Met [ <-ND3
CTTACGATATCCATCAAATTAAAGTGGG*TTAGTGAGGAAAGTCCATTTTAGAGTTA!GAGCCCTACAGCTTATTTAGCTTATCACTAAAATTTAAGACT
CAGTCARGGACTCCATAATATATTTCATATAATAGACCAATTARAAGCACTAT TATAAATAARATAATAGRCATAATAAT TAGGGGCCTTGTTATARATC
TTACTATAGATARTACAGGAAATAATAAGACTACT TCCACGTCAARAAT TAAAAATAATACTGT TAAGATAAAAAATCGAGTAGT TATGGGACTACGTAT
ATTTCTTAAAGGGTCAAAGCCACATTCARATGGGGTTTTTAAT TCGTAGGATGCAAACTTAAAAAGAT TAGCAGT TAATAAGTAAATAATTATTAGAAGT
<-ND3 ] <-tRNA Ser (UCN)
AAGCATAATCTTAATGATGTCGGTAGGACGTATAAAAI!A!AATGGTTTCATTATAAGGGCAAATTTGGATGCCTATTAAGATTTTCAAAATCTTACTAT

tRNA Ber (AGN)-> [ ND4->
TR AR AGRART TR AAAT TGAGGCTACTAACTT TAATTTGGGATATATTATTCCOT T TCTTOATGACT TAT TTART TTTATTGGGTGCCAGTATTTGT
TTATTTCCTTTTTGGGAAGTARCGATGTTGACATTGGCT TTTAT CATTCCAATATCATTARCATATTTAARTAT TAATT TTACTTTCAGCTTTAGARGAG
AGTTGATTTGATTARCTCCAATTGGGACAGCATTAAT TTTTCTTACTCTTATAGT TACCT TACTAGTAT TARTTGGCACATATARTATTAAAAATTATAA
GTACATTGGGTGTTTARGAAGTTTARAT TTGGTAT TGATAATGGCT T TTTGTGTCTGTGATTTCT TAACT TT T TATGTARTAT TTGRAGGTATCT TTGATC
CCTACTTTATTATTARTTTTACTATGAGGCTATCARCCTGAGCGGATGCARGCAGET TTTTATTTGATACTATATACCGTGACAGCATCT TTACCTTTAT
TGTTATTATTATTATATTTGTACTATACGGTAGGATCTCTARATTTTTATATTATTATAGTATACTATAGAT TTARTAACAACCCATTAATATTAGTAGG
GCTARTAATAGCATTTTTAGTARAGCTTCCAATCTATACCTGTCATTTATGACTACCGARAGCT CACGTCGAGGCTCCATTAGGAGGTTCCATAGTATTG
GCCGGTGTGTTACTTARACTGGGGGGATACGGACTGTATATATTART TAATTT TATTAT TAGARRARGTAGTAGATTGGTART TAGAGTAATCATTACAC
TTTCATTGTGAGGTGCTGTTATTGCTTCGAT TATTTGTAT TCAACAAGTTGATATTAAAGCTCTGGTAGCATATTCT TCAGT TGCTCACATAAGATTAGT
ATCAGCTGGGATTTTAATGATATCAAATTGAAGATATACATGTGCARAARTAACAATAATTGCTCATGGCTATACAT CATCTGCT TTAT TCGTATTAGCT
AACTTATCATATTTAAAAATTARGAGCCGAAGTTTAATATTCATAARRGGCTTATTAGCTATCT TTCCAGCAATAGCT TTTTAT TGAT TTCTATTTAGTT
GTATAAATATAGCAGCCCCACCAACACTTAACTTTATTGGCGAATTGTTAATTATTCCATCAATGTATATTGCTAGT TATATACT TTTAAT TTTAATATG
CATTATTATATTTATTAGAGCGGGGTATAGATTATATATATATATARCCGTTAATCATGGAGAAT TGGGTCTTTATATCACCCCGAGGATTCARCTTARA
N4> ] —
AATGTAGACTATCATGTTTTAACCGCACATTTGT TACCAACATTTATTTTATTAATTCCGCAGT TATTTTCTGT TTAAGTAGAAACCTACTACTGARATA
— <-tRMA Thr [ <-COIII
CATCATTATCGTAGATTTACAAPATCTATGCTTTARCAT TAAGCTACAGTAAT AATTTATTTATGATCCT CATCAATARAT CCTAATATATAARAAAAGT
CATACTACATCTACGAARTGTCAATATCATGCTGCTGCTARAAACCCTACATGATGGETAGT TCTAARATGATARTAATATGTACGTACTARATTCACGA
AARGAAATAGGGTACCGACTATAACATGTAATCCATGAAAACCGETTGCTATARARAATGTACT TCCATACACACCATCAGCGAT TGARAATGATGTTTC
ATTATACTCACCATATTGAAGTATTAAARAATAAACACCAAGTARAACAGTAAAAARTARACCCGACARAGTTGAGTAATATTTTCCTTCCGTCAATGCA
TGATGAGCTCARGTAATACTTACACCTGATAATAATARAACAGAAGTATTTARTARAGGAACT TGARATACAT TAAGTACAGTAATTCCAATTGGAGGTC
ATACAGAGCCGATTTCAATTGARGGTGCTAACCTTCTATGARAATATGCCCAAAARRAT GCAARGRARRAACAAACCT CAGATAARATARATARAGCTAT
ACCTAGTTTTAAGCCTTTCACCACGTAAGTTGTATGGTGACCT TGATAGGTAGCTTCTCGAACAATGTCACGTCATCATATATARGCAATAATAGAAGTT
AACAACATACCGTATARAAGTARGTARATAGAGCCARRACGGATATAATAAATARGCCCTARAGGTAT TGATGT TARACTARGGGARACARGARGGGGCC
<-COIII ]
ARGGACTATACTCGACTARATGARRAAGGTGTTTTTTGCAT T TARTGCAARAT TTCAAAT T T TARAT ATGCTGATARAT TTAT AAGCAGCCGCCEGARTTS
tR Ile-> [ ¥D2->
TACGGGTATCATTGATGTTGATARATATGGAGT TGAATACCGTTGCT TAATGACCT TACAGTCT GTTCTTCTAGGAGCCATART TATTTTAGGTCCAATT
TTARGTATAACATCAAGTAATTGAATTATTAT TTGAATTGGCT TAGAAAT TTCTTTAT TAGGTTTTGTCAGATATTATATGTTAATGARRARART TATGT
CAGGTGAAGGAATTATAATATACTTTTTAATTCARTCAGTTTCAAGAACAGTGATACTATTAAATGGAT TATATAT TTTTGTAAATCATGCGTCATCATA
TATTTATTTATTTATTTT TATCACTATACTAATACTGAAAATTGGCATAT TTCCTTTACATTTTTGAATTAT TCCAGTTTACAGARRAT TGAGCTATCTT
AATATTGGTATTGTTGGGT TACTTCTARRAATTGTCCCAATATGART TT TAATACACATAGGAT GTATCACTAGTGARATAT TARAT TTAATTACTATAC
TAAGAGTAACATCAATATTATTTGGAGCATTARTTGGTATARATTTAAGARARATACGARTGGTTCTAGGTGCCTCAACTATTACTCATAATGGTTGGTT
AGGAATARGATGTATCAGAGGTAGATTATTTAARTATTTTATTACATATGGGTTTTCTTTAGTAATCT TGCTCGTGTTTTTATACCTAGGAGACARAATA
AGCATTAGGTTGAGCTTATTAAGATTAAGGGGTCTTCCGCCATTTATGCTAT TTATTGGARARAT TARTGTGT TGCT TATARTAATAGAARCTAAT TTAT
GGTTTATTGTATTAGTATTTGCGATTTTAAGTGCTGTTATTAGTCTTGTATACTATCTAAAAT TTAGTGTAATATTTTTTATARATATAAAAARTAACTA

2=> 1 tRNA Lys->
TTTGAAGCATTATAAAATAGCTATATTTTTACTTGTTAATGTTACTTTTGGTATACTCCTATTTCTTACCTAA}TTTTTATGGCCGAGATACAAGCATCA
[ COI->
AATTTTTAATTTGART TACGAATTAACAATTCTITGCGATGATTT TACTCAACGART CATAAAGAT AT TGGTACATTGTATATGT TATTTGGTATCTGAT
GTGGAATAGTAGGAACAGGATTATCTCTATTAATTCGAT TAGAACTAGGTACT TCTGGAACATTGACTGACGATCATTTTTATARTGTARTTGTTACTGC
ACATGCATTTGTAATAATTTTTTTTATAGTAATACCTATTATAAT TGGGGGT TTTGGGAAT TGAATAGTACCT TTACTGAT TGGCGCTCCTGATATAAGA
TTTCCTCGTATGAATAATATAAGT TTTTGATTGCTACCACCAGCTTT TATTTTATTAAT TTGTTCTAGCATGGTAGAAGGAGGTGCTGGCACAGGATGGA
CTGTATATCCGCCTCTAAGATCAAGT TTAGCTCATAGAGGTGCTTCTGTTGACTTAGCTAT TTTTTCACT TCAT TTAGCAGGGATATCATCAATCTTGGG
TGCAATTAATTTTATTACAACAATTTTTAATATACGTAGACCCGGTATAACCATGGAACGTGTAAGATTATTTGTGTGGTCGATTCTAGTTACTGTTTTT
TTATTATTACTATCATTACCAGT TCTTGCTGGGGCAARTTACTATACTAT TARCTGACCGAARCT TTAATACTAGAT T TTTTGRATCCTGCGGGRGETGGAG
ATCCCATTCTATATCAACACTTATTTTGATTTTTTGGTCATCCTGAAGTATACAT TTTAATTTTACCTGGAT TCGGGATAATCTCTCATATCTTAGGARA
TAGTGCTATAAARCAACCTTTTGGGACATTAGGTATAATT TATGCCATAAT T TCTATTGGTATTTTAGGATTTATTGTTTGGGCTCACCATATATTTACT
GTTGGGATAGATGTAGATACACGCGCTTATTTTACAGCCGCTACTATAATTAT TGCAAT TCCARCTGGGAT TAAAGTTTTTAGGTGACTGATAACTATTT
ATGGCTCAAAAGTTCAGTATACTGCAAGCATATACTGAGTTCTGGGCTTTATTTTTTTATTTACCT TAGGGGGAT TARCTGGAATTGTCTTGTCTAACTC
TTCATTAGATATTATACTTCATGATACTTACTATGTTGTGGCACATTTTCACTATGT TTTATCTATAGGAGCAGTCTTTGCTATCTTTGCTGGATTTAAT
TTTTGATTTCCAGTTATAACCGGATTAATTCTTCACGAGCGCTTGGCTAAAGCTCAGT TTGTGGTAATAT TTATCGCAGT TAATATGACTTTTTTCCCCC
AACATTTTTTAGGGTTAGCTGGAATACCTCGACGGTAT TCAGACTATCCCGATAGT TATTTTATAT GGAATCAACT TTCAAGATATGGATCATTAATGTC
TGTGTTTGCTGTAT TATTGT TTGTATTAATTGTCTGAGAGGCTTTTTTAAGTCARCGAAGATTGTTGTTTGTAGATGCTACTTTATACTCACGAGAGTGA
coI-> ] tRNA Val->
TCTGATGGATATTTTCCCCCAGATTTTCATAGAAACATTTATCAATCTTACATTACTATCTAAAAAACTTATTAIAAICCAAGTAATACTCATTTACAAT
{ 1rRiA->
GAGTTAGTTCCTAATAGGAAGTTTTAAAAATCTAAATATTAACAATACTGGTGAAGATCAACATAAAAAGTAAAACATACCTTTTGCATAATGGTGATAC
TAAATTTATTCTAAGATTTTATATTTCCCGAAAATARAAGAT CTAACTTTTCATGCGAARAT TAT TAGAACACAAAATCTATTGTGGCATAAATAGACCTC
AATGAARAAGTTAGTAGTGAARACACT TTCACTT T TAT TGATATCTGGATATAGAATAAATATATTTAGTATATARATACAT TCT TAARGCGATAAGGTTTT
ARGCGAAGAATTTTATATAACAGTARAAATTTCTAATTAATAATATTAACTGGTAGTTTTATTGATATACATATAT T TATATAT TAAAT TCCTTGAAATT
CTATTTATATATTACAACCGGTCAGTATACTAATAATGTATCAAT TAGTAAATAGGTATAATARATAT TAGTAAGGAACT CGACAAATAAT TGCTTACGA
CTGTTTATCAAAAACATAGCCAARAGTAGATATTTTTGGTGT TATCTGCCCAGTGAARAATTTTAACGGCCGCAGTACCTTGACTGTGCARAGGTAGCAT
AATAATTTGACTTTTAAATGGAGCCTAGAATGAAAGARAGAACGTATGCAACT TGTCTCATTGATAT TACT T TAAAT TTAATGGTTGAGTGARAATACTC
ATAATTTTAATAATAGACGAGAAGACCCTTAGAATTTT TAAAAGCAATAAGTAATTCTTATTAGAT TTTTTGT TGGGGCAACAATATTTCARATAATARA
TATATTAATGAAAGTAATAAGTCGATTAAATAATTATAGAAAAATTACCTAAGGGATAACAGCATAATTT TATTAATARGCTTGTGACCTCGATGTTGGA
CTAGGTACTATTARGGCTAATCGTTTTAATATAATATGT TCTGTTCGAACT TTGTTACCTACATGATCTGAGT TCAGACCGGCGTAAGCCAGGTCAGTTT
1rRA-> ] tRMA Leu (CUN)->
CTATCTTTTATCTGGCCTATAATAGTACGAAAGGACCT TATAGGCACTTATTCATAAGTATATTTATTTTGGCAGAGTATGCATATGACTTAGAATCATA
f tRNA Pro->
ATATAGTAGTTACCTACTAAATfTAAGGGCAGTTACTGGTAACGTTAGCTTTGGGAGCTATTAAGTAGACTACTGTCTACCTTTAfEETTTATACTTTAA
R Ala-> { NDé->
TTAAGAAGATGTGGTT!GCAGCCATTAAGTGAAAGAAIAIGAATTTCTAAATCAAATAATTAISGATAICATTAACTTTTATAGCGGGCTTAAITTTTCC
GGTATTTATGATGCTGARAGGARTCAATCCAATGAGCCT T TTAT TAGCTCT TCTTACT TTARGG T TATGTGC TG T T CTATGAT TAGGATCT T TTATGAGS
TCTTGATATGCCTATATTTTATTTATTGTCTATATTGGTGGAAT CTTAGTTTTGTTTATTTATGTATGTATAAT TAGAAGCAACTACAT TGCAAGACAAC
ATATATATARATCATTAT TGTATGCGTGAGGAGCAGTAATAT TAATARGAT TAACTATAGAAACAGACACTTTTAT TATT TTAGGATCARATATAATGTA
TACTAGAGTAAATATTCCAATAACAATTTTAATTTTTCTCTCAATTTATCTATTAATTGTTTTCT TTGCAGTGGTGAATTTAATAGTAAACATAACAAGG
ND6-> ]
ATTCTCATAGTTGAAAGTAGCCAAGTTTAA
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As can be seen in Figures 1 and 2, all Albinaria genes
are either directly adjacent or have very few nucleotides
separating them. The total number of nucleotides be-
tween genes is 141, the longest intergenic sequence
of 42 nucleotides separating two genes transcribed in
opposite directions (COIII and tRNA™). Five genes end
on abbreviated stop codons. Furthermore, there are

FIGURE 2.— Continued

many cases of overlapping genes coded by the same
strand. Three types of such overlap may be identified,
involving protein-protein, tRNA-protein, or tRNA-tRNA
junctions. Thus, there is one case of overlapping pro-
tein genes (ND5-ND1, 7-nt overlap), one case of overlap
between a tRNA and a protein gene (tRNAY-COIL T-nt
overlap) and six cases of overlapping tRNA genes (Asp-
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Cys, 5 nt; Gly-His, 4 nt; Lew(CUN)-Pro, 4 nt; Leu(UUR)-
Gin, 2 nt; Pro-Ala, 2 nt; Tyr-Trp, 5 nt). Finally, an exten-
sive overlap of 12 nt is observed between two (RNA
genes transcribed in opposite directions [tRNA*(UCN)
and tRNA*(AGN)].

Another unusual feature in Albinaria mtDNA is the
presence of four consecutive protein-protein gene junc-
tions (ND6-ND5, ND5-ND1, NDI1-ND4L and ND4L-Cyib)
that are not separated by an intervening tRNA. It has
been suggested that the secondary structure of a tRNA
gene between pairs of protein genes is needed to act
as a signal for the precise cleavage of the polycistronic
primary transcript (OJALA et al. 1980, 1981). In accor-
dance with this hypothesis, almost all reported cases of
protein-protein gene borders with no intervening
tRNAs have the potential to form hairpin structures
(BiBB et al. 1981; CLARY and WOLSTENHOLME 1985a;
OKIMOTO et al. 1992; BOORE and BROWN 1994b). In
Albinaria it is also possible to draw stem and loop struc-
tures near or at the protein-protein gene boundaries
(Figure 3). In the case of ND6-ND5 and NDI1-ND4L bor-
ders, the stem and loop structures are positioned more
or less similarly with those reported for the nematodes
and Katharina with respect to gene termini; the com-
plete termination codons are positioned within the
loops. In the case of ND5-NDI and ND4L-Cyth borders,
however, a tRNA-like structure precedes a stable stem
and loop structure that is located near the 3" end of
ND5 and ND4L genes, respectively (in ND4L, there are
two hairpins separated by 29 nt). It should be noted
that ND5 and NDI are overlapping genes and that ND4L
ends with an incomplete termination codon. These
tRNA-like structures resemble normal tRNAs with AAG
[alternative Leu(CUN)] and TTT (Lys) anticodons re-
spectively. The existence of superfluous tRNA-like
genes has been also reported for two other molluscs,
Mytilus and Katharina. What is unusual with Albinaria,
however, is that, in contrast to other molluscs, the tRNA-
like structures are located totally within protein coding
genes. Interestingly, an extension to the 5’ end of the
NDS5 gene in sea urchins can be folded into a secondary
structure resembling a tRNA gene and is thought to be
a remnant of a tRNA"*(CUN) gene (CANTATORE ¢t al.
1987, 1989; DE GIORGI et al. 1991). The significance of
the Albinaria tRNA-like structures is not clear at pres-
ent. However, we have found that they do not hybridize
with low molecular weight RNA in Northern blots, while
the two corresponding standard tRNAs do (data not
shown).

Control regions: An important question emerging
from the gene organization of Albinaria mtDNA con-
cerns the location of regions containing the signals for
replication and transcription. In all metazoans, where
such sequences have been identified, they are found
in noncoding regions (WOLSTENHOLME 1992). What is
unique in Albinaria mtDNA, however, is that it contains
virtually no unassigned sequences of significant length

(the largest unassigned sequence is 42 nt and the sec-
ond and third largest are 21 and 16 nt, respectively).

Interestingly, the decanucleotide AATATATATT, lo-
cated between tRNA™*(UUR) and ATPase8 within the
16-nt Albinaria unassigned sequence, is reminiscent of
sequences present in sea urchins (TTATATATAA) and
chicken and duck (ATATATAT). In Albinaria, this pal-
indrome is even longer {tetradecanucleotide, TAAATA-
TATATTTA), if we allow for a 2-nt overlap with the
tRNA“*(UUR) gene. Such palindromes have been impli-
cated to function as bidirectional promoters or as recog-
nition signals for enzymes involved in transcription or
processing (JACOBS ef al. 1988, 1989; CANTATORE ¢! al.
1989; L’ABBE ¢t al. 1991; RAMIREZ ¢t al. 1993).

The longest Albinaria noncoding sequence (42 nt)
contains yet another decanucleotide perfect palin-
drome (ATAAATTTAT), which is twice as long (TGCT-
GATAAATTTATAAGCA) if we overlook a 5-nt overlap
with the adjacent tRNA™ gene.

Synthesis of the second (L) strand in a variety of
metazoans (including several mammals, Xenopus, Dro-
sophila and the nematodes) is supposedly initiated
within a run of Ts situated in the loops of potential
hairpins that can be formed from intergenic sequence
(CHANG et al. 1985; ROE et al. 1985; CLARY and WOLSTEN-
HOLME 1987; OKIMOTO et al. 1992). No such structures
can be found in the short Albinaria noncoding se-
quences. However, a sequence with the potential of
forming a stable stem and loop structure is found within
the ND5 gene (Figure 3); this secondary structure has
a T-rich loop and moreover its 5’ end is identical to
that of the Oy loop in Drosophila (boxed sequence
ATATAA in Figure 3) (CLARY and WOLSTENHOLME
1987). The significance of this structure is presently
unknown.

Protein genes: Identification of protein genes was
accomplished by comparison at the nucleotide/protein
level (see Table 1 for genetic code) with already known
mtDNA genes of a close relative to A. coerulea (A. turrita)
(LECANIDOU et al. 1994) as well as with sequences of
genes available in the EMBL data bank. Identification
of ND4L was based on hydropathy profiles, predicted
using the computer program SOAP of the PCGENE
package (BAIROCH 1988) (data not shown), that were
found to be very similar to corresponding profiles of
Katharina, Mytilus and Drosophila.

Nine of the 13 protein genes of Albinaria mtDNA
start with the orthodox translation initiation codon
ATG:two with ATA (Cyth, ND3), one with ATT (ND5)
and one with TTG (COI). ATT is not used as initiation
codon in Katharina and Mytilus but is quite frequent
in Drosophila (CLARY and WOLSTENHOLME 1985a) and
the nematodes (OKIMOTO et al. 1990, 1992). TTG is not
used for initiation in any of the known coelomates but
is common in pseudocoelomate nematodes (OKIMOTO
et al. 1990, 1992). Eight Albinaria protein genes termi-
nate with the stop codons TAA or TAG (Figure 2). The
other five are inferred to have incomplete translation
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FIGURE 3.—Potential secondary structures near or at the junctions of ND6-ND5, ND5-ND1, ND1-ND4L, and ND4L-Cytb genes.
The start and stop codons are indicated in each case. Within the ND5 and ND4L genes, tRNA-like structures that are followed
by a stem and loop structure may be drawn. Moreover, ~300 nt before the end of ND5 another stem and loop structure may
be formed, immediately after the boxed sequence ATATAA; a similar structure has been implicated as the origin of light strand
replication in Drosophila (see text).
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TABLE 1
Codon usage of A. coerulea mtDNA-encoded proteins

Amino Codon N % | Amino Codon N % | Amino Codon N % |Amino Codon N %
acid acid acid acid

Phe TTT 240 6.7 Ser TCT 77 2.1 Tyr TAT 148 4.1 Cys TGT 34 09

TTC 25 0.7 TCC 15 04 TAC 38 1.1 TGC 10 03

Leu TTA 340 94 TCA 68 1.9 Term TAA 6 0.2 Trp TGA 68 1.9

TTG 63 1.8 TCG 14 04 TAG 2 01 TGG 20 0.6

Leu CTT 83 23 Pro CCT 49 14 His CAT 61 1.7 Arg CGT 17 05

CTC 14 04 CCC 22 0.6 CAC 13 04 CGC 4 0.1

CTA 79 22 CCA 50 1.4 Gln CAA 41 1.1 CGA 22 0.6

CTG 24 0.7 CCG 11 0.3 CAG 10 0.3 CGG 6 02

Ile ATT 266 7.4 Thr ACT 77 21 Asn AAT 106 29 Ser AGT 49 14

ATC 36 1.0 ACC 23 0.6 AAC 32 09 AGC 28 0.8

Met ATA 213 5.9 ACA 73 2.0 | Lys AAA 73 2.0 AGA 64 1.8

ATG 50 1.4 ACG 12 0.3 AAG 13 0.4 AGG 30 08

Val GTT 90 25 Ala GCT 91 25 Asp GAT 47 1.3 Gly GGT 73 2.0

GTC 20 0.6 GCC 24 0.7 GAC 15 04 GGC 24 0.7

GTA 97 2.7 GCA 66 1.8 Glu GAA 48 1.3 GGA 79 2.2

GTG 22 0.6 GCG 12 0.3 GAG 25 0.7 GGG 43 1.2

N, total number of particular codon in all proteins. The total number of codons is 3595; the incomplete termination codons
were excluded.

termination codons (either T for ATPase6, ND3 and amino acids). The only Albinaria proteins that are not
ND4L or TA for COI and Cytb). the shortest among known molluscs are ATPase8 and

In general, proteins coded by Albinaria mtDNA are ND4L; both are among the least conserved mitochon-
quite short (Table 2). Five of them (COI, COII, COIII, drial proteins and exhibit a high degree of length varia-
Cytb, ND5) are the shortest among known metazoans tion (WOLSTENHOLME 1992). It is worth noting that

(compare with Table II of WOLSTENHOLME 1992). Also, ATPase8 differs in length by >5% between two Albina-
five others (ATPase6, ND1, ND2, ND4, ND6) are the ria species (A. coerulea, 55 amino acids; A. turrita, 52

shortest among coelomate metazoans, since these are amino acids).

shorter only in the nematodes (the corresponding Among compared molluscs of Table 2, there is exten-

lengths in C. elegans are 199, 291, 282, 409, and 145 sive variation not only in the size of their mitochondrial
TABLE 2

Comparison of the A. coerulea mitochondrial protein coding genes with those
of A. turrita, C. nemoralis, K. tunicata, M. edulis and D. yakuba

Percentage of identity

Protein length (amino acids)

A. coerula A. coerulea A. coerulea A. coerula A. coerula
Protein Ac. At Cn. Kt Me Dy us. A.l. vs. C.m. vs. K.t. vs. M.e. vs. D.y.

ATPASE6 214 — — 230 238 224 —_ —_ 34.0 30.2 34.0
ATPase8 55 52 54 53 A 53 509 19.6 28.1 A 26.8
COI 509 P — 513 P 512  98.9* — 72.6 (49.0) — (86.0) 71.5 (46.5)
CoIl 224 224 — 229 P 228  92.4 (94.7) — 55.0 (54.1) — (37.4) 539 (54.9)
COIIl 259 — — 259 264 262 — — 62.7 42.9 59.5
Cytb 367 — — 379 P 378 — — 53.6 (50.4) — (46.0) 53.6 (52.3)
ND1 299 — —_ 316 P 324 —_ — 46.1 (47.3) — (40.2) 474 (49.8)
ND2 307 — — 338 P 341 — — 24.9 (25.2) — (31.6) 30.9 (32.4)
ND3 117 — — 120 116 117 — — 39.2 355 39.7
ND4 437 — — 442 P 446 — — 35.2 (29.9) — (33.1) 43.0 (39.5)
ND4L 99 —_ 79 100 93 96 — 24.2 22.7 26.2 22.5
NDb 545 — — 571 P 573 — — 35.0 (37.0) — (83.9) 34.2 (35.7)
ND6 155 P 180 166 158 174 75.3% 19.9 23.9 17.4 27.8

Percentage of amino acid identity was calculated by dividing the number of identical amino acid positions by the common
length of the compared sequences. Numbers in parentheses show the percentage of identity among the partially sequenced
portions of M. edulis protein coding genes and the corresponding regions of A. coerulea, A. turrita, K. tunicata and D. yakuba
genes. Asterisk denotes the percentage identity values for the partially sequenced A. furita COI and ND6 genes. A, absent; P,
partial. Alignment of compared amino acid sequences is not shown.
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srRNA
A.c. (5) TTTAATTT (61) TTTAAGATTTTAAATTATAT (27) ATTTAGGTTTA ——(0)—— TAGGTGCCAGCAACCGCGGT
K.t. (5) ...6G..C (103) ........ A.C-vurenn T. (46) .evevencnnn GAAATAG (18) ..T=cvcesunrns Teuuon
D.y. (6) ...T.... (61) ..... A.AA-..... —eee. (43) L emee- GARATAG (24) cu=vivecones GT......
A.c. [536] AGATAAGTCGTMCMAGMGGN%QQLAATMTATACTTACACCATGTAGTAGTA
K.t. [548] | .evveveeenoeeneTuunyn ¥ VN TT...
D.y. [548] / vevvenennvonnnn 'r ..... AT...C..... AG..TAT...G-...GA
IrRNA
A.c. (52) TACCTTTTGCATAATGGT [927} GTACGAAAGGACC  (25)
A.t. (53) tureirenennanannnn [928] (24)
Kot. (132) venvnnnnnnnn Teernn [1085] 27)
M@, (80) .oiveienvanan G.... [1047)] (86)
D.y. (179) G..T..C.GC [1064] | cevveennnennn (52)
X.l. (18B9) vevvennnnecncanens [1314] | civivennennnn (106)

FIGURE 4.—Alignment of the ends of the two ribosomal RNA genes. A.c., A. turrita; K.t., K. tunicata; M.e., M. edulis; D.y., D.
yakuba; X.l, X. laevis. Numbers in parentheses denote regions where alignment is umbiguous; numbers in brackets denote the
total intervening length of unaligned sequences between the ends of the molecules. Double underlining emphasizes inverse
repeats forming a stem and loop structure; in the proposed secondary structure of Drosophila s7RNA this is the last hairpin
(CLARY and WOLSTENHOLME 1985b). Single underlining indicates an additional hypothetical stem and loop structure in Albinaria.

proteins but also in the percentage of identity they ex-
hibit. As expected, the greatest identity is observed be-
tween the two Albinaria species. When more distantly
related species are compared, there are some dis-
cordances with traditional taxonomic relationships, a
conclusion we have previously reached from analysis of
A. turrita mtDNA sequences (LECANIDOU et al. 1994)
and which is also reported by BOORE and BROWN
(1994b).

Codon usage and codon bias: The genetic code of
Albinaria (Table 1) has been presented previously (LE-
CANIDOU ¢t al. 1994) and is the same in all known mol-
luscs (HOFFMANN et al. 1992; BOORE and BROWN 1994
a,b; TERRETT et al. 1994) as well as in Drosophila (CLARY
and WOLSTENHOLME 1985a). It differs from the univer-
sal code in that ATA codes for methionine, TGA for
tryptophane, and AGA and AGG for serine.

As can be seen in Table 1, codons ending at A or T
are much more frequent (~81%) than those ending
in C or G. In fourfold synonymous codon families
77.5% of the codons end at A or T. Since any nucleotide
substitution in these sites does not lead to an amino
acid replacement, the AT bias in the third codon posi-
tion should not be attributed to pressure of natural
selection at the protein level.

Seven out of 62 amino acid codons, which consist
exclusively of A and/or T, represent 38.4% of the total
number of codons. Six of these are the most frequently
used codons and correspond to the amino acids Leu,
Ile, Phe, Met, Tyr, and Asn, which constitute 16.8, 8.4,
7.4, 7.3, 5.2 and 3.8% of the total number of amino
acids, respectively. With the exception of Leu, this order
of amino acid frequencies is different from that actually
observed in Albinaria mitochondrial proteins, where
Ser, and not Ile, is the second most frequent amino
acid (9.7%), while Val (6.4%), Gly (6.1%), Ala (5.4%)

and Thr (5.2%) are more (or equally, Thr) frequent
than Tyr and Asn. Thus, there is no direct correlation
between the most commonly used codons and the most
frequent amino acids. If the predominance of codons
composed solely of A and/or T is attributed to AT bias
(CROZIER and CROZIER 1993; BOORE and BROWN
1994b), then the relatively high percentage of certain
amino acids that are not coded by strictly A and/or T
codons (such as Ser, Thr and the aliphatic Val, Gly,
Ala with similar physicochemical properties) must be
attributed to selective pressure.

Ribosomal RNA genes: Identification of the Albina-
ria s-vRNA and +RNA genes was accomplished by com-
parison with other known mitochondrial ribosomal
RNA genes. The I7RNA gene had been previously iden-
tified in two cloned segments of A. turrita mtDNA (LE-
CANIDOU et al. 1994). Using the complete A. coerulea
mtDNA sequence as a guide, it is inferred that these
two segments are actually consecutive and that the 5’
and of the A. tumita [YRNA gene is at residue 631 of
segment I (the sequence preceding the 5’ end contains
the tRNA" gene), while the 3’ end is at nucleotide 923
of segment II [due to revision of the A. turrita tRNA**
(CUN)] (see discussion on tRNAs).

The ends of the two Albinaria rRNAs cannot be pre-
cisely determined because of uncertainties in the align-
ments with known rRNAs. Figure 4 shows a comparison
of the 5’ and 3’ regions, which is based on conserved
sequence elements showing a significant degree of simi-
larity. Since the size of the compared regions is smaller
in Albinaria, we assume at present that each Albinaria
rRNA gene occupies all of the available space between
the tRNA™" and tRNA®* (s7RNA) and the tRNA" and
tRNA™" genes (I1RNA).

At the 5" end of the Albinaria large rRNA gene, the
first conserved region (18 nt) is located 52 nt down-
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FIGURE 5.—Cloverleaf representation of 22 putative A. coerulea tRNA genes. In 11 of them a direct comparison is made with
the corresponding A. turrita putative tRNAs. O, identical nucleotides; small leters, differences; ---, gaps in A. turrita. Arrow-
shaped boxes encompassing a variable number of nucleotides denote overlapping regions that are supposedly modified posttran-
scriptionally by RNA editing using the opposite T nucleotides of the 5’ end as an internal guide.
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stream from the 3’ end of the tRNA" gene, this being
the smallest length among all compared molecules (Fig-
ure 4). A similar observation can be made for the 3%’
end, where a conserved sequence of 13 nt is located
only 24-25 nt from the junction with tRNA™*
The presence of the conserved heptamer sequence
TGGCAGA, defined as the rRNA transcription termina-
tion signal in animal mitochondria (VALVERDE et al.
1994) in positions 8—14 of the adjacent tRNA™* gene,
should be noted.

Comparison of the 5’ ends of the small rRNA genes
shows that a sequence of 152 nt in Albinaria corre-
sponds to a sequence of 236 nt in Katharina or 192 nt
in Drosophila. In contrast, the Albinaria 3’ end appears
to be longer than the equivalent regions of Katharina
and Drosophila. A sequence of 18 nt, which is almost
identical among compared species, is immediately fol-
lowed by an inverted repeat (double underlining in
Figure 4) corresponding to the final stem and loop
structure of Drosophila s-yRNA (CLARY and WOLSTEN-
HOLME 1985b). In Albinaria this region is followed by
asequence of 27 nt that could potentially form an extra
stem and loop structure, as it contains a 5-nt inverted
repeat (single underlining in Figure 4). In any case,
the exact points of the rRNA gene ends must be deter-
mined by more direct methods (VAN ETTEN ¢t al. 1980;
CLARY and WOLSTENHOLME 1985b).

Even if we assume that the Albinaria ribosomal RNA
genes occupy all of the available space between adjacent
tRNA genes, they still represent the shortest rRNA genes
among coelomate metazoans (s7RNA/[.yRNA: Albinaria,
759/1035 bp; Katharina 826,/1275 bp; Mytilus, 945/1244
bp; Drosophila, 789/1326) but are larger than those of
pseudocoelomate nematodes (compare with Table VI of
WOLSTENHOLME 1992; OKIMOTO ¢t al. 1992).

Transfer RNA genes: Identification of the standard
set of 22 Albinaria tRNA genes was based on their pre-
dicted cloverleaf structures, which define unambiguous
anticodons (Figure 5). Some of the putative secondary
structures of ten previously reported A. turrita tRNA-
gene sequences (LECANIDOU et al. 1994) have been re-
drawn to conform with the A. coerulea tRNA secondary
structures (see discussion below and Figure 5). In addi-
tion to these tRNA genes, two more sequences that can
be folded into tRNA-like structures were detected (see
gene arrangement) within protein coding genes (Fig-
ure 3).

All standard Albinaria tRNAs have the same antico-
dons as those reported for Mytilus and Katharina; these
are preceded by T and followed by either A or G (pu-
rine). Five cases of mismatched base pairs at exactly
equivalent positions are evident in the anticodon stem
(at the top of five-membered stems; in Ala, Gly, Phe,
Pro, Trp). Albinaria anticodon stems consist of 5 and
sometimes 6 bp [Ser(AGN), Tyr, and probably Ser
(UCN)]; in the case of Ser(AGN), as many as 9 bp are
possible. Although not shown, the Katharina and Myti-
lus tRNA*(AGN) also have the potential of forming 9-

bp anticodon stems, all three molluscan sequences be-
ing very conserved in this region. Anticodon stems with
an increased potential of base pairing have been also
drawn for Ser(AGN) and Ser(UCN) of C. elegans (WOL-
STENHOLME 1992). The actual presence of a six-mem-
bered anticodon stem has been demonstrated by direct
RNA sequencing of a mammalian tRNA*"(UCN) (YOKO-
GAWA et al. 1991; JANKE et al. 1994). Interestingly, the
Albinaria tRNA™ gene conforms very well with the sec-
ondary structure of mammalian tRNAS"(UCN ), in that,
in addition to the six-membered anticodon stem, it con-
tains only one nucleotide between the 7-bp acceptor
stem and the 4-bp D stem. Finally, the Albinaria tRNA*"-
(UCN) gene may equally well be drawn to conform with
the secondary structure of its mammalian counterpart.

Amino-acyl stems consist of 7 bp. As can be noted in
Figure 5, mismatching is observed in several amino-
acyl stems [Asp, Gly, His, Leu(CUN), Leu(UUR), Lys, Pro,
Ser(UCN), Val]. What is interesting is that in most cases
of mismatches, we are dealing with overlapping genes:
Asp with Cys, Gly with His, Leu(CUN) with Pro, Lew
(UUR) with GlIn, Lys with COI, Pro with Ala. It is also
worth noticing that in all such cases the 3’ ends of the
amino-acyl stems are almost invariably composed of T
residues. Recently, it was demonstrated that in A. castel-
lanii tRNA mitochondrial genes, certain bases of the 5’
end (confined to the first 3 bp of the acceptor arm,
where correct base pairing is presumably essential for
biological activity) are modified posttranscriptionally by
a process of RNA editing (LONERGAN and GRAY 1993);
the specificity of editing, rather than being provided by
guide RNAs, could be provided by the 3’ end of the
acceptor stem itself. In Albinaria we believe that a simi-
lar mechanism of RNA editing is operating, but that in
this case what we probably have is the 5’ end of the
acceptor stem acting as an internal guide for editing of
the 3’ end. This editing might thus resemble a primitive
polyadenylation mechanism. Final verification must
await direct tRNA sequence determination.
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