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Summary. The nucleotide sequence of a segment
of the mitochondrial DNA (mtDNA) molecule of
the liver fluke Fasciola hepatica (phylum Platyhel-
minthes, class Trematoda) has been determined,
within which have been identified the genes for
tRNA22, tRNA=>P, respiratory chain NADH dehy-
drogenase subunit I (ND1), tRNA>", tRNAPr®°,
tRNA, tRNAY, ND3, tRNA*'AGN, tRNA", and
cytochrome c oxidase subunit I (COI). The 11 genes
are arranged in the order given and are all tran-
scribed from the same strand of the molecule. The
overall order of the F. hepatica mitochondrial genes
differs from what is found in other metazoan
mtDNAs. All of the sequenced tRNA genes except
the one for tRNA*'AGN can be folded into a sec-
ondary structure with four arms resembling most
other metazoan mitochondrial tRNAs, rather than
the tRNAs that contain a TYC arm replacement
loop, found in nematode mtDNAs. The F. hepatica
mitochondrial tRNA**AGN gene contains a dihy-
drouridine arm replacement loop, as is the case in
all other metazoan mtDNAs examined to date. AGA
and AGG are found in the F. hepatica mitochondrial
protein genes and both codons appear to specify
serine. These findings concerning F. hepatica
mtDNA indicate that both a dihydrouridine arm
replacement loop-containing tRNA**AGN gene and
the use of AGA and AGG codons to specify serine
must first have occurred very early in, or before, the
evolution of metazoa.
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Introduction

The mitochondrial (mt-)genome of metazoa is con-
tained in a single circular molecule with a species-
specific size that varies from 14 to 39 kb (Moritz et
al. 1987; Snyder et al. 1987). The only known ex-
ceptions are the mt-genomes of species of the coel-
enterate genus Hydra that occur as two linear mol-
ecules, both of approximately 8.0 kb (Warrior and
Gall 1985).

Complete nucleotide sequences and gene content
have been determined for seven metazoan species
to date: three mammals—human, mouse, and cow
(Anderson et al. 1981, 1982b; Bibb et al. 1981), an
amphibian— Xenopus laevis (Roe et al. 1985), an
insect— Drosophila yakuba (Clary and Wolsten-
holme 1985), and two nematode worms—Ascaris
suum and Caenorhabditis elegans (Wolstenholme et
al. 1987; R. Okimoto, J.L. Macfarlane, D.O. Clary,
J.A. Wahleithner, and D.R. Wolstenholme, unpub-
lished data). Also, partial mtDNA sequences have
been obtained from a number of other metazoans
including some mammals (Grosskopf and Feld-
mann 1981; Pepe et al. 1983; Foran et al. 1988),
echinoderms (Cantatore et al. 1987, 1988; Himeno
et al. 1987), mosquito (HsuChen et al. 1984), and
various Drosophila species (Clary et al. 1982; de



Bruijn 1983; Clary and Wolstenholme 1987; Garesse
1988).

Each metazoan mtDNA molecule that has been
completely sequenced contains the genes for the
structural RNA molecules of the mitochondrion’s
own protein-synthesizing machinery (two rRNAs
and 22 tRNAs) and 12 or 13 proteins. These pro-
teins are all components of the oxidative-phosphor-
ylation system: cytochrome b (cyt b), subunits I-III
of cytochrome ¢ oxidase (COI, II, and III), subunit
6 and, in all except A. suum and C. elegans, subunit
8 of the ATPase complex (ATPase6 and ATPase8),
and subunits 1-6 and 4L of the respiratory chain
NADH dehydrogenase (ND1-6 and 4L) (Chomyn
and Attardi 1987). Also, there is a region of variable
length (<1 kb to 5 kb) that contains the replication
origin and control signals for transcription. Meta-
zoan mt-genomes are extremely compact, none of
the genes contain introns, and there are very few
nucleotides between genes. However, segments of
various sizes of some mtDNA molecules are dupli-
cated (Moritz and Brown 1987; Snyder et al. 1987).

Protein genes of metazoan mtDNAs use genetic
codes that are modified (Barrell et al. 1979, 1980;
Bibb et al. 1981; Clary and Wolstenholme 1985).
Rather than being a stop codon, TGA specifies
tryptophan in all metazoan mtDNAs examined. In
both mammalian and D. yakuba mtDNAs, and pos-
sibly all other metazoan mtDNAs, ATA specifies
methionine rather than isoleucine. AGA and AGG
that specify arginine in the standard genetic code
either are absent or are used as rare stop codons in
vertebrate mtDNAs. However, in D. yakuba
mtDNA, AGA (but not AGQG) specifies serine, and
in nematode and echinoderm mtDNAs both AGA
and AGG specify serine (Clary and Wolstenholme
1985; Himeno et al. 1987; Wolstenholme et al. 1987,
Cantatore et al. 1988).

Among mt-protein genes from different metazoa
there is frequent use of unorthodox translation ini-
tiation codons that include all ATN codons, GTG,
and TTG (Anderson et al. 1981, 1982b; Bibb et al.
1981; Clary and Wolstenholme 1985; R. Okimoto,
J.L. Macfarlane, and D.R. Wolstenholme, unpub-
lished data). Some vertebrate and D. yakuba mt-
protein genes end in a T rather thdn a termination
codon (TAA or TAG), and this T is immediately
adjacent to the 5’ terminal nucleotide of the sense
sequence of a tRNA gene. The corresponding U in
the mt-protein gene transcript is converted to a com-
plete termination codon by polyadenylation, follow-
ing precise cleavage of a primary multicistronic
transcript, between the mt-protein and tRNA se-
quences (Anderson et al. 1981, 1982b; Bibb et al.
1981; Ojala et al. 1981; Roe et al. 1985; Clary and
Wolstenholme 1985).

Transfer RNA genes of mammalian and D.
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yakuba mtDNAs resemble prokaryotic tRNAs and
eukaryotic nuclear-encoded tRNAs with regard to
both primary and secondary structure, except that
in these mt-tRNASs there is considerable variation
in both the size and the sequence of the dihydrour-
idine and TYC loops (Barrell et al. 1979; Crews and
Attardi 1980; Van Etten et al. 1980; Anderson et
al, 1982a; Roe et al. 1982; Clary and Wolstenholme
1985). Also, in all metazoan mtDNAs so far se-
quenced, the dihydrouridine arm of the tRNA that
recognizes serine-specifying AGN codons is re-
placed by a loop of between 5 and 11 nucleotides
(nt) (Arcari and Brownlee 1980; de Bruijn et al.
1980; Clary and Wolstenholme 1984; Dubin et al.
1984; Himeno et al. 1987; Wolstenholme et al. 1987;
Cantatore et al. 1988). However, all of the mt-tRNAs
of the nematodes 4. suum and C. elegans are un-
usual in that each contains only three arms: in 20
of the 22 mt-tRNASs of each species, the TYC arm
and variable loop are replaced by a loop of 4-12 nt.
In each of the two serine-specifying tRNAs (AGN
and UCN) the dihydrouridine loop is replaced by a
loop of 5-8 nt (Wolstenholme et al. 1987; R. Oki-
moto and D.R. Wolstenholme, unpublished data).
In order to gain further information on the evo-
lution of the various genetic peculiarities found in
metazoan mtDNA we have determined the nucleo-
tide sequence of a segment of the mtDNA molecule
from the liver fluke Fasciola hepatica (phylum
Platyhelminthes, class Trematoda). The results of
our analysis of this sequence, which are the subject
of'this paper, indicate that the use of AGA and AGG
codons to specify serine and the loss of a standard
dihydrouridine arm in the tRNA that recognizes
mitochondrial AGN codons must have occurred
very early in, or before, the evolution of metazoa.

Materials and Methods

Adult Fasciola hepatica were obtained from the bile ducts of
fresh bovine livers at a local slaughterhouse and transported to
the laboratory in isotonic saline at 4°C. Mitochondria were iso-
lated from whole F. hepatica as previously described (Wolsten-
holme and Fauron 1976) except that in all solutions mannitol
was used in place of sucrose. Mitochondrial DNA was obtained
from sarkosyl lysates of mitochondria by cesium chloride—ethid-
ium bromide centrifugation (Wolstenholme and Fauron 1976).
Fasciola hepatica mtDNA was digested with the restriction
enzymes, BamH]I, EcoRl, and Hindlll, singly and sequentially,
under conditions specified by the manufacturers, and the prod-
ucts were analyzed in 1% agarose gels. HindIII-BamHI fragments
of F. hepatica mtDNA were cloned into pUC8 DNA and am-
plified in Escherichia coli IM101. A pUCS8-cloned 2335-ntp
HindIlI-BamHI fragment was recloned into the DNAs of bac-
teriophages M13mp8 and M13mp9 (Messing and Vieira 1982).
EcoR1 fragments of F. hepatica mtDNA were cloned directly into
M13mp8. Two of these EcoRI fragments (1344 ntp and 2116
ntp) were shown by plaque hybridization (Maniatis et al. 1982)
to overlap the 2335-ntp Hindll1-BamHI fragment. Using dou-
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Fig. 1. A restriction enzyme cleavage site map of the Fasciola hepatica mtDNA molecule. Beneath this map is shown the arrangement

of genes within the 3466-ntp segment sequenced. The cight tRNA genes are identified by the one-letter amino acid code. The three
protein genes are subunit 1 of ¢ytochrome ¢ oxidase (COI) and subunits 1 and 3 of the respiratory chain NADH dehvdrogenase (N1
and ND3). All genes are transcribed in the same direction, shown by the arrow. The question marks indicate unidentified terminal
sequences (Fig. 2). The arrows beneath the gene map show the gxtent and direction of individual sequences obtained, cither from the
ends of various restriction fragments or from deletion subfragmenis of restriction fragments, The 5'-3' direction of the sequence of

this mtDNA molecule segment given in Fig. 2 is from left to right.

ble-stranded and single-stranded forms of the three M13-mt-
DNA hybrid molecules, partial deletions of each of the three-
component F. hepatica mtDNA fragment inserts were generated
{Hong 1982; Dale et al. 1985). All DNA sequences were obtained
from M13mp8- or M13mp9-cloned fragments by the extension-
dideoxvribonucleotide termination procedure of Sanger et al.
(1977), using [o**PIdATP. Some sequencing reactions utilized
oligonucleotide primers prepared in an Applied Biosystems Syn-
thesizer. When a band compression was observed in a sequencing
gel, an additional sequence determination of the fragment under
study was made using dITP in place of dGTP (Barnes etal. 1983).
The sequencing strategies used are given in Fig. 1.

Nucleotide sequences were assembled and analyzed using the
computer ¢compiling program of Staden (1982). Mitochondrial
protein genes were identified and analyzed using the FASTP and
FASTN programs (Lipman and Pearson 1983). Transfer RNA
genes were identified by eye, within sequences lving between or
at the end of protein genes, from the ability of these sequences
to fold into secondary structures characteristic of tRNAs, and
from the wrinucleotide in the anticodon position of the folded
sequence,

Results and Discussion

Gene Content and Arrangement

From analyses of single and double digests of
mtDNA of F. hepatica with BamHI, EcoRI1, and
Hindlll it was determined that the native miDNA
molecule is in the form of a circle of approximately
14.5 kb (Fig. 1). The complete nucleotide sequence
of a 3466-nucleotide pair (nip) segment of the F.
hepatica miDINA molecule was compiled from the
sequences of the 2335-ntp Hindlll-BamH]l frag-
ment and two overlapping 1344- and 2116-ntp
FEcoR1 fragments (Fig. 1). This sequence (Fig. 2)

contains three open reading frames that, from com-
parisons of amino acid sequences to the amino
acid sequences of previously identified mt-genes of
mouse, Drosophila vakuba, and Ascaris suum
miDNAs, were identified as the genes for ND1, ND3,
and COIL. Segments of sequences lying upstream from
the ND3 gene, between the ND3 and ND1 genes,
and between the ND1 and COI genes can be folded
into the characteristic secondary structures of mt-
tRINA genes that contain anticodons expected for
tRINA (RNAP, {RNA*", tRNAP©, tRNAfe,
tRNAY, and tRNA" genes (Fig. 4). An eighth se-
guence, that lies between the NII3 gene and the
{RNA®® gene, can also be folded into a structure
that resembles a tRNA gene, but this structure lacks
a normal dihydrouridine arm (Fig. 5). Because a §'
GCT is located at the anticodon position of this
structure, and for other reasons discussed below, it
is interpreted as a tRNA*AGN gene. The 5 ter-
minal 58 ntp of the 3466-ntp sequence (Fig. 2) have
not been identified with certainty, but a portion of
this sequence can be folded into a secondary struc-
ture that resembles the anticodon and TYC arm of
a mt-tRNA gene with the anticodon (5" TAC) ex-
pected for tRNA, The 3'-terminal 46 nucleotides
of the sequence also have not been identified.

All of the three protein genes and eight tRNA
genes would be transcribed in the same direction
(Figs. 1 and 2). The overall order of the 11 genes is
different from what has been reported for other
metazoan mtDNAs (see Bibb et al. 1981; Clary and
Wolstenholme 1985; Wolstenholme et al. 1987;
Cantatore et al. 1988). However, in both F. hepatica
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Continued from previous page. Nucleotide sequence of the 3466-ntp segment of the Fasciola hepatica mtDNA molecule

shown in Fig. 1. From considerations of amino acid sequence similarities to mouse, Drosophila yakuba, and Ascaris suum mtDNAs
(Bibbetal. 1981; Clary and Wolstenholme 1985; R. Okimoto, I.L. Macfarlane, D.O. Clary, J.A. Wahleithner, and D.R. Wolstenholme,
unpublished data), this sequence contains the genes for cytochrome ¢ oxidase, subunit I (COI), and the respiratory chain NADH
dehydrogenase subunits 1 and 3 (ND1 and ND3). Sequences of eight tRNA genes are shown boxed and the anticodon in each is
overlined. The nucleotide sequence shown is the (5-3°) sense sirand for the 11 genes; all of these genes are transcribed (arrows) in

the same direction. Asterisks indicate termination codons.

and mammalian mtDNAs the ND1 and COI genes
are separated by a single protein gene: ND2 in mam-
mals and NID3 in F. hepatica. Also, in F. hepatica
mtDNA, as in mammalian mtDNAs, the tRNAll
gene lies between the ND1 gene and the downstream
protein gene, and the tRNA™ gene lies between the
COI gene and the upstream protein gene. However,
other tRNA genes found in these locations differ in
mammalian and F. hepatica mtDNAs.

Protein Genes

Similarities of the predicted amino acid sequences
of the three F. hepatica mt-protein genes and the
corresponding genes of 4. suum, D. yakuba, and
mouse are summarized in Table 1. As has been
found for all other metazoan mtDNAs, greatest
identity is found in all species comparisons for the
COl genes (45.2% to 47.6%). Alignments of the ami-~
no acid sequences of the F. hepatica COIL, ND1, and
ND3 genes with the D. vakuba and mouse COI,
ND1, and ND3 genes are shown in Fig. 3, The F.
hepatica COI protein (510 amino acids) is predicted
to be two and four amino acids shorter than the D,
yakuba (512 amino acids) and mouse (514 amino
acids) COI proteins, There are internal codon in-
sertions/deletions as well as codon differences at the
beginnings and ends of the COI genes of the three

Table 1. Amino acid sequence similarities (percentage identity)
of the COI, ND1, and ND3 genes of Fasciola hepatica with the
corresponding genes of Ascaris suwm, Drosophila vakuba, and
mouse®

Gene
Species COlL NDI ND3
A suum 45.2 33.0 351
D. vakuba 472 33.5 25.8
Mouse 47.6 29.6 24.2

« Data for 4. suwm, D. vakuba, and mouse are taken from J.L.
Macfarlane, D.C. Clary, I.A. Wahleithner, R. Okimoto, and
D.R. Wolstenholme, unpublished; Clary and Wolstenholme
(1985);, and Bibb ¢t al. (1981)

species. The F. heparica ND1 protein (301 amino
acids) is predicted again to be smaller than the D.
vakiuba and mouse WD) proteins (324 and 315 ami-
no acids, respectively). There are variations in co-
don numbers at the beginnings and ends of the three
N1 genes, and there appear to be substantial codon
insertions/deletions toward the 3’ end of these genes,
A greater size {118 amino acids) is predicted for the
F. hepatica ND3 protein than for the D. vakuba (117
amino acids) and mouse (114 amino acids) ND3
proteins.

As in other metazoan miDNAs, there are fow or
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Comparisons of the amino acid sequences of COI, NDI, and ND3 predicted from the nucleotide sequences of the respective

genes of mtDNA of Fasciolg hepatica with the corresponding amino acid sequences of Drosophila yakuba (Clary and Wolstenholme
1983) and mouse (Bibb et al. 1981). A dot indicates an amino acid that is conserved relative to F. hepatica. A dash indicates an
amino acid that is absent. An asterisk indicates a termination codon or, for mouse ND1, a terminal T,

no nucleotides between the various F. hepatica mt-
genes. All three of the F. hepatica mt-protein genes
end with TAG (Fig. 2). Both the F. hepatica COl
and ND3 genes begin with an ATG codon. How-
ever, in the ND1 gene the first ATG is located 67
nt downstream from the preceding tRINA®P gene
(Fig. 2).

In mammalian mtDNA, all ATN codons, and in
D. vakuba mtDNA ATT, ATA, and ATG are rec-
ognized as translation initiation codons (Anderson
et al. 1981, 1982b; Bibb et al. 1981; Clary and
Wolstenholme 1985). Arguments for the occasional
use of GTG (valine; including the mouse ND1 gene)
and in one case ATAA (the COI gene of Drosophila)
as translation initiation codons in mt-protein genes

have also been presented (see Clary and Wolsten-
holme 1983b, 1985 for discussion). Further, there
15 evidence that in nematode mtDNAs, TTG (leu-
cine) is used as the translation initiation codon by
25-50% of the protein genes (R. Okimoto and D.R.
Wolstenholme, unpublished data). The first ATN
codon in the F. hepatica ND1 gene is located 61 nt
downstream from the 3’ end of the tRNA®® gene,
and this codon (ATA) corresponds to codon 16
(TGT, cysteine) in the D. yakuba ND1 gene and
codon 9 (CCC, proline) in the mouse NDI gene.
However, beginning 4 nt downstream from the F.
hepatica tRINA™ gene (and following a TAG) is an
in-frame GTG codon, and separated from this GTG
by one codon is a series of three TTG codons. From
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Fig. 4. Seven tRNA genes of Fasciola hepatica miDNA shown in the presumed secondary structures of the corresponding tRNAs.
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al. 1987).

the above considerations it seems plausible that
either GTG or TTG could be the translation initi-
ation codon of the F. hepatica ND1 gene.

Transfer RNA Genes

Each of the tRNA2 {RNA*", (RNA» tRNA%e,
tRNAY, tRNAP™, and tRINAY genes identified in
the F. hepatica mtDNA sequence can be folded into
the four-arm cloverleaf structure characteristic of
almost all known tRNAs (Sprinzl et al. 1987). The
major structural features of these seven F. heparica
tRINA genes resemble those of tRNA genes from
mammalian and D. yakuba mtDNAs (Fig. 4). The
F. hepatica mt-tRNA genes range in size from 62
nt ({IRNA") to 70 nt ({RNA*") and vary in their

sequence similarity to the corresponding mi-genes
of D. vakuba from 35.3% (asp) to 44.8% (ala), and
to the corresponding mt-tRNA genes of mouse from
36.6% (asp and lys) to 59.4% (pro). There is sirict
conservation of the size of the aminoacyl stem (7
ntp, with the possible exception of tRNAP©—see
below), the anticodon stem (5 ntp) and the antico-
don loop (7 nt), and the dihydrouridine stem {4 ntp).
The dihydrouridine loop ranges from 4 to 11 nt and
the variable loop (between the anticodon stem and
the TYC stem) is 5 nt in the tRNA gene and 4 nt
in each of the remaining six tRNA genes. The TyC
stem ranges from 3 to 5 ntp and the TYC loop is
either 3 or 4 nt. However, the numbers of nucleo-
tides in the TYC stem and loop are limited to three
combinations: a stem of 3 ntp and a loop of 4 nt
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(IRNA#= {RNA%, and tRNA"P); a stem of § nip
and a loop of 3 nt {RNA>? {(RNAYs, and tRNA»*);
a stem of 4 ntp and a loop of 4 nt IRNA="}. Also,
only G and T nucleotides are found in the TyC
loops. In each of the four tRNA genes that contain
4 or 5 ntp in the TYC stem, two G- T pairs close the
stem. Among the 28 stems of the seven F. hepatica
tRINA genes, G- T pairs are absent from only five
(TYC stem, tRNA*: dihydrouridine stem, tRN A
dihydrouridine, anticodon, and T¢C stems, tRNA),
Although G- T pairs are found in some of the {RNA
genes of other metazoan mtDNAS, in no case is the
frequency of distribution among stems as great as
in the seven F. hepatica mt-tRNAs. Among the 28
stems of the corresponding tRNA genes, G+ T pairs
are absent from 21 in mouse mtDNA and 24 in D,
vakuba mtDNA (Bibbet al. 1981; Clary etal. 1982,
1984; Clary and Wolstenholme 1983a,b, 1984), In
the corresponding mt-tRNA genes of 4. suum that
lack the TYC arm, G-T pairs are found in 12 of the
21 stems (Wolstenholme et al. 1987). The wider
distribution of G-T pairs among tRNA stems in
both F. hepatica and A. suum mtDNAs may be a
function of the higher frequency of G and lower
frequency of A nucleotides in the sense strand of
these mtDNAs, than is found in the sense strands
of mouse and D. yakuba mtDNAs (Table 4).

As there is an unusually high frequency of G- T

pairs in F. hepatica mi-tRINA gene stems, it is rel-
evant to note that Freier et al, (1987) recently have
shown significant negative free energy changes to be
associated with G -1J pairs in RNA secondary strue-
tures, It is likely, therefore, that the contribution of
G- U pairs io tRNA stability is greater than expected
from previously reported free energy increments
(Borer et al. 1973; Bloomfield et al. 1974). Also,
with regard to stem stability, it is noted that al-
though there is a low frequency of C nucleotides in
the sense strand of the F. hepatica mt-tRNA genes
(12.2% versus 9.2% for protein genes, Table 4) there
1s at least one G-C pair in all of the 28 stems of the
seven F. hepatica mt-tRNA genes, except two, the
dihydrouridine stems of tRNA* and tRNAP©, Fur-
ther, only three mismatched nucleotide pairs are
found among the stems of the seven tRNA genes: a
T T pair at the top of the anticodon stem of the
{RNAM gene; a G G pair and an A C pair in the
aminoacyl stems of tRMA* and tRNAY, respec-
tively,

In order to fold the tRNAP into a cloverleaf
structure with a fully paired aminoacyl stem it is
necessary to permit either nucleotide T, or nucleo-
tide T, to loop out (Fig. 4). The occurrence of a
similar loopout (of nucleotide T,) has been suggested
for the aminocacyl stem of 1IRNAP™ of D. vakuba
{Clary et al. 1984).
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As has been found for other metazoan mt-tRNA
genes, the trinucleotide CCA that occurs at the 3’
end of eukaryotic nuclear-encoded tRNA genes and
some prokaryotic tRNA genes is absent from this
position in F. hepatica mt-tRNA genes.

There is variation among vertebrate and D.
yakuba mt-tRNA genes regarding the presence of
nucleotides that are either invariant or semi-invar-
iant among prokaryotic tRINAs and eukaryotic nu-
clear-encoded tRNAs (Barrell et al. 1979; Crews and
Attardi 1980; Van Etten et al. 1980; Anderson et
al. 1982a; Clary and Wolstenholme 1985; Roe et al.
1985). The least conserved of these nucleotides are
those that are normally found in the dihydrouridine
loop and TyYC loop; among metazoan mt-tRNA
genes these loops have considerable differences in
size as well as sequence. Among the seven F. hepatica
mt-tRNA genes many of the invariant and semi-
invariant nucleotides of prokaryotic tRNAs and eu-
karyotic nuclear-encoded tRNAs that lie mainly
outside of the dihydrouridine and Ty C loops occur
with high frequency (Table 2). These are the nu-
cleotides that show the greatest degree of conser-
vation in mouse, D. yakuba, and A. suum mt-tRNA
genes (Bibb et al. 1981; Clary and Wolstenholme
1985; Wolstenholme et al. 1987). The G,,-C,, pair
(rather than the standard pyrimidine, ,—purine,, pair)
in the F. hepatica mt-tRNA'? gene is also found in
the mt-tRNAYP genes of 4. suum, D. yakuba, and
various vertebrate mtDNAs (Wolstenholme et al.
1987). The standard T,; nucleotide in F. hepatica
mt-tRNA?22 is a C as is the case in mammalian mt-
tRNAfmet genes (Bibb et al. 1981; Anderson et al.
1982a).

The anticodon of the tRNA transcribed from the
F. hepatica tRNAY gene would be CUU (Fig. 4),
rather than UUU expected for a tRNA that recog-
nizes both AAA and AAG codons. Although the
tRNADs genes of vertebrate and 4. suum mtDNASs
have a TTT anticodon, the tRNAY:gene of D. yakuba
and mosquito (dedes albopictus) mtDNAs also con-
tain a CTT anticodon (Bibb et al. 1981; Clary and
Wolstenholme 1983a; HsuChen et al. 1983; Wol-
stenholme et al. 1987). As in F. hepatica mtDNA,
both AAA and AAG codons are used in D. yakuba
mt-protein genes. The only other case of a C in the
wobble position of the anticodon among metazoan
mt-tRNA genes is the 5' CAT anticodon of all known
tRNAFmet genes. In this case, the C appears to rec-
ognize ATA and ATG codons and also ATT and
ATC codons when they occur as translation initia-
tion codons (Bibb et al. 1981).

The F. hepatica sequence that we have inter-
preted as a mt-tRNA*"AGN gene has many of the
features found in the corresponding mt-gene of ver-
tebrates, D. yakuba, and A. suum (Fig. 5). The seg-
ment of nucleotides that lies between the aminoacyl

Table 2. The occurrence among eight mt-tRNA genes of Fas-
ciola hepatica of some nucleotide or nucleotide combinations
that are considered invariant (marked with an asterisk) or semi-
invariant in prokaryotic and eukaryotic nuclear-encoded tRNAs
(Dirheimer et al. 1979; Singhal and Fallis 1979)*

Nucleotide
or
nucleotide
combina- ser-
tion® lys pro trp (AGN)

F. hepatica tRNA gene

£,
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w
=
o
wn
=}
=
&

*T8

A9

R10-Y25
*Y11-R24

Y13-R22
*Al4
*R21

R26

Y27-R43
*Y32
*T33
*R37

-
9]

+O+j++++++++
++++++ >+
++++++++++++
++Q+++O++800
++++H+++++++
++++++ 4+ ++++
++++++++Q+ + +
++ 4+ + 0 0 0 000 0 0

= The numbering system used is that given for yeast tRINArk<
(Sprinzl et al. 1987) and the numbers correspond to those shown
on tRNA#= in Fig. 4. For each F. hepatica tRNA gene, + in-
dicates the presence of the invariant or semi-invariant nucleo-
tide or nucleotide combination. Open circles in the tRNA*"AGN
gene column indicate a lack of corresponding nucleotides due
to the peculiar structure of this tRNA gene

b A, adenine; T, thymine; R, adenine or guanine; Y, cytosine or
thymine

and anticodon stems, that in other tRNA genes can
be folded into the dihydrouridine stem and loop,
comprises a loop (the dihydrouridine arm replace-
ment loop) of only 7 nt in the F. hepatica
mt-tRNA*AGN gene. The remaining secondary
structural features of this tRNA**AGN gene are
consistent with those of other mt-tRNA genes: an
aminoacyl stem of 7 ntp, an anticodon arm with a
stem of 5 ntp and a loop of 7 nt, a variable loop of
4 nt, and a TYyC arm with a stem of 4 ntp and a
loop of 7 nt. Also, the anticodon loop contains the
highly conserved Y3,, T33, and R;; nucleotides (Ta-
ble 2). In the F. hepatica tRNA predicted from the
tRNA*"AGN gene (Fig. 5), the last 4 nt of the di-
hydrouridine arm replacement loop (A,;, G;;, Ci3,
T,4) could pair with the 4 nt of the variable loop
(Ass, Ts3, Ts4, Tss), thus greatly extending the an-
ticodon stem. A similar extension would be plau-
sible in the tRNA'AGY of mammals and the
tRNAAGY/A of Drosophila, but not in the
tRNA***AGN gene of 4. suum (Fig. 5). A model for
the tertiary structure of bovine tRNA**AGY, which
resembles that of yeast tRNAPr (Kim 1979) but is
smaller and involves a unique set of interactions,
has been derived by de Bruijn and Klug (1983). Both
secondary and tertiary interactions similar to those
proposed for the mammalian tRNA**AGY would
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Phe TTT 100 Ser TCT 36
TTC 3 TCC 2
Leu TTA 31 TCA 1
TTG 91 TCG 0
Leu CTT 20 Pro CCT 20
CTC 0 CcCcC 2
CTA 2 CCA 2
CTG 3 CCG 4
Ile ATT 35 Thr ACT 22
ATC 1 ACC 0
Met ATA 10 ACA 1
ATG 33 ACG 3
Val GTT 83 Ala GCT 33
GTC 3 GCC 1
GTA 6 GCA 3
GTG 21 GCG 2

Tyr TAT 39 Cys TGT 21
TAC 1 TGC 0
Ter TAA 0 Trp TGA 8
TAG 3 TGG 29
His CAT 17 Arg CGT 16
CAC 1 CGC 3
Giln CAA 2 CGA 1
CAG 6 CGG 3
Asn AAT 20 Ser AGT 25
AAC 1 AGC 2
Lys AAA 7 AGA 1
AAG 10 AGG 12
Asp GAT 21 Gly GGT 57
GAC 0 GGC 2
Glu GAA 7 GGA 2
GAG 12 GGG 26

also be plausible in the F. hepatica tRNA*"AGN
gene: the aforementioned pairing between nucleo-
tides in the dihydrouridine arm replacement loop
and the variable loop; three tertiary interactions be-
tween nucleotides in the dihydrouridine arm re-
placement loop and the TYC loop (Gx—T,s, Te—G.a4,
T,;~Guas3); T4 in the variable loop and G, in the
TyC loop (Fig. 5). Also, the intraloop interaction
between the first and fifth nucleotides of the Ty C
loop that is a U-A pair in both bovine mt-
tRNA*"AGY and yeast tRNAP" might occur but in
the form of a U-G pair (T4~G,,). Similar secondary
and tertiary interactions are possible in the D. yak-
uba tRNA**AGY/A (Clary and Wolstenholme
1984), but most seem unlikely to occur in the A4.
suum tRNA**AGN (Fig. 5).

Codon Usage, Nucleotide Composition,
and the Genetic Code

Codon usage among the three F. hepatica mt-protein
genes is summarized in Table 3. The frequency of
codons ending in G (27.8%) or T (60.8%) is re-
markably high (88.6%) compared to D. yakuba and
mouse mtDNASs and reflects the overall nucleotide
composition of the sense strand of the three protein
genes (Table 4). A high frequency of codons ending
in G or T has also been found in 4. suum mt-protein
genes (Table 4; Wolstenholme et al. 1987). Codons
ending in C are rare in F. hepatica mtDNA as is the
case in both D. yakuba and A. suum mtDNAs, but
not in mammalian mtDNAs. Among D. vakuba and
mammalian mtDNASs the ratio of TTR to CTN trip-
lets used as leucine-specifying codons is positively
correlated with the differential use of T and C nu-
cleotides in the third position of codons (Clary and
Wolstenholme 1985). Data from the F. hepatica mt-
protein genes support the validity of this correlation:
the ratio of TTR:CTN codons is 4.8:1 and the ratio

of T:C nucleotides in the third position of codons
is 25.3:1 (Tables 3 and 4).

All codons expected to specify an amino acid are
found among the three F. hepatica mt-protein genes
except CTC (leucine), TCG (serine), ACC (threo-
nine), GAC (aspartic acid), and TGC (cysteine), all
of which contain at least one C, the least frequently
used nucleotide in the sense strand of these genes
(Table 3).

Internal TGA codons occur in each of the three
F. hepatica mt-protein genes (Fig. 2 and Table 3).
Of a total of eight TGA codons, five and four cor-
respond in position to tryptophan-specifying codons
(TGA or TGGQG) in the corresponding D. yakuba and
mouse mt-protein genes, respectively (Figs. 2 and
3). This is consistent with the interpretation that in
F. hepatica mtDNA, as in other metazoan mtDNAs
(and fungal mtDNAs), TGA specifies tryptophan
(Barrell et al. 1979, 1980; Fox 1979; Bonitz et al.
1980; Heckmann et al. 1980; Clary and Wolsten-
holme 1985). The much higher ratio of TGG:TGA
codons (29:8) in F. hepatica than in D. yakuba
mtDNA (6:96) and mouse mtDNA (7:97) reflects
different proportions of G and A nucleotides in the
sense strands of these three respective mtDNAs (Ta-
ble 4).

Twelve AGG and AGA triplets occur as internal
codons among the F. hepatica COI, ND1, and ND3
genes (Fig. 2 and Table 3). None of these 13 codons
correspond in position to codons (CGN) specifying
arginine in the D. yakuba and mouse COI, NDI,
and ND3 genes (Figs. 2 and 3). In the three F.
hepatica mi-protein genes, the 13 AGG and AGA
codons correspond in position to codons that specify
a total of nine different amino acids in the corre-
sponding D. yakuba and mouse genes [for D. yakuba,
serine (7), proline (1), phenylalanine (1), threonine
(1), glycine (1), valine (1), aspartic acid (1); for mouse,
serine (4), isoleucine (2), proline (2), glycine (2), leu-
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Table 4. Nucleotide comparison data for the protein genes of various metazoan mtDNAs?

Percentage nucleotide composition of the sense strand

Percentage of codons ending in:

T C A G G+C G+T T C A G G+C G+T
F. hepatica 49.3 9.2 14.8 26.7 35.9 76.0 60.8 2.4 9.9 27.8 30.2 88.6
A. suum® 51.8 8.0 18.7 21.5 29.5 73.3 62.7 24 11.5 23.4 25.8 86.1
D. yakubar 44.4 11.1 323 12.2 233 56.6 48.4 33 45.4 2.9 6.2 51.3
Mouse? 29.4 26.0 33.2 11.4 37.4 40.8 22.9 274 46.6 3.2 30.6 26.1

a Data for mouse mtDNA are derived from all protein genes except the ND6 gene as the frequency of nucleotides in the third positions
of codons of mammalian ND6 genes are complementary to those of the other 12 genes (see Clary and Wolstenholme 1985)
b Unpublished data from J.L. Macfarlane, D.O. Clary, J.A. Wahleithner, R. Okimoto, and D.R. Wolstenholme

¢ Data from Clary and Wolstenholme (1985)
4 Data from Bibb et al. (1981)

cine (1), valine (1), threonine (1); Figs. 2 and 3].
However, the AGR codons in the F. hepatica mt-
protein genes correspond in position to more than
twice as many serine-specifying codons than to co-
dons specifying any other amino acid in the equiv-
alent D. yakuba and mouse protein genes. In view
of this and the findings that AGA and AGG specify
serine in other invertebrate mt-genetic codes (Wol-
stenholme and Clary 1985; Himeno et al. 1987;
Wolstenholme et al. 1987; R. Okimoto, J.L. Mac-
farlane, and D.R. Wolstenholme, unpublished data),
it seems reasonable to conclude that AGA and AGG
also specify serine in the F. hepatica mt-genetic code.

In A. suum mtDNA there is a gene for a tRINAser
with a UCU anticodon that is available to decode
all four AGN codons (Wolstenholme et al. 1987).
This is consistent with the finding that in mam-
malian mitochondria, a single tRNA with a U in
the wobble position of the anticodon can apparently
decode all four codons of a four-codon family (Bar-
rell et al. 1980). In mammalian mtDNA, in which
AGT and AGC (but not AGA and AGG) are used
to specify serine, the anticodon of the tRNA that
decodes these codons is GCU (Anderson et al. 1981;
Van Etten et al. 1982). A GCU anticodon is also
found in the single tRNA that recognizes the AGT,
AGC, and AGA serine-specifying codons in D.
yakuba mtDNA (Clary and Wolstenholme 1984),
implying either that the G in the wobble position
can pair with A or that the GCU-AGA anticodon-
codon interaction is dependent upon two out of three
pairing (Lagerkvist 1981). The anticodon of the F.
hepatica mt-tRNA that would be expected to rec-
ognize AGT and AGC codons is also GCU. If, in
accordance with what has been found in D. yakuba
and 4. suum mtDNAs, there is only one tRNA to
decode all four AGN codons in F. hepatica mtDNA,
then either the G in the wobble position of the GCU
anticodon would have to pair with both A and G
in AGA and AGG codons, or the two remaining
base pairs (G-C and A-U) must be sufficient to
stabilize the GCU-AGA and GCU-AGG interac-
tions. A similar situation seems likely in echino-

derms: only one mt-tRNAs>*AGN gene per mt-ge-
nome has been found, and all AGN codons are used
to specify serine in mt-protein genes (Himeno et al.
1987; Cantatore et al. 1988).

As ATA specifies methionine in the mt-genetic
code of all other metazoans examined (and yeast)
(Barrell et al. 1979, 1980; Hudspeth et al. 1982;
Wolstenholme and Clary 1985), we have tentatively
assigned methionine to ATA in the predicted amino
acid sequences of the three F. hepatica mt-protein
genes (Figs. 2 and 3). However, it is noted that com-
parisons of amino acid sequences of the F. hepatica
mt-protein genes and the equivalent D. yakuba and
mouse genes (Fig. 3) provide insufficient evidence
to confirm this assignment.

Conclusions

It is generally agreed that the ancestral line of mod-
ern Platyhelminthes diverged from the vertebrate
ancestral line before divergence from the vertebrate
line of the lines that led to nematodes and insects
(see for example Wilson et al. 1978). QOur finding
that AGA and AGG specify serine in the F. hepatica
mt-genetic code indicates, therefore, that the switch
in specificity of these codons from arginine to serine
must have occurred very early in, or before, the
evolution of metazoa.

Data from the present and other sequencing stud-
ies (Wolstenholme and Clary 1985; Himeno et al.
1987; Wolstenholme et al. 1987; Cantatore et al.
1988) suggest that the serine-specifying capacity of
AGA and AGG codons may have been retained in
all invertebrates. The apparent absence of AGG co-
dons from Drosophila mtDNAs may be a function
of the extremely low use of G in the third position
of codons in these mtDNAs (Clary and Wolsten-
holme 1985). In amphibian and mammalian mt-
protein genes AGA and AGG are either not used,
or they signal translation termination (see Bibb et
al. 1981; Roe et al. 1985). This further switch in
specificity could have taken place either just before



or following the development of vertebrates. If the
AGA and AGG codons that occur in the 3’ region
of some vertebrate mt-protein genes do, in fact, sig-
nal termination, then this could be accomplished
either by recognition of AGA and AGG by a protein
synthesis termination factor, or simply by failure of
the anticodon of any tRNA to interact with an AGA
or AGG codon. However, in the latter case, lack of
recognition of AGA and AGG by the tRNA that
decodes AGT and AGC (serine) codons must in-
volve more than specificity of the tRNA anticodon.
This is because the anticodon of the vertebrate
tRNA*AGY is GCU, the same anticodon that in
the Drosophila tRNA**AGY/A recognizes AGA as
well as AGT and AGC, and that in the F. hepatica
tRNA***AGN and the echinoderm tRNAs**AGN
may recognize all four AGN codons.

Our finding that F. hepatica mtDNA, like all oth-
er metazoan mtDNAs examined to date, contains
a gene for a tRNA*"AGN that has a dihydrouridine
arm replacement loop, indicates that loss of the di-
hydrouridine arm in this tRNA gene again occurred
at a very early time with regard to metazoan evo-
lution.

The relative arrangement of tRNA and protein
genes in the sequenced segment of the F. hepatica
mtDNA molecule suggests that there is a consid-
erable difference in relative gene order between the
mtDNAs of F. hepatica, nematodes, Drosophila,
echinoderms, and vertebrates. Such a difference is
consistent with the accepted evolutionary relation-
ships of Platyhelminthes to the other metazoans
whose mtDNAs have been analyzed: within verte-
brates (amphibia and mammals), mtDNA gene or-
der is identical; between vertebrate and Drosophila
mtDNAs there is a difference in gene order for only
11 tRNA genes, the 2 rRNA genes, and 5 protein
genes, but between mtDNAs of nematodes and Dro-
sophila, and nematodes and mammals extensive
rearrangements involving almost all tRNA, rRNA,
and protein genes have occurred (Bibb et al. 1981;
Clary and Wolstenholme 1985; Roe et al. 1983;
Wolstenholme et al. 1987).

Examination of metazoan mt-tRNA gene se-
quences indicates that the nucleotides that are highly
conserved in the dihydrouridine loop and TyC stem
and loop of prokaryotic tRNAs and eukaryotic nu-
clear-encoded tRNAs have been substituted or lost
in corresponding mt-tRINA genes at different times
in the various evolutionary lines. The finding that
tRNA genes of F. hepatica mtDNA, other than the
tRNA*"AGN gene, can be folded into four-armed
secondary structures suggests that mt-tRNAs con-
taining a TYC arm replacement loop are limited to
either nematodes or to nematodes and members of
closely related phyla. This supports the view that
loss of the TYC arm in mt-tRNAs occurred only
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once, sometime after the evolutionary lines that led
to nematodes and to higher invertebrates and ver-
tebrates diverged from each other (Wolstenholme
et al. 1987).
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