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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 
tRNA ala, tRNA asp, respiratory chain NADH dehy- 
drogenase subunit I (ND1), tRNA ash, tRNA pr~ 
tRNA ile, tRNAlyL ND3, tRNA~rAGN, tRNA tn', 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 tRNAse~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 T~bC arm replacement 
loop, found in nematode mtDNAs. The F. hepatica 
mitochondrial tRNAserAGN 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. 

Offprint requests to: D.R. Wolstenholme 
* Present address: Division of Hematology-Oncology, University 
of  Utah, Salt Lake City, Utah 84132, USA 

Key words: Fasciola hepatica -- Platyhelminthes 
-- Trematoda -- Mitochondrial DNA -- Mito- 
chondrial genes -- Nucleotide sequence -- Genetic 
code -- Gene arrangement -- Transfer RNA genes 
-- Evolution 

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 R N A  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 c 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 
ver tebra te  mtDNAs.  However ,  in D. yakuba  
mtDNA, AGA (but not AGG) 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 T T G  (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 than 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 mr-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-tRNAs there is considerable variation 
in both the size and the sequence of  the dihydrour- 
idine and T~bC 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 A. su u m  and C. elegans are un- 
usual in that each contains only three arms: in 20 
of  the 22 mt-tRNAs of  each species, the TffC 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 o f  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 o f  a standard 
dihydrouridine arm in the tRNA that recognizes 
mitochondrial A G N  codons must have occurred 
very early in, or before, the evolution of  metazoa. 

Materia ls  and M e t h o d s  

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 iysates of mitochondria by cesium chloride--ethid- 
ium bromide centrifugation (Wolstenholme and Fauron 1976). 

Fasciola hepatica mtDNA was digested with the restriction 
enzymes, BamHI, EcoRI, and HindlII, singly and sequentially, 
under conditions specified by the manufacturers, and the prod- 
ucts were analyzed in 1% agarose gels. HindlII-BamHI fragments 
of F. hepatica mtDNA were cloned into pUC8 DNA and am- 
plified in Escherichia coli JM101. A pUC8-cloned 2335-ntp 
HindlII-BamHI fragment was recloned into the DNAs of bac- 
teriophages M13mp8 and M13mp9 (Messing and Vieira 1982). 
EcoRl fragments ofF. hepatica mtDNA were cloned directly into 
Ml3mp8. Two of these EcoRI fragments (1344 ntp and 2116 
ntp) were shown by plaque hybridization (Maniatis et al. 1982) 
to overlap the 2335-ntp HindlII-BamHI fragment. Using dou- 
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Fig. l, A restriction enzyme c~eavage site map ~f the Fasci~a hepatica mtDNA m~ecu~e~ Beneath this map is shown the arrangement 
of genes within the 3466-ntp segment ~quenced. The eight tRNA genes are identified by the one-letter amino acid code. The three 
protein genes are subanit I of cytochrome c oxidase (COl)and subunits 1 and 3 of the respiratory chain NADH dehydrogenase (ND1 
and ND3). AH 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 extent and direction of individual sequences obtained, either :from the 
ends of various restriction fragments or from deletion subtS'agments of restriction fragrnents. The 5'-3' direction of the sequence of 
this mff)NA molecule ~gment given in Fig. 2 is from left to right. 

ble-stranded and single-stranded forms of the three M13-ml- 
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 
ti'om M 13rap8- or M 13 mp9-cloned fiagments by the extension- 
dideoxyribonucleotide termination procedure of Sanger et al. 
(1977), using [~:~P]dATP, Some sequencing reactions utilized 
otigonucleotide primers prepared in an Applied Biosystems Syn~ 
thesizer. When a baM compression was observed in a sequencing 
gel, an additional sequence dete~ination of tlhe fragment under 
study was made using d I ~  in place ofdGTP (Barnes et al. 1983). 
The sequencing strategies used are given in Ng. 1. 

Nucleotide sequences were assembled and analyzed using the 
computer compiling program of Staden (1982). Mitochondrial 
protein genes were identified and analyzed using tlhe FASTP and 
FASTN programs (Lipman and Pearson 1985)o Transfbr RNA 
genes were identified by eye, within sequences lying 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 trinucleotide in the anticodon position of the folded 
sequence. 

Results and Discussion 

Gene Content  and  Arrangement  

F r o m  analyses  o f  single a n d  doub le  digests o f  
m t D N A  o f  F: hepatica with B a m H I ,  EcoRI ,  a nd  
HindI I I  it was  d e t e r m i n e d  tha t  the  na t ive  m t D N A  
molecu le  is in the fo rm o f  a circle o f  a p p r o x i m a t e l y  
14,5 kb  (Fig. 1). T h e  comple t e  nuc leo t ide  sequence  
o f  a 3466-nuc leo t ide  pa i r  (ntp) segment  o f  the F. 
hepatica m t D N A  molecu le  was  c o m p i l e d  t ? o m  the  
sequences  o f  the  2 3 3 5 - n t p  H i n d I I I - B a m H l  frag- 
m e n t  and  two ove r l app ing  1344- and  2 1 1 6 - n t p  
E c o R I  f r agment s  (Fig. 1)~ Th i s  sequence  (.Fig. 2) 

con ta ins  three open  reading f rames  that,  f r o m  c o m -  
par i sons  o f  a m i n o  ac id  sequences  to  the  a m i n o  
acid  sequences  o f  p rev ious ly  ident i f ied mr-genes  o f  
m o u s e ,  Drosoph i la  yakuba ,  a n d  Ascar i s  s u u m  
m t D N A s ,  were identified as the genes for  N D  1, N D 3 ,  
and  C O L  Segments  o f  sequences lying ups t r eam f r o m  
the N D 3  gene, be tween  the  N D 3  and  N D 1  genes, 
a nd  berween the  N D I  a n d  C O I  genes can be  fo lded  
in to  the character is t ic  s econda ry  s t ructures  o f  mt -  
t R N A  genes that  con ta in  a n t i c o d o n s  expec ted  tb r  
t R N A  .~., tRNA-~v,  t R N A  .-~, t R N A  p~o, t R N A  i~, 
tRNA1YL a nd  t R N A  m' genes  (Fig. 4). A n  eighth se- 
quence ,  tha t  lies be tween  the  N D 3  gene a nd  the  
t R N A  t~p gene, can  also be  fo lded  in to  a s t ructure  
tha t  resembles  a t R N A  gene, bu t  this s t ructure  lacks 
a n o r m a l  d i h y d r o u r i d i n e  a r m  (Fig. 5). Because  a 5' 
G C T  is loca ted  at the  a n t i c o d o n  pos i t ion  o f  this 
s t ructure ,  a n d  for  o ther  reasons  d iscussed  below,  it 
is in terpre ted  as a t R N A ~ A G N  gene. T h e  5' ter- 
mina l  58 n tp  o f  the 3 4 6 6 - n t p  sequence  (Fig. 2) h a v e  
no t  been ident if ied wi th  cer ta inty,  but  a po r t i on  o f  
this sequence  can  be fo lded in to  a s e c o n d a r y  struc- 
ture  tha t  resembles  the a n t i c o d o n  and  T4~C a r m  o f  
a m t - t R N A  gene wi th  the a n t i c o d o n  (5' T A C )  ex- 
pec ted  for  t R N A  TM. T h e  T - t e r m i n a l  46 nuc leo t ides  
o f  the sequence  also have  n o t  been  identified.  

All  o f  the  three  pro te in  genes  a nd  eight t R N A  
genes w o u l d  be  t ranscr ibed  in the same  d i rec t ion  
(Figs. 1 a nd  2). The  overal l  o rde r  o f  the  1 1 genes is 
different f r o m  wha t  has  been repor ted  for  o the r  
m e t a z o a n  m t D N A s  (see Bibb  et al. 1981; Clary  an d  
W o l s t e n h o l m e  1985; W o l s t e n h o t m e  et al. 1987; 
Can t a to r e  et al. 19881). H o w e v e r ,  in b o t h  F. hepatica 



LRNA ala 
GAAI [CCTG [TTTACGCATAGGGGGAGAAGI I TiFCIGT[GCTAGrT~GAGGGGCTGG~ACGGTATAGI[TAAGTIGAGAIGTGTGCTCTGCGAGCA]TC 

N01 -,,,II~ 

L L K A F Y L G L S S F F A f V M i M V F V A F F M L G E R K V t 
GFTGTTGAAAGC[T FITATT[GGG[TTAAGT&GGTTT[rTGC[f [[G~ [#JAA/TATGGTi[ [TGTTGCAIT [[[/ATACTTGGTG#~GCGTAAGGTGTTG 

G Y M 0 I R K G P N K V G L W G i~ L 0 S F A 0 L M K I' V M K F K F 
G GTTAT A TG CAG AT TCG T AAGGGG C CT &A {AAGG T T GG T T [G T G AGG T TTG FIG C AG AGG [Tim CGG ATTTAATG A AGT7 A G IT AT A AAGTTT AAG r TTG 

V F F Q N R S W t S W Y G V u L L V { { ~ C G u C V L F F F S F G 
TGT T i TIT C AG AAT CGT AG T]GGT TGF CI TGG ]GG GG TG ] I ] A [ [ TG [ IGG T T T TG T TGG <: T G TG G G T A] [G TG T{] TTG IT TTT TTTT AGG TTTG{~ TGG 

V S S V K F M L W ~ L V V [ S M T G Y S L L S V G W 'G C Y K K F A 
TG TTAGTAG TG TTAAAT [IATG TTG [GG TI I TIAG TGGTTACT AG TA[G ACTGG ~] Al AGGTTG [T AAGTG TIGGTTGGGGTTG [TAT AAAAAG f TTGCT 

t V 5 C V R S A F: G S V S F E A ~; F M C I V V L V A [ V W G S Y G 
TTGGTI AG CTG 70 TT CG FTCTG CT TTTGGG [ C] GTTAGG ,~ L ~G AGG C ~ TG T T T[A IG [G I AT IG ] TG F T rlGG [ rG CAT TGGTTTGGGGG AGTTATGGTG 

V 5 C F G i F G G M W M V P V V Y ( W L G M L C E C N R T 
TTTCT [GY I I G I I  [GG T[~AA] TTGGTGGTATGI'~AAIGG [[G T~CCTGL%T|TATGGI'~IGFGGCTGGTGGG [AT/tT[ATGTGAA{GTAACCGTACTCC 

t O Y A ~ # ~7 S E L V S {'~ L N l E Y C V P F [ C L F & C s Y L [ 
AT TGG ATTATG CTG AGG C [ G AA AG]G A AT [ AGT [AG ',GG T T TG A A]AC TO AG[ AT [GTAATG rTCCTT/TAC[ [G[ Tr AT I TG CT TG TGAAT ATTTG M I  

~ :~ I f S W F S S L L F W f; f; 2; ~ v L. {; t. ~ L F H V ~ f F V W A 
AIT~GTAAI IT I  [7 ClrG&r/TTCT[CICTTT[ATTTTGGGGTGGTAGG[7[G~CCIAGG~TTGIjCT T[G [ [TCMGTTATGTTTTT]GTGTGAGCTCGTG 

& T L P R V R Y 7.] Y < V S F M W R Y A L L L L F S F F F V [ * * *  
CTAC!TTACC}CGTGT[CGGTATGATTAT]TIGITAG[[Y rATGIGGCGT[A[[~CTCITTi~ 

t R N A a S n ~  . . . . . . . . . . .  t R N A P r O ~  
TTTGG~TGCGTGT~GAT~A~M~GGTAAAA~[CG~GGCTGTT&AC~T~GAG~TG~TGTG~TG~CCGCG~AC~G~ATGTTG~AGTTT~GT~GT~T~A 

. . . . . .  tRNAi]e~ ___ 
TGAAGA#~GC[AGC[~T`GGGGGT~GGAGGTCTC~GG~T~GG~GTTGG~G~!~GG~&G~GCTGCG~`~&~AGGTTAs 
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ND3 --,ID- 
tRNA I y s ~  ---~ N L F F A 

TTTC[ r CG I CGG []AII IE ]GG G GG r #tG C TT A AG A TT A A AG F7 TGG A A[T C T T ACT [ CTA,~G AT AT C T GG [ [ I GG M I C [ 1 C A ~  [G I T GT T T T TTG C TG 

V L G i. L F F L i F F L V [ 7 ~ H A F L W ~ L 0 L G I F S G E R S W 
7TTTGGGGTTGTIGTTITTrTTGAI711 I;rTTTTGGTTilGGTT []~CATGCTT] I TTGTGGAAIITAGATTTGGGGATTTT~TCTGGTGAACGTTC~TG 

V S S" F E C G F L S Q 17 v E N Y F S 7 T Y F i L L V F F i' V F D 
GGTTAGTTCTTTTGAGTGTGGG ~,II~G~T~AGCG~G7GAc~[G#GAA[TA~TT1`~GG~ACT~MTTTAI~CTTTTGG~GTT`T~TTBTGGTTTT~GAT 

L E V S L L L K M P L Q G 'i L "f K K F F S Y L F F L V L L G I G F 
C [TG&GGTTT CTTTA] TGTTG AAAATG(~C r cT T C,~GGGGGTG [lG T A[ AAGAAAT I T TTI AGG TATTTG I [  [ i  T [ TGGTi TTG [ l AGG TAT [GGGTTTT 

. . . .  sel ~ 

L V E ~} R R G Y V R W ,4 Y * * *  tRNAAGN " 
TGGT AG AGG 17 CG C CG AGGTT ATG T T CG ~ TG AG <T 7 AT T AGG G T ~ [ '~  AGG ~Y] TGIT AG G ~ TG T CG C TG CTAA CG A IG A ITTGGG C TTTGG T TG CT CGG T 

LRNA t r p ' ' D ~  - - -  M S ~4 L 
~ T T A G  []AG TG A[ C[AGG liar[ !/GGAC [G C TG TI FT CAAAAC#~GG &GG TGGC [T/GGI CGGT/GC [~TC TG TGAAGTATATGAG TT'GGTTGT 

F T L [] N K R V G L I Y M I G L W G G F F G [ S L S V L V R L N # 
r T A CG TTGG AT C#J AAG CGTG TTGG TTTr] A; TF A! ATGt; TT A TTGGI C [TTGGG OGGGTT~ Y ~T GGIC[7~'CTT[G ;~GGGTG TTGG TTCG TTTG AATT A 

L D P' Y F N L V S P E V Y N 'F V V T G ~7i G I M M [ F F F L M P V L 
[TTAGA[CCA[A[T[TAA[]TGGTT[CICCTGAAGIIIAI'AAfI-AIGI]GIHAC~GGGs ATAAIGATTT[I [TCT~TTTGATGCCGGTGTTG 

[ G G F G N Y L L P [, L L i P L K L P R L N A L A W L L L P 
A T]'G G G G G TT T I GG T A AT T ATTT G TTG C C C T 7 AT TG [ I AGG G AT ~ C C I G AT ~ I G A AT I !G s CG A A A]G C7 I [G &G TG C[ T'GG TTG l" T ATT~ C CTG 

A C V i" L S F G k M G G V V G W T F Y P P L S S L D Y S S W B V {) 
CT FG TG TT T~ TTTG I C [T [ ]GB I I TGAT AGGGGG [G [ AGG TGT TGG TTGAACTTI Fr ATCCGCC, CT TT CT AGG TTG~AT[ AT ~ CT AGGTGGGGGGTTGA 

F L M F S L H L A # V S S L L G S i K ~ I C T I L E V M L D E ~ T 
T [ rT[TGATGTTI [CTC[ I CA [/TGGCFGGGG f TTCIAG ICl i{[&GG~[CIATTAAMT~A~T~G[ACT#~-f]#,GAGGTTATGTTGGATSAGGGTACG 

G R H S I i. V W A Y L F T S V L L L S t P V L A A 1 T M L L F 
GGTCGGCATAG [ A [ [ [TGG i YTGGG C]T ATC TG rTTAC [ [C TGT T IT ATTGr TG [ TGTC A] ~GCC TG i I TTGGCT{~ CTG CT ATTACT ATG] TGTT ATTTG 

Fig. 2. Cont inued on next page 
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O R K F G S A F F D P M G G G D P V L F Q H L '~, F F G H P E V Y 
A~CGtAAATTfGGCTCI~GCTTfrTTTGATCCT~,TGGGAGGTGGGGATCC GTTTr#~TTTCAGCA[TTGIIT G~S!I[IITT~GGGCATCCTG~GGTT~ATGT 

L I L P G F G V ! S H C V T L T N N 9 S L F G Y Y G L I L A M A 
T TTG AT TTTA C C CGGG TT~GGGGTT ATT A6T CAr ATT rG TG TGA CI C~ Ar~ CTAAT AATG ATT C f rTQTTTGGTTATTATQGT CTTATTTT AG CF A TGG CT 

A M V C L G S V V W A H H M F M V G L [3 V H I ~ A V F r S S V I M V 
G C [AIAG TATGTI T AGG TAG T~-TTG T [TGGG CTCA r CAt ATG TTT~IGG TG(~GTTTGG A]G IG CAT ACfG CTG rI[ [I IITA ;TTCTG ~TACT ATGGTTA 

I G I ~ T G I < V }- S W L M M L G r~ G S s V R M W D P V V W W I ~< G 
TTGG]ATf~C'A~GGG~AT.~AAGG~[C1TT~C1GG~1.GATA~rGTTGGGGGGGGG[AGTT~TG~TCGTAT~TGG~ATCCTGT TGIGTGGTG,~AITAIAGG 

F I V L F T I G G 'i T G i M L S A S (. D T L L H D T ',~ F V V A H 
G [TTA TG rTTT ATT T A CTA I TGGTGGGG H A C IGG [AT~ A G CT IT CTG CT BL'T CTTTTGG AT ACTT ;G CTrCAT5 AT ACA TGG ~T~G [GG JIG C~ CA I 

H Y '~' S L G S Y S S ~ I S F: i W W N P V '~' T G Y S L N L F ~ 
T TCA~TA[GT ~Tt~T1AGGATCT~ATAGAAGTG~GrrAI~C~TTTAT1TGGIGGTGGCCTGTT~TGACTGGTTATAGH~TGBA~CBT!~CA~rGT 

L 0 G H W V ~' S M V ; ~ N M C F F P M H Y L G M A G L P R R V C V 
iGCAAGG ; ~'A [~GGG II6 tl fCTATGGTTL~GG TTTAATATGTGTTTFTTCCCTATGCACTACCTTGGTA[GGCGGGGTTGCCTCGCCGGGTT FGTGT FA 

J P D F Y W L S V " S S L G A L V L A G S A F L F V F [ L E S F 
TGAI ,}CGG AT l l TTA [TGG CTTAG TGTTGTTT CTAG [ TTAGG TG CTC [ [G TTCTGG CAGG I ~G tGCCT TT ;" TG l FIG TGTTT ATTTTGTGG~ AGTCCTTT 

V V G N C V 'i S S W G S S S L V N V i T L P G P (~ H N S Y M N G 
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Fig. 2, Continued from previous page. Nudeotide sequence of tt~e 3466-ntp segment of the Fascio]a hepatica mtI)NA molecule 
shown in Fig. 1. From considerations of  amino acid sequence similarities to mouse, Drosophila yakuba, and Ascans suum mtDNAs 
(Bibb et al. t 98 t; Clary and Wolstenholme 1985; R. Okimoto, J.L. Mact~rlane, D,O, Cla~, J.A~ Wahleitbner, and D.R. Wolstenholme, 
unpublished data), this sequence contains the genes for cy*;ochrome c oxidase, subunit I (COl), and the respirator '  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 strand for the 11 genes; all of these genes are transcribed (arrows) in 
the same dire~:tion, Asterisks indicate termination codons. 

and mammalian mtDNAs the ND 1 and COI genes 
are separated by a single protein gone: ND2 in mam- 
mals and ND3 in F. hepatica. Also, in tL hepatica 
mtDNA, as in mammalian mtDNAs, the tRNA ~ 
gone ties between the ND1 gone and the downstream 
protein gone, and the tRNA ~' gone lies between the 
COI gone and the upstream protein gone. However, 
other tRNA genes found in these locations ditt~r in 
mammalian and ~i hepatica mtDNAs. 

Protein Genes 

Similarities of  the predicted amino acid sequences 
of  the three F. hepatica rot-protein genes and the 
corresponding genes of  A. 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 
COI genes (45.2% to 47.6%)~ Alignments of  the ami- 
no acid sequences of  the F. hepatica COI, NDt ,  and 
ND3 genes with the D. yakuba and mouse COI, 
NDI ,  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) COl proteins. There are internal codon in- 
sertions/deletions as well as codon differences al the 
beginnings and ends of  the COI genes of  the three 

Table 1. Amino acid sequence similarities (percentage identity) 
of the COl, NDI, and ND3 genes of Fasciola hepatica with tile 
corresponding genes of Ascaris suum. Drosophh~a yakuba, and 
m o u s r  .~ 

Gone 

Spec ies  C O l  N D 1 N D 3  

A. suum 45.2 33.0 35.1 
D. yakuba 4%2 33.5 25.8 
Mouse 47.6 29.6 24.2 

" Data for A. suum, D, yakuba, and mouse are taken from J.L. 
Madhrtane, D.O~ Cla~', J.A. Wahlei,hner, R. Okimom, and 
D.R. Wolstenholme, unpublished; Clary and Wolstenholme 
(1985); and Bibb et al. (1981) 

species. The f :  hepatica NDI protein (301 amino 
acids) is predicted again to be smaller than the D. 
yakuba and mouse ND 1 proteins (324 and 315 ami- 
no acids, respectively). There are variations in co- 
don numbers at the beginnings and ends of the three 
ND 1 genes, and there appear to be substantial codon 
insertions/deletions toward the 3' end of  these genes. 
A greater size (118 an-fino acids) is predicted for the 
F. hepatica ND3 protein than for the D. yakuba (117 
amino acids) and mouse (114 amino acids) ND3 
proteins. 

As in other metazoan mtDNAs, there are few or 
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Fig, 3. Comparisons of the amino acid sequences ofCOI, ND1, and ND3 pl~dicted from the nucleotide sequences of  the respective 
genes of mtDNA of Fasciola hepatica with the corresponding amino acid sr of  Drosophila yakuba (Clary and Wolstenholme 
1985) 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 NDI,  a terminal T, 

no nucleotides between the various I~ hepatica mt- 
genes. All three of  the F. hepatica mr-protein genes 
end with TAG (Fig. 2). Both the ,~ h~Tatica COI 
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 tRNA ~p gene 
(Fig. 2). 

In mammalian mtDNA, all ATN codons, and in 
D yakuba 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 o f  GTO (ratine; including the mouse ~ 1  gene) 
and in one case ATAA (the COI gene of Drosophila) 
as translation initiation codons in mr-protein genes 

have aiso been presented (see Clary and Wolsten- 
holme 1983b, 1985 for discussion). Fu~her, there 
is 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 NDI  gene is located 61 nt 
downstream from the 3' end of  the tRNA "~p 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 ND1 gene. 
However, beginning 4 m downstream from the F. 
hepatica tRNA ~p 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 



380 

Fig. 4. Sever~ tRNA genes of f~scio[a hepatica mtDNA shown in l.he presumed secondary structures of the corresponding tRNAs. 
The numbers shown on tRNA "~" correspond to those used in Table 2 and follow the numbering system tbr yeast tRNA ph~ (Sprinzl et 
at. 1987). 

the above  considerat ions  it seems plausible that  
ei ther G T G  or T T G  could be the t ranslat ion initi- 
ation codon of  the F. hepatica N D  1 gene. 

Transfer RASI Genes 

Each o f  the tRNA~% tRNA~'% t R N A  ~v, tRNA~% 
t R N A  ~y~, t R N A  p~~ and t R N A  t~p genes identified in 
the F. hepatica mtD~-,lA sequence can be folded into 
the four -a rm c lover leaf  s tructure characterist ic o f  
a lmos t  all known t R N A s  (Sprinzl et al. 1987). The  
ma jo r  structural features o f  these seven F. hepatica 
t R N A  genes resemble  those o f  t R N A  genes fi 'om 
m a m m a l i a n  and  D. yakuba m t D N A s  (Fig. 4). The  
I~i hepatica m t - t R N A  genes range in size f rom 62 
nt ( t R N A  ~e) to 70 nt ( tRNA "-~) and vm3~ in their  

sequence similari ty to the corresponding mr-genes 
o f  D. yakuba f rom 35.3% (asp) to 44.8% (ala), and  
to the corresponding m t - t R N A  genes o f  mouse  f rom 
36.6% (asp and lys) to 59.4% (pro). There  is strict 
conservat ion of  the size o f  the aminoacy t  s tem (7 
ntp, with the possible exception of  tRNAw~:' - -  see 
below), the ant icodon s tem (5 ntp) and  the ant ico-  
don loop (7 nt), and the dihydrourJdinc s tem (4 ntp). 
The d ihydrour id ine  loop ranges f rom 4 to 11 nt and 
the variable loop (between the an t icodon s tem and  
the Tr s tem) is 5 nt  in the t R N A  ~I~ gene and  4 nt  
in each o f  the remain ing  six t R N A  genes. The  T~pC 
s tem ranges tkom 3 to 5 ntp  and  the T ~ C  loop is 
ei ther 3 or 4 nt. However ,  the number s  o f  nucleo- 
tides in the T ~ C  s tem and  loop are l imited m three 
combinat ions :  a s tem o f  3 ntp and a loop o f  4 nt 
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Fig. $. Comparisons of the genes for the tRNA ":~ that recogniT_es AGN, AGY/A, or AGY eodons in mtDNAs oftJ~ciola hepatica, 
Ascaris suum, Drosophila yakuba, and mouse. The latWr three sequences are taken fi:om Wolstenholme et N. (1987), Clm2~ and 
Wolstenholme (1984), and Van Ellen et al. (1982). In the diagram of the F. hepatica tRNA~*AGN gene, possiNe seconda~, interactions 
between nucleotides in the dihydrouridine arm replacement loop and the variable loop (dotted lines) and possible tertiary interactions 
(solid lines) similar to those proposed for tRNA~AGY of Novfiae and other mammMian mit~hondria (de Bruijn and Klug 1983) are 
shown. The numbering of F. hepatica tRNA~AGN is specific for ~is gene. 

(tRNA ~~ tRNA ~, and tRNA~'v); a stem of 5 ntp 
and a loop of  3 nt (tRNA~% tRNA ~ys, and tRNA,":'); 
a stem of  4 ntp and a loop of  4 nt (tRNA'~"). Also, 
only G and T nucleotides are found in the Tr 
loops. In each of  the tbur tRNA genes that contain 
4 or 5 ntp in the Tr stem, two G. T pairs close the 
stem. Among the 28 stems of  the seven k\ hepatica 
tRNA genes, G *T pairs are absent from only five 
(Tr stem, tRNA"~; dihydrouridine stem, tRNA~"; 
dihydrouridine, anticodon, and Tr stems, tRNA~ L 
Although G . T  pairs are found in some of  the tRNA 
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. 
yakuba mtDNA (Bibb et al. 1981; Clary et ak 1982, 
1984; Clary and Wolstenholme 1983a,b, 1984). In 
the corresponding mt-tRNA genes of  A. suum that 
lack the T~bC arm, G. T pairs are found in 12 of  the 
2t stems (Wotstenhotme et ak 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 mt-tRNA gene stems, it is rel- 
evant to note that Freier et al. (1987) recently have 
shown significant negative fi'ee energy changes to be 
associated with G . U  pairs in RNA secondary struc- 
tures. It is likely, therefore, that the contribution of  
G: U pairs to tRNA stability is greater than expected 
from previously reported free energy increments 
(Borer et ak 1973; Bloomfield et at. 1974). Also, 
with regard io stem stability, it is noted that al- 
though there is a low ~equency o f  C nucleotides in 
the sense strand o f  the 1s hepatica m H R N A  genes 
(12.2% versus 9,2% for protein genes, T a r e  4) there 
is at least one G - C  pair in all o f  the 28 stems of  the 
seven F. hepatica mt-tRNA genes, except two, the 
dihydrouridine stems o f tRNA ")" and tRNA p~~ Fur- 
ther, only lhr~e mismatched nucleotide pairs are 
found among the stems of  the seven tRNA genes: a 
T T pair at the top o f  the anticodon stem of  the 
tRNA "~" gene; a G G pair and an A C pair in the 
aminoacyl stems of  tRNA "~" and tRNA~% respec- 
tively. 

In order to fold the tRNAP" into a cloverleaf 
structure with a fully paired aminoacyl stern it is 
necessary to permit either nucleotide T4 or nucleo- 
tide Ts to loop out (Fig. 4). The occurrence of  a 
similar loopout (ofn ucleotide T.0 has been suggested 
tbr the aminoacyt stern of tRNA p~" of  D. yakuba 
(Clary et at. 1984). 
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As has been found for other metazoan m t - t R N A  
genes, the trinucleotide CCA that occurs at the 3' 
end of  eukaryotic nuclear-encoded t R N A  genes and 
some prokaryotic  t R N A  genes is absent f rom this 
position in F. hepatica m t - t R N A  genes. 

There is variat ion among  vertebrate and D. 
yakuba m t - t R N A  genes regarding the presence o f  
nucleotides that are either invariant  or semi-invar-  
iant among  prokaryotic  t R N A s  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 Wols tenholme 1985; Roe et al. 
1985). The least conserved of  these nucleotides are 
those that are normally found in the dihydrouridine 
loop and TffC loop; among  metazoan  m t - t R N A  
genes these loops have considerable differences in 
size as well as sequence. A m o n g  the seven F. hepatica 
m t - t R N A  genes many  of  the invariant  and semi- 
invariant  nucleotides o f  prokaryotic  t R N A s  and eu- 
karyotic nuclear-encoded t R N A s  that lie mainly 
outside o f  the dihydrouridine and TffC loops occur 
with high frequency (Table 2). These are the nu- 
cleotides that show the greatest degree o f  conser- 
vat ion in mouse,  D. yakuba, and A. suum m t - t R N A  
genes (Bibb et al. 1981; Clary and Wols tenholme 
1985; Wols tenholme et al. 1987). The G~ ~--C24 pair 
(rather than the standard pyrimidine~ ~-purine24 pair) 
in the F. hepatica m t - t R N A  m' gene is also found in 
the m t - t R N A  m' genes o f  A. suum, D. yakuba, and 
various vertebrate m t D N A s  (Wolstenholme et al. 
1987). The standard T33 nucleotide in F. hepatica 
m t - t R N A  a~ is a C as is the case in m a m m a l i a n  mt-  
t R N A  f-~r genes (Bibb et al. 1981; Anderson et al. 
1982a): 

The ant icodon of  the t R N A  transcribed f rom the 
F. hepatica t R N A  ~y~ gene would be C U U  (Fig. 4), 
rather than U U U  expected for a t R N A  that recog- 
nizes both  A A A  and A A G  codons. Although the 
t R N A  ly~ genes o f  vertebrate and A. suum m t D N A s  
have a T T T  anticodon, the t R N A  lys gene olD.  yakuba 
and mosqui to  (Aedes albopictus) m t D N A s  also con- 
tain a CTT  ant icodon (Bibb et al. 1981; Clary and 
Wols tenholme 1983a; HsuChen  et al. 1983; Wol-  
stenholme et al. 1987). As in F. hepatica m t D N A ,  
both A A A  and A A G  codons  are used in D. yakuba 
mt-prote in  genes. The only other  case o f  a C in the 
wobble posit ion o f  the ant icodon among metazoan  
m t - t R N A  genes is the 5' CAT anticodon o f  all known 
t R N A  f-met genes. In this case, the C appears to rec- 
ognize A T A  and A T G  codons  and also A T T  and 
A T C  codons when they occur as translation initia- 
t ion codons (Bibb et al. 1981). 

The F. hepatica sequence that we have inter- 
preted as a mt-tRNA~e~AGN gene has m a n y  o f  the 
features found in the corresponding mt-gene o f  ver- 
tebrates, D. yakuba, and A. suum (Fig. 5). The seg- 
ment  ofnucleot ides  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) a 

Nucleotide 

or F. hepatica tRNA gene 
nucleotide 
combina- ser- 
tion b ala asn asp ile lys pro trp (AGN) 

*T8 + + + G + + + o 
A9 + + + G + + + o 
RI0--Y25 + + + CG + + + o 

*Y1 I-R24 + AT + + + + GC o 
Y 13-R22 + + + + + + + o 

*A14 + + + G + + + o 
*R21 + + + + + + + o 
R26 + + + + T + + o 
Y27-R43 TT + + + + + + + 

*Y32 + + + G + + + + 
*T33 C + + + + + + + 
*R37 + + + + + + + + 

The numbering system used is that given for yeast tRNA ph" 
(Sprinzl et al. 1987) and the numbers correspond to those shown 
on tRNA a~a 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 ant icodon stems, that  in other  t R N A  genes can 
be folded into the dihydrouridine stem and loop, 
comprises a loop (the dihydrouridine arm replace- 
m e n t  loop)  o f  on ly  7 n t  in the  F. hepatica 
mt-tRNAserAGN gene. The remaining secondary 
structural features o f  this t R N A ~ r A G N  gene are 
consistent with those o f  other  m t - t R N A  genes: an 
aminoacyl  stem of  7 ntp, an ant icodon arm with a 
stem o f  5 ntp and a loop of  7 nt, a variable loop o f  
4 nt, and a T~C arm with a stem o f  4 ntp and a 
loop of  7 nt. Also, the ant icodon loop contains the 
highly conserved Y32, T33, and R37 nucleotides (Ta- 
ble 2). In the F. hepatica t R N A  predicted from the 
tRNAserAGN gene (Fig. 5), the last 4 nt o f  the di- 
hydrouridine a rm replacement loop (All, G12, C13, 
Tt4) could pair with the 4 nt o f  the variable loop 
(A32, T33 , T34 , T35), thus greatly extending the an- 
t icodon stem. A similar extension would be plau- 
sible in the tRNAserAGY of  m a m m a l s  and the 
t R N A s ~ A G Y / A  o f  Drosophila, but not  in the 
tRNAs"rAGN gene ofA. suum (Fig. 5). A model  for 
the tertiary structure o f  bovine  tRNA~rAGY,  which 
resembles that o f  yeast t R N A  ph" (Kim 1979) but  is 
smaller and involves a unique set o f  interactions, 
has been derived by de Bruijn and Klug (1983). Both 
secondary and tertiary interactions similar to those 
proposed for the m a m m a l i a n  tRNAs"rAGY 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 CCC 2 
CTA 2 CCA 2 
CTG 3 CCG 4 

lie 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 

Gin 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~rA G N  
gene: the aforement ioned pairing between nucleo- 
tides in the dihydrour idine  arm replacement  loop 
and the variable loop; three tertiary interactions be- 
tween nucleotides in the dihydrour idine  arm re- 
placement  loop and the T~C loop (Gs-T45 , T9-G44 , 

T 1 0 - G J ;  T34 in the variable loop and G43 in the 
TffC loop (Fig. 5). Also, the intraloop interact ion 
between the first and fifth nucleotides o f  the TffC 
loop that  is a U - A  pair  in both  bovine mt-  
tRNA~rAGY and yeast tRNA ~he might  occur but  in 
the form o f a  U.  G pair (T40"-G44). Similar secondary 
and tertiary interactions are possible in the D. yak- 
uba t R N A s e r A G Y / A  (Clary and  W o l s t e n h o l m e  
1984), but  most  seem unlikely to occur  in the A. 
suum tRNAs~rAGN (Fig. 5). 

Codon Usage, Nucleotide Composition, 
and the Genetic Code 

Codon  usage among the three F. hepatica mr-protein  
genes is summar ized  in Table 3. The frequency o f  
codons ending in G (27.8%) or T (60.8%) is re- 
markably high (88.6%) compared  to D. yakuba and 
mouse  m t D N A s  and reflects the overall nucleotide 
composi t ion  o f  the sense strand o f t h e  three protein 
genes (Table 4). A high frequency o f  codons ending 
in G or T has also been found in A: suum mt-prote in  
genes (Table 4; Wols tenholme et al. 1987). Codons  
ending in C are rare in F. hepatica m t D N A  as is the 
case in both D. yakuba and A. suum mtDNAs,  but  
not  in mammal i an  mtDNAs.  Among  D. yakuba and 
mammal i an  m t D N A s  the ratio o f  T T R  to C T N  trip- 
lets used as leucine-specifying codons is posit ively 
correlated with the differential use o f  T and C nu- 
cleotides in the third posi t ion o f  codons (Clary and 
Wols tenholme 19 8 5). Data  f rom the F. hepatica rot- 
protein genes support  the validity o f  this correlation: 
the ratio o f T T R : C T N  codons is 4.8:1 and the ratio 

o f  T:C nucleotides in the third posi t ion o f  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-prote in  genes 
except CTC (leucine), T C G  (serine), ACC (threo- 
nine), G A C (aspartic acid), and T G C  (cysteine), all 
o f  which contain at least one C, the least frequently 
used nucleotide in the sense strand o f  these genes 
(Table 3). 

Internal T G A  codons occur in each o f  the three 
F. hepatica mt-prote in  genes (Fig. 2 and Table 3). 
O f  a total o f  eight T G A  codons,  five and four cor- 
respond in posit ion to t ryptophan-specifying codons 
(TGA or T G G )  in the corresponding D. yakuba and 
mouse  mt-prote in  genes, respectively (Figs. 2 and 
3). This is consistent with the interpretat ion that  in 
F. hepatica m tD N A ,  as in other  metazoan  m t D N A s  
(and fungal mtDNAs) ,  T G A  specifies t ryptophan 
(Barrell et al. 1979, 1980; Fox 1979; Bonitz et al. 
1980; H e c k m a n n  et al. 1980; Clary and Wolsten- 
holme 1985). The  much  higher ratio o f  T G G : T G A  
codons (29:8) in F. hepatica than in D. yakuba 
m t D N A  (6:96) and mouse  m t D N A  (7:97) reflects 
different proport ions  o f  G and A nucleotides in the 
sense strands o f  these three respective m t D N A s  (Ta- 
ble 4). 

Twelve A G G  and A G A  triplets occur as internal  
codons among the F. hepatica COI, ND1,  and N D 3  
genes (Fig. 2 and Table 3). None  o f  these 13 codons  
correspond in posit ion to codons (CGN) specifying 
arginine in the D. yakuba and mouse  COI, ND1,  
and ND3 genes (Figs. 2 and 3). In the three F. 
hepatica rot-protein genes, the 13 A G G  and A G A  
codons correspond in posi t ion to codons that  specify 
a total o f  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 b 51.8 8.0 18.7 21.5 29.5 73.3 62.7 2.4 11.5 23.4 25.8 86.1 
D. yakuba r 44.4 11.1 32.3 12.2 23.3 56.6 48.4 3.3 45.4 2.9 6.2 51.3 
Mouse d 29.4 26.0 33.2 11.4 37.4 40.8 22.9 27.4 46.6 3.2 30.6 26.1 

, Data for mouse mtDNA are derived from all protein genes except the ND6 gene as the frequency ofnucleotides 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 
c Data from Clary and Wolstenholme (1985) 
d Data from Bibb et al. (1981) 

cine (1), valine (1), threonine (1); Figs. 2 and 3]. 
However ,  the A G R  codons in the F. hepatica mt-  
protein genes correspond in posi t ion to more  than 
twice as m a ny  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  A G A  and A G G  specify 
serine in other  invertebrate  mt-genetic codes (Wol- 
s tenholme and Clary 1985; H i m e n o  et al. 1987; 
Wols tenholme et al. 1987; R. Okimoto,  J.L. Mac- 
farlane, and D.R. Wolstenholme,  unpublished data), 
it seems reasonable to conclude that A G A  and A G G  
also specify serine in the F. hepatica mt-genetic code. 

In A. suum m t D N A  there is a gene for a t R N A  scr 
with a U C U  ant icodon that is available to decode 
all four A G N  codons (Wolstenholme et al. 1987). 
This is consistent with the finding that in mam -  
malian mi tochondr ia ,  a single tRNA with a U in 
the wobble position o f  the ant icodon can apparent ly 
decode all four codons o f  a four-codon family (Bar- 
rell et al. 1980). In mammal i an  mtDNA,  in which 
A G T  and AGC  (but not  A G A  and AGG)  are used 
to specify serine, the ant icodon o f  the tRNA that  
decodes these codons is G C U  (Anderson et al. 1981; 
Van Etten et al. 1982). A G C U  ant icodon is also 
found in the single tRNA that  recognizes the AG T,  
AGC,  and A G A  serine-specifying codons in D. 
yakuba m t D N A  (Clary and Wols tenholme 1984), 
implying ei ther that the G in the wobble posit ion 
can pair  with A or that  the G C U - A G A  an t i codon-  
codon interaction is dependent  upon two out o f  three 
pairing (Lagerkvist 1981). The  ant icodon o f  the F. 
hepatica m t - t R N A  that  would be expected to rec- 
ognize A G T  and A G C  codons is also GCU.  If, in 
accordance with what  has been found in D. yakuba 
and A. suum mtDNAs,  there is only one tRNA  to 
decode all four  A G N  codons in F. hepatica mtDNA,  
then ei ther the G in the wobble posi t ion o f  the G C U  
ant icodon would have to pair  with both  A and G 
in A G A  and A G G  codons, or the two remaining 
base pairs (G-C  and A - U )  must  be sufficient to 
stabilize the G C U - A G A  and G C U - A G G  interac- 
tions. A similar si tuation seems likely in echino- 

derms: only one mt-tRNAs~rAGN gene per mt-ge- 
n o m e  has been found, and all A G N  codons are used 
to specify serine in mt-prote in  genes (Himeno  et al. 
1987; Cantatore et al. 1988). 

As A T A  specifies methionine  in the mt-genetic 
code of  all o ther  metazoans  examined (and yeast) 
(Barrell et al. 1979, 1980; Hudspe th  et al. 1982; 
Wols tenholme and Clary 1985), we have tentat ively 
assigned methionine  to A TA  in the predicted amino 
acid sequences o f  the three F. hepatica mt-prote in  
genes (Figs. 2 and 3). However ,  it is noted that com- 
parisons o f  amino acid sequences o f  the F. hepatica 
mt-prote in  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 o f  mod-  
ern Platyhelminthes  diverged f rom the vertebrate  
ancestral line before divergence f rom the vertebrate  
line o f  the lines that led to nematodes  and insects 
(see for example Wilson et al. 1978). Our  finding 
that  A G A  and A G G  specify serine in the F. hepatica 
mt-genetic code indicates, therefore, that the switch 
in specificity o f  these codons f rom arginine to serine 
must  have occurred very  early in, or before, the 
evolut ion o f  metazoa.  

Data f rom the present and other  sequencing stud- 
ies (Wolstenholme and Clary 1985; H im en o  et al. 
1987; Wols tenholme et al. 1987; Cantatore  et al. 
1988) suggest that the serine-specifying capacity o f  
A G A  and A G G  codons m ay  have been retained in 
all invertebrates.  The  apparent  absence o f  A G G  co- 
dons f rom Drosophila m t D N A s  may  be a funct ion 
o f  the extremely low use o f  G in the third posi t ion 
o f  codons in these m t D N A s  (Clary and Wolsten- 
holme 1985). In amphib ian  and m am m al i an  mt-  
protein genes A G A  and A G G  are ei ther not  used, 
or they signal translation terminat ion  (see Bibb et 
al. 1981; Roe et al. 1985). This  further switch in 
specificity could have taken place ei ther just  before 
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or following the development  o f  vertebrates. I f  the 
A G A  and A G G  codons  that occur in the 3' region 
of  some vertebrate mt-prote in  genes do, in fact, sig- 
nal termination,  then this could be accomplished 
either by recognition o f  A G A  and A G G  by a protein 
synthesis terminat ion factor, or simply by failure o f  
the ant icodon o f  any t R N A  to interact with an A G A  
or A G G  codon. However ,  in the latter case, lack o f  
recognition o f  A G A  and A G G  by the t R N A  that 
decodes A G T  and A G C  (serine) codons must  in- 
volve more  than specificity o f  the t R N A  anticodon. 
This is because the ant icodon of  the vertebrate 
tRNAserAGY is GCU,  the same ant icodon that in 
the Drosophila t R N A ~ r A G Y / A  recognizes A G A  as 
well as A G T  and AGC,  and that in the F. hepatica 
tRNAscrAGN and the echinoderm tRNA'e rAGN 
ma y  recognize all four A G N  codons. 

Our finding that F. hepatica m t D N A ,  like all oth- 
er metazoan m t D N A s  examined to date, contains 
a gene for a tRNA~erAGN that has a dihydrouridine 
arm replacement loop, indicates that loss o f  the di- 
hydrouridine arm in this t R N A  gene again occurred 
at a very early t ime with regard to metazoan evo- 
lution. 

The relative arrangement  o f  t R N A  and protein 
genes in the sequenced segment o f  the F. hepatica 
m t D N A  molecule suggests that  there is a consid- 
erable difference in relative gene order between the 
m t D N A s  of  F. hepatica, nematodes,  Drosophila, 
echinoderms,  and vertebrates. Such a difference is 
consistent with the accepted evolut ionary relation- 
ships o f  Platyhelminthes to the other metazoans  
whose m t D N A s  have been analyzed: within verte- 
brates (amphibia and mammals) ,  m t D N A  gene or- 
der is identical; between vertebrate and Drosophila 
m t D N A s  there is a difference in gene order for only 
1 1 t R N A  genes, the 2 r R N A  genes, and 5 protein 
genes, but between m t D N A s  o f  nematodes  and Dro- 
sophila, and nematodes  and mamm al s  extensive 
rearrangements involving almost  all tRNA,  rRNA,  
and protein genes have occurred (Bibb et al. 1981; 
Clary and Wols tenholme 1985; Roe et al. 1985; 
Wols tenholme et al. 1987). 

Examinat ion o f  metazoan m t - t R N A  gene se- 
quences indicates that the nucleotides that are highly 
conserved in the dihydrouridine loop and T~kC stem 
and loop o f  prokaryotic  t R N A s  and eukaryotic nu- 
clear-encoded tRNAs  have been substituted or lost 
in corresponding m t - t R N A  genes at different times 
in the various evolut ionary lines. The finding that 
t R N A  genes o f  F. hepatica m t D N A ,  other than the 
tRNA~erAGN gene, can be folded into four-armed 
secondary structures suggests that  m t - tRNAs  con- 
taining a TffC arm replacement loop are limited to 
either nematodes  or to nematodes  and members  o f  
closely related phyla. This supports the view that 
loss o f  the TffC arm in m t - t R N A s  occurred only 

once, somet ime after the evolut ionary lines that led 
to nematodes  and to higher invertebrates and ver- 
tebrates diverged f rom each other  (Wolstenholme 
et al. 1987). 
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