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ABSTRACT

The complete nucleotide sequence of the mitochondrial
DNA of the amphioxus Branchiostoma lanceolatum
has been determined. This mitochondrial genome is
small (15 076 bp) because of the short size of the two
rRNA genes and the tRNA genes. In addition, this
genome contains a very short non-coding region (57 bp)
with no sequence reminiscent of a control region. The
organisation of the coding genes, as well as of the two
rRNA genes, is identical to that of the sea lamprey.
Some differences in the repartition of the tRNA genes
occur when compared to the lamprey. The mitochondrial
codon usage of the amphioxus is reminiscent of that
of urochordates since the AGA codon is read as a
glycine and not as a stop codon as in vertebrates.
Moreover, the base composition at the wobble positions
of the codon is strongly biased toward guanine.
Altogether, these data clearly emphasise the close
relationships between amphioxus and vertebrates,
and reinforce the notion that prochordates may be
viewed as the brother group of vertebrates.

INTRODUCTION

DDBJ/EMBL/GenBank accession no. Y16474

MtDNA genomic maps can be used as a tool to reconstruct the
evolutionary history of distantly related taXa. (This is particularly
useful in the case of the phylogeny of deuterostomes, due to the large
evolutionary gaps existing between present representatives of early
chordates. For instance, it has been shown that several changes in th
gene order are observed when the mitochondrial genomes of the see
urchin and of the sea lamprey are compaig, 14,17,26,27).
Interestingly, the lamprey itself harbours a different gene order as
compared with other vertebrates such as dogfish or various teleosts,
although the difference in gene order is more subtle than between sea
urchin and lampreyl{,16,20).

In this context it was particularly interesting to study the case
of the lancelet (or amphioxufjranchiostoma lanceolatum
Indeed, this prochordate has for many decades been considered
as the most closely related to the vertebrai8sid references
therein). Many recent data, obtained by comparing the expression
pattern of genes that are important for embryonic development,
have emphasised the close relationship between prochordates anc
vertebrates 9). For example the Hox genes complex of the
amphioxus, although existing as a single copy as compared to the
four loci known in vertebrates, exhibits a highly similar
organisation and expression pattedf) ( The aim of the present
study is to determine the prochordates/vertebrates relationship
using the mtDNA gene order as a tool. We have thus determined

The pattern of mitochondrial genome organisation is informativi?® complete sequence of the amphioklanceolatum This

in the phylogeny of distantly related taxa, because the rate of ge¥Réluénce reveals an organisation identical to the one of the
rearrangement is much slower than nucleotide substitutiofMPrey with the exception of some differences in the location of
(1; for a review se). Shifts in gene order define major IineagestRNAS- Interestingly, despite this ‘vertebrate like’ organisation,
without evidence of parallelism or reversal. The numeroud!® @mphioxus mtDNA retains ancestral characteristics such as a
complete sequences of mitochondrial genomes determined ggdon usage reminiscent of that of the sea urchin. Taken together,
date have revealed that each phylum exhibits a common balfiese results clearly confirm the status of the prochordates as a
gene order, despite minor relocalisations of tRNA genes in sorRECther group to the vertebrates.

taxa 3—21 and references therein). In this respect, all vertebrates

share a common organisation of the mitochondrial genomMATERIALS AND METHODS

although minor rearrangements have been found in chickeRya isojation

reptile, amphibian and marsupial mitochondrial

DNAs

(mtDNASs). These differences can in most cases be explained &pmplete adult amphioxuB.{anceolaturpwere caught offshore

inversion of DNA fragments9(22-25).

at Roscoff (France) and frozen in liquid nitrogen. DNA was
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extracted by the Proteinase K digestion method as in Estrala
(36). Sequencing was done with the specific methods recommended
by the supplier of our automatic DNA sequencing apparatus.

PCR

In order to have a specific probe encompassing regions of the
MtDNA, we performed PCR experiments using degenerated
oligonucleotides in order to amplify a short and conserved region Petromyzon  marinus
of the 16S rRNA gene. We used a ‘touch-down’ PCR cycle as 16 201 bp
described by Escrivet al (36). The oligonucleotides used were
as follows (I is an inosine):

A (+) 5-(CIT)(AIT)A CC(g/C) (T/C)Ag ggA TAA CAg Cg-3

B (+) 5-(T/A)I(A/g) g(g/T)T T(A/g)C gAC CTC gAT gT-3

C (-) B-g(g/T)T CT(A/g) AAC (C/T)CA (g/A)(A/C)T CAC gT-3

D (=) B-(T/A)(T/C)(AIT) (g/C)I(A/g) (9/T)TC CTT TCg TAC TA-3
These oligonucleotides allow the amplification of a fragment of
104-217 bp depending on the combination used.

Genomic library screening

In order to isolate the complete mitochondrial genome we
screened &.lanceolatumgenomic library kindly furnished by
Peter Holland with our 16S rDNA specific probe. Among the 12
positive clones, three were characterised in more detail since they
encompass most, if not all, of the genome. Library screening was
done according to standard procedures.

Branchiostoma lanceolatum
15 076 bp

Sequencing

DNA was prepared from these clones using standard procedures
(37) and was then used as a template for sequencing reactions
using the Sanger method and the PRISM kit from Applied
Biosystems and various oligonucleotides for priming. The
sequence of the oligonucleotides used for the DNA walking is
available upon request to V. Laudet. The sequencing was done on
both strands by a primer walking strategy done independently on
each strand of the mtDNA molecule. Furthermore, each step was
designed to largely overlap with the preceding one, in order t@igure 1.Genes map of the amphiox@slénceolatur) mitochondrial genome
ensure that each base of each strand could be read using at |¢Q4gr panel) compared to that of the sea lamBregrinus(upper panel). The

; ; ; ; sitions of the 13 protein coding genes and of the two rRNA genes are
two different primers. Sequencing reactions were then run on aﬁ\%icated using the same abbreviations as in Table 1. All protein-coding genes

Applied Biosystem 377A automatic sequencer using the Conqmor@cept ND6 are encoded on the first strand (outer) with clockwise transcriptional
recommended by the supplier. Sequencing was done with th®larity. tRNA genes are represented by the one letter amino acid code located
specific methods recommended by the supplier of our automatgither outside or inside the circles according to the coding strand. The codon
; families of each serine and leucine tRNA are presented in brackets. Those
DNA sequencing apparatus. labelled outside the circle are encoded on the first strand with clockwise
transcriptional polarity. The two non-coding regions of the lamprey genome are
Sequence analysis indicated as ncl and nc2 whereas the single non-coding region of the
amphioxus mitochondrial genome is indicated as nc. The extra tRNA is
The sequences were aligned, compared and translated using thcated by an arrow as a tRNA for glycine on the AGA codon. The tRNA
software available on the Infobiogen network (www.infobiogen.fr )genes located at different positions in amphioxus when compared to lamprey

and the DNA strider software. are indicated by a black spot.

RESULTS AND DISCUSSION ChondrichthyesZ1), 16 200 bp in lampreyi¢) and 15 600 bp

: : : ; in Echinoderms{,8,17; H.Himeno, H.Masaki, T.Kawai, T.Ohta,
Size of the amphioxus mitochondrial genome I.Kumagai, K.Miura and K.Watanabe, unpublished). The only
The mtDNA of B.lanceolatumis 15 076 bp long (Figl and  shorter genomes found to date in metazoans are those of two
Tablel). To our knowledge, it is the shortest complete mitonematodes, namelaenorhabditis eleganél3 794 bp) and
chondrial genome analysed to date in deuterostomes. The sizé\gtaris suun(l4 284 bp), in which the ATPase 8 gene is missing
the mitochondrial genome isL6 400-17 000 bp in mammals (11; see? for a review). In spite of this small size, the amphioxus
(Table 2; see?2 for a review; the platypus has a genome oimtDNA contains the same number of genes (13 protein coding
17 019 bp:19), 16 700 bp in birds3y, 17 500 bp in amphibians genes, two rRNA genes, 22 tRNAs genes) as larger genomes and
(5), 16 500 bp in Osteichthyed21318), 16 700 bp in may even contain one more tRNA than the lamprey mtDNA



Table 1.Localisation of the mtDNA genes and non-coding regions of

B.lanceolatum

Gene

YT b
tRNA-Thr
tRNA-Pro

12S rRNA
tRNA-Phe
tRNA-Val

165 rRNA
tRNA-Leu (TTR)
NADH1

tRNA-Ile
tRNA-Met
tRNA-GIn

NADH 2
tRNA-Asn
tRNA-Trp
tRNA-Ala
tRNA-Cys
tRNA-Tyr

@I

tRNA-Ser (TCN)
tRNA-Asp

o Ir
tRNA-Lys
ATPase 8
ATPase 6

o III

NADH 3
tRNA-Arg

NADH 4L

NADH 4
tRNA-His
tRNA-Ser (AGY)
tRNA-Leu (CTN)
NADH 5

NC sequence
tRNA-Gly

NADH 6
tRNA-Glu

from

1143

. 1207

1275
2119
2188
2255
3622
3696
4636
4699
4765
4835
5868
5937
6004
6067
6125
6201
7746
7825
7890
8581
8647
8805
9488
10277
10628
10698
10973
12331
12397
12463
12531
14328
14457
14506
15011

to

1143
1208
1274
2118
2185
2254
3621
3692
4637
4698
4765
4833
5875
5937
6005
6066
6124
6190
7748
7816
7889
8580
8646
8811
9488
10276
10630
10696
10973
12331
12396
12462
12530
14327
14456
14524
15009
15075

size

Strand

(aa)

380

313

346

515

230

54
227
262
117

91
452

598

167

Nucleic Acids Research, 1998, Vol. 26, No. 13281

lamprey and dogfish), 16S rRNA (1367 bp in amphioxus; 1530,
1621 and 1670 bp respectively in sea urchin, lamprey and dodfish)
and a reduced size of the tRNA genes (66.7 nt on average in
amphioxus versus 72.8 nt in dogfish). By a comparison with the
human genes, we observed that the small size of the 12S and 16S
rRNA genes of amphioxus is mainly due to a reduction of the size
of the loops (data not shown). Fig@#& presents an alignment of
tRNA genes from amphioxus compared with their homologues in
lamprey and sea urchin. It is clear from these alignments as well as
from the clover leaf structure of the tRRR presented in FiguB

that the loops of the tRNA are shortened in amphioxus when
compared to lamprey or sea urchin. Nevertheless, in some cases, we
also observed tRNAs of identical sizes in the three species. In such
cases (exemplified by the tRI9Sin Fig.2A), we observed that the
space between two adjacent tRNAs is reduced in amphioxus when
compared with other species. Thus, apparently several mechanisms
play a role in the size reduction of the tRNA genes in the amphioxus
mitochondrial genome. This clearly suggests that a selective
pressure toward size reduction is effectively working in amphioxus.
(i) An apparent absence of a recognisable DNA replication control
region. Indeed, we noticed that the only non-coding region found in
the lancelet genome is a short stretch of 129 nt located between the
NADH5 gene and the tRNA-Gly (positions 14328-14456). Since
this non-coding sequence harbours in'ifsa8t a region which may

be folded in a non-conventional tRNA (see below), only 57 bp
remain totally unassigned, and may correspond to a control region.
However, this sequence does not harbour any signal known to be
implicated in the replication of the mtDNA, such as conserved
sequence blocks (CSB), termination associated sequences (TAS) or

(see below). The short size of the amphioxus mitochondrial genoraeen palindromes. The only salient feature of this 57 bp sequence is
is accounted for by the following. (i) A general compaction of théhe presence of a 9 bp inverted repeat (TTTTTTGGG, positions
size of the regions coding for RNA molecules: 12S rRNA (844 bf4343-14361). (iii) The absence of a recognizable (i.e. independent
in amphioxus; 976, 900 and 957 bp respectively in sea urchiof the tRNA) origin of replication of the strand 81).

Table 2.Lengths of mitochondrial genes in deuterostomes

Sea urchin Sea star Amphioxus Lamprey  Dodfish Carp Frog Human
Control region 121 446 1299 491 1050 928 2134 1043
12S rRNA 976 896 844 900 957 950 951 954
16S rRNA 1530 1530 1367 1621 1670 1680 1621 1559
Cytb 1157 1140 1143 1191 1144 1139 1140 1141
ND1 969 980 942 966 975 974 970 956
ND2 1059 1064 1041 1044 1047 1046 1039 1042
ND3 351 332 354 351 351 351 342 346
ND4 1380 1382 1359 1377 1381 1379 1384 1378
ND4L 294 296 276 291 297 296 297 297
ND5 1914 1931 1797 1797 1830 1823 1815 1811
ND6 495 488 504 519 522 518 513 528
col 1554 1553 1548 1554 1554 1550 1549 1541
coll 690 687 691 690 691 689 688 684
coll 783 783 789 786 786 785 781 784
ATP6 690 692 684 714 684 683 679 679
ATP8 168 164 165 168 168 164 168 207
Total 15 650 16 260 15076 16 201 16 696 16 575 17 553 16 569

Data are from: sea urchistfongylocentrotus purpuratyé’); sea starAsterina pectinifera(H.Himeno, H.Masaki, T.Kawai, T.Ohta,
|.Kumagai, K.Miura and K.Watanabe, unpublished). Genbank accession number D16387; Amfiaxgedlatun this study;
Lamprey P.marinug (14); Dogfish E.caniculg (Delarbreet al, in press). Cargdyprinus carpid (13); Frog Kenopus laev)g5); Human

(Homo sapiens(3).

Arrespective of the presence of an extra-tRNA which further reduces the size of the non-coding region to 57 bp.
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/\ tRNA Ala (6004-6066)
10 20 30 40 50 60 71
AMPH TAAAATCTG-AGGAGACC----- ACATTTTTTGATTGCAAATCAAATAGTTTAT -~ TTAACTTAAGATTTT 63
LAMP ...... T..C.A.. T.T.CTC-~....C..C...AC....... G..GC....AA-....GC...A..... 68
URCH .GT.GCT.CT.A..CTTTAACTT.G.AC..... C.......G....CGT...TCAA....AC...A.CCAC 71

tRNA Ile (4636-4698)

10 20 30 40 50 60 70
AMPH GAAATGTAGTTTAAAAAAAACGCTGTTT---TGATAGGGCAGAGATGCA-~--~~ TAAAATGTCATTTTTA 62
LAMP  ...G.A.GTCCG.C..T.GGAA.CAC..---......A.--TG.C.A..GGGGA..TT.CCC.C...C.T 65
URCH ..GC.TGCCCC....GTT..G.-...C.A.C.....ATT-...TT.--.AGGG-.T....-..CC..CA. 64

ERNA Cys (6067-6124)

10 20 30 40 50 60 68
Y
AMPH AGGCTTTCAAA-AGGTCTACTTTTACTTTCTGGGTTGCAACCAGAATTTTTATAAAGCCTAGTAAAAG 67
LaMp . .A.C.CA.C.G.AC.GCTTC.A..TC...A.AT......T.TA.CA.GAAC.TC.C.A. .AGGTC.. 68
URCH .A..... GGC.-.C...CTAG..G.TC.AGG.AT..,...T.C...A.G...GTT.CA...CA...CC 67

tRNA Asp (7825-7889)

10 20 30 40 50 60 71
AMPH GAGGTATTAGGTTAA-TTAAAACTTACAGTTTGTCAGGTTGTAAATCTTAG---TCTTA-~-AGATATCTC 64
LAMP A..A..C...TAA..-...TT..ACT-.CC......A.G.AAT.T.A.G..CT-..C..CTC.TG..... T 68
URCH AGA.GCC...T.A..C...T..... T-G.G........CCAA..T.GC.G.TTAAAC.CCAGC.GCT...G 70
B G
G c A:U
G-C A-U G-C
A-U G-C A-U
G-C A-U G:U
GeU U-A G_C
u-a A-U g-g cA
A-U A - C CGACC
AN o muueh bebEE, A
AA GCUGG A
u""yyeeau  EARYT0 AUUAUUAC AUGAG U c puua Y Uu
[ ]
U aAACUU  AUCUUAGU A-u Y UAUAAC A aU
A-UAA C A U-A
Cc-G U-A U-A
A-U A-U G—C
GeU C-G G-C
UeG C-G GG
u G u A u G
A U A U A
[c Vo] ax arc
As As As
tRNA P tRNA P tRNA P
Branchiostoma  lanceolatum Petromyzon marinus Strongylocentrotus  purpuratus

Figure 2. (A) Alignment of four tRNAs genes of amphioxus with their homologues in lamprey and sea 8miniputatug. The anticodon is underlined. Identical
nucleotides are shown by points; gaps are depicted by dashes. The position of the tRNAs in the amphioxus mitochondria! igelicatesi8) comparison of
the clover leaf structure of the tRNAAsp in amphioxus (left), lamprey (middle) and sea urchin (right). Classical WatsamiriGgkie indicated by dashes whereas
G-T pairings are indicated by dots.

The reasons that may explain the short size of the amphioxomsy play a role in the initiation of DNA replication, but the
mtDNA as well as the lack of recognisable DNA replication contraprecise mechanisms by which this occurs remain mysterious.
regions are as yet unclear. A comparatively shorter size may bB®wever, this lack of control region may be viewed as a derived
important to allow a rapid replication of the genome, but there is reharacter of the amphioxus, since such blocks of sequentity iden
indication that the amphioxus may need a replication of its mtDNAave been found in sea urchin (CSB733,17; H.Himeno,
more rapidly than any other deuterostome. Nevertheless, theMasaki, T.Kawai, T.Ohta, . Kumagai, K.Miura and K.Watanabe,
reduction in size of all the tRNAs, as well as in the two ribosomalnpublished) and in lamprey (CSB-2 and CSB437). The
rRNA genes, suggests that a selective pressure is acting in ordeaaphioxus may have lost these sequences during evolution.
reduce the size of this genome. The lack of discernible control regitvihether this is linked to the reduction of genome size remains to be
is even more fascinating. The mitochondrial genome of thdetermined. It is not clear at present if the primary determinant for
amphioxus obviously has to be replicated and the DNAhese structural specificiies was the need to reduce the size of the
replication machinery should find a place to initiate this procesgenome or the need to build up a specific type of control region.

It is tempting to speculate that the 57 bp non-coding sequence
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Genomic organization of the mtDNA of the lancelet

As shown in Figurd, the amphioxus mtDNA displays the same
basic gene organisation as the lamprey. Moreover, as for lamprey
or dogfish, the only protein-coding gene located on. theand
is the ND6 gene. From these data, we conclude that the
rearrangements that occurred between the common ancestor of all
deuterostomes and the common ancestor of vertebrates were in acClc AUGUC G
fact completed before the split of prochordates. The amphioxus A Fr AAUGA » AA
mitochondrial genome may thus be viewed as a ‘proto-vertebrate’ Ug. aBRUA Can
genome. In this respect the prochordates can really be viewed as
the brother group to the vertebrates. This allowed us to
hypothesise that the hagfish should harbour the same gene
organisation as that of the amphioxus and of the lamprey, a
conclusion that is supported by the sequencing of the 16S U c
rRNA-NAD3 region of the hagfish mtDNA (C.Delarbre and c c
G.Gachelin, unpublished). It would be of great interest in this ucu
context to determine the complete sequence of the mtDNA
ggﬂ%n;]z\?gaalrji;oecr?gﬁiage’ ,:Qeorec\j/%rl lt[Jct)I(t))r?t:)?tfr]ne ogg?lr tzﬁoer\é?i?éssthl?igure 3. Structure of the extra tRNA of the amphioxus r_n_itochondrial genome.
g g - y This tRNA is encoded by the heavy strand between positions 14 385 and 14 458.

The tRNA gene order observed in amphioxus is completelyt exhibits a clear but unusual cloverleaf structure and contains a TCT anticodon
different from that known in the sea urchin or the sea star, tw@hich could thus recognise the AGA codon read as a glycine in the amphioxus
species in which most of the tRNAs are clustered in a complex @PDNA. Classical Watson—Crick pairings are indicated by dashes whereas G-T
genes near the 12S rRNA gee8(17: H.Himeno, H.Masaki, ~Pa"ings are indicated by dots.
T.Kawai, T.Ohta, l.Kumagai, K.Miura and K.Watanabe,
unpublished). Furthermore, the amphioxus mitochondrial genome_. .
coﬁtains sor)‘ne differences with rest))ect to the lamprey at ?he leyRfONtY of the tRNA genes are located on the H strand. In fact,
of the tRNA location. First, some tRNAs are found at differenf'"¢ of them (tRNA Pro, Gln, Asn, Ala, Cys, Tyr, Ser TCN, Glu)

ositions in the two genomes: the tRNA-Gly is located betwee"?'{e.loc""ted.c.)n the L strand. Interestingly, we found that a 74 bp
Fhe ND5 and ND6 ggnes BTanchiostomaNhgreas it is located '€dion (positions 14385-14458) in tepart of the non-coding

region may form a degenerated cloverleaf structure suggesting
between the CO Il and ND3 genes Retromyzon Thg that it could represent a twenty-third tRNA (Fig). It is
tRNA-Thr and Phe have moved from tHep&rt of a gene to its . ; . .
3 part between the two species (tRNA-Thr is located before t te\_/vorthy that this putative tRNA contains the TCT an_tl-c_odo_n
Cytb gene in the lamprey and after in the amphioxus; tRNA-PHEA IS thus able to recognise the AGA codon. This finding is
has moved on the same way around the 125 rRNA gene). FinalJJ€r€sting since the AGA codon is read as a glycine in the
in five cases (tRNA-Met, tRNA-GIn, tRNA-Trp, tRNA-Asn and ftochondrial genetic code of the amphioxus as is the case in
tRNA-Ala), there was inversion of order inside groups of three g'nicates, and notas a stop codon as in all vertebrates. We can thu:
five tRNAS. For example in lamprey, between the ND1 and NDEonS|der that in the amphioxus mitochondrial genome two tRNA

£an lead to the inclusion of a glycine residue: the classical

genes the tRNAs for lle, GIn and Met are found whereas Iﬁ% ;
: NA-Gly GGN and the extra tRNA-Gly AGA. The classical

amphioxus we observed the order lle, Met, GIn. Cantatoak [jiNA-GIy GGN is located just'3to this tRNA-Gly AGA,

(39) suggested that the rearrangement of tRNA genes might OC(%etween positions 14 457 and 14 524, and we can speculate that

by illicit priming of replication. It appears highly improbable that o X
the movements observed in the location of the tRNA betwedhduPlication of this tRNA may have created the extra tRNA-Gly
A. It is not clear whether this extra tRNA has any function,

lamprey and amphioxus may be explained by such a phenomenaT. . .
Interestingly, we never noticed a change of the strand encodiﬁﬁ]&?‘es?;nt%gosnssﬁrgea%;e:tgL?;'E?i;hfhgnggg?%r:elogopngse%g das an

a tRNA when lamprey, dogfish or amphioxus are compare('j‘.

: in divergent tRNAs lacking the T or D stem and are absent
Recently, a mechanism for the movement of tRNA genes basi enin X
on errors in light strand replication and tandem duplica’ciorm&.[he extra-tRNA. Itis not yet known whether such an extra tRNA

o ts in the mitochondrial tRNA afinicates.
followed by gene loss was proposeétf,p5). However, it is XIS .
difficult to know whether such a model could be responsible for We have compared the codon usagglahceolatunwith that

the change in the tRNA gene order that we observed in tﬁ’é vertebrates such d@etromyzonmarinus and Scyliorhinus

: . ; - : icula (data not shown). As mentioned above, the major
lancelet mitochondrial genome, since the position of the lig anicu : P
strand origin of replication is not known. rgn‘ference between amphioxus and the vertebrates is that the

AGA codon is not read as a stop codon (as in vertebrates), but as
a glycine codon (as in tunicates). This observation has already
Features of the tRNA and codon usage been made by Delarbet al (31), who determined the sequence

of a fragment of 2.4 kb of the amphioxus mtDNA encompassing
The classical 22 tRNAs were identified on the basis of thethe NAD1 and NAD2 genes. The additional reasons for that
location, sequence and the ability of the coded RNAs to fold intconclusion are the following. First, 12 AGAs are in frame in the
a cloverleaf structure. As mentioned above, the tRNA of theitDNA of the lancelet. Thus, they could not be used as stop
amphioxus mtDNA are smaller overall than those of the dogfisbodons as in the mtDNA of vertebrates. Second, the codon
or lamprey genomes. As shown in Talil@nd Figurel, the 13 884-13 886 in NAD5 codes for an amino acid which is a

nenNnaaoeg
[
QarPNOpa
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glycine in all animals studied so far. These observationsoding genes of lancelet and sea urchin is 51%, whereas this value
strengthen our previous conclusion that AGA specifies glycine iis 51.4-56 % with vertebrates (52% with the lamprey, the
the lancelet, as it does in the tunicat8$ 34). Interestingly maximal value, 56% being with the carp; see TahpleNhen
enough, excepting the AGA present in the NAD2 genes, atlriginal genes are considered, the same picture appears. For
AGAs are clustered in the NAD3 to NAD5 genes, andexample ND2, COI, COIll, ND4 and ND6 exhibit the same levels
predominantly in the NAD4 and NADS5 genes. It is worth notingof identity between amphioxus aRdracentrotushan between
that AGG is not used by the lancelet, whereas it is used to specifsnphioxus or any vertebrates. Some other proteins such as ND1,
glycine in the tunicates. Thus, the use of the AGA codon asATPase6, ND3 and Cytb appear to be a little more conserved
glycine codon is not a synapomorphy of the tunicates, but rathieetween amphioxus and vertebrates than between amphioxus anc
an ancestral character common to urochordates and prochord#esacentrotus Finally, the amphioxus COIl appears more
that has been modified during the transition to vertebratesonserved with the sea urchin COIll (62.6%) than with any other
Interestingly, this codon is apparently read as a stop codon vertebrate including lamprey (60.4%). Recent phylogenetical
myxine @1), suggesting that this may represent a synapomorplnalyses have emphasised the difficulties in reconstructing trees
of the craniates. with distant organisms3g). Indeed, a phylogeny containing
We also observed clear bias in the codon usage when compaBeénchiostoma floridaenitochondrial protein coding sequences as
to P.marinusandS.canicula(data not shown). For example, by well as a wide range of protostome and deuterostome sequences
studying the relative frequency of the bases used at position 3fafled to give a congruent tree. The correct topology @igvas
4-fold degenerate codons we noticed that there is a stroggly revealed by the analysis of a subset of sites associated with
over-representation of the G in amphioxus (20.6%) whepesidues important for protein folding such as charged amino acids.
compared tdPetromyzor(3.5%), Scyliorhinus(5.8%) orCyprinus  This analysis also revealed that aliphatic amino acids carry very few
(6.7%). This over-representation of the G is detrimental mostly to th@ngruent phylogenetic information. Thus the fitness of a given
Cs that are present in only 9.2% of the 4-fold degenerate codonsDNA encoded protein to give the correct topology may be related
amphioxus whereas it is present in 20-26% of these codons {grits richness in informative sites. This may explain why the various
PetromyzonScyliorhinusor Cyprinus It is noteworthy that some proteins of the lancelet mitochondrial genome do not give identical
codons preferentially used in early vertebrates such as the Tidsults in a phylogenetic analysis (data not shown). A detailed
codon for Phe are also predominantly usedtianchiostoma phylogenetic analysis will be published elsewere.
whereas irCyprinusa preferential use of TTC was observed. I Several partial sequences of mtDNA genes of tunicates are
several cases (codon for Ser AGT and AGC) the amphioXi@gailable in the literature. For example, partial sequences of the COI
exhibits a codon preference similar to that of lamprey. Thgene fromHalocynthia roretziand fromAscidia mentulaand a
initiation codons are ATG e)fcept ATA for NDl and GTG for COI.Comp|ete Sequence from COlll ayura Sto|onifera have been
The GTG codon for COI is conserved in all other chordategyplished. Interestingly, our amphioxus mtDNA sequence reveals
studied so far but not in echinoderms. Taken together, theggy amphioxus is more closely related to vertebrates than to
observations suggest that at the level of the codon usage, {{igicates. Indeed, the partial COI protein from tunicates exhibits
amphioxus mtDNA contains clear vertebrate-like characteristicgg gos identity with the lancelet protein, whereas the homologous
but retains some ancestral traits such as the use of the AGA coggions of lancelet and lamprey COI share 83% amino acid identity.
as a Glycine codon. Again this emphasised the position of thgy: colil, the values are also very clear: 54% amino acid identity
amphioxus as a brother group to the vertebrates. betweenPyura and Branchiostomaversus 69.5% amino acid
identity betweerBranchiostomaandPetromyzonWe also found a
Relationship of the amphioxus mtDNA sequence with other Seguence of the 16S rRNA gene frétstoloniferathat exhibits
deuterostomes 60% identity with the amphioxus gene versus 66% with the lamprey.
In conclusion, although the amphioxus mitochondrial genome
We then computed the percentage of amino acid identity betweerhibits some intriguing specificities such as its reduced size and
the various mtDNA coding genes of the lancelet with those dhe lack of obvious control region sequence signature, its
other deuterostomes (Talde These data clearly indicate that theorganisation and the conservation of its proteins clearly confirm
lancelet is equally distant from vertebrates and from echinodernteat the amphioxus should be viewed as the brother group of
Indeed, the average percent identity between all the proteirertebrates (Figd).

Table 3.Percent amino acid identities betwdgnanchiostomanitochondrial-encoded proteins with homologous proteins of other deuterostomes

Branchiostoma Cytb ND1 ND2 ND3 ND4 ND4L ND5 ND6 COl Coll Colll ATP6 ATP8 Average
compared to:

Paracentrotus 63 57 33 46 45.3 43 39 22.7 75 62.6 70 37 29.5 51
Petromyzon 64.5 61 30.5 55.5 44.5 43 39.5 22 76.7 60.4 69.4 48.5 26 52
Scyliorhinus  68.5 63 34 54 47.5 50.5 45 24.5 76.7 59.5 73.7 52 26 55
Cyprinus 70 64.5 35 57 48.5 50.5 a7 25 7.7 60.4 74 51.5 29.5 56
Xenopus 69 59 32 51 45.6 32 44 19 75 58 73 46.7 315 53
Gallus 68 59 31 50.4 43.3 40.6 42 24 77 51.7 67.5 51 315 52

Didelphis 66 56 28 a7 43 41.7 43 215 76 54 72 46 24 51.4
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Figure 4. Simplified phylogenetic tree showing the relationships between the major deuterostome phyla. This tree represents teenswest view of the

relationships between these animals whereas the placement of some groups (e.g. tunicates) is still a matter of dishag§ignisTloeated as a sister taxa to all
vertebrates (38). The relationships between the various fishes as well as between mammals/birds and the reptiles &vhmtoismadetic group) are not resolved
and should be viewed only as a possible illustration. The hemichordates (acorn worms) which are deuterostomes were inahiisdiregiesince their systematic
affinities are not solved. Underlined groups are those for which at least one complete mitochondrial genome is knowrst@ngaatheertebrates; C, craniates;
Ch, chordates; D, deuterostomes.
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