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From the stirodont Arbacia lixula we determined the sequence of 5,127 nucleotides
of mitochondrial DNA (mtDNA ) encompassing 18 tRNAs, two complete coding
genes, parts of three other coding genes, and part of the 128 ribosomal RNA (rRNA).
The sequence confirms that the organization of mtDNA is conserved within echi-
noids. Furthermore, it underlines the following peculiar features of sea urchin
mtDNA: the clustering of tRNAs, the short noncoding regulatory sequence, and
the separation by the ND1 and ND2 genes of the two rRNA genes. Comparison
with the orthologous sequences from the camarodont species Paracentrotus lividus
and Strongylocentrotus purpuratus revealed that (1) echinoids have an extra piece
on the amino terminus of the ND35 gene that is probably the remnant of an old
leucine tRNA gene; (2) third-position codon nucleotide usage has diverged between
A. lixula and the camarodont species to a significant extent, implying different
directional mutational pressures; and (3) the stirodont-camarodont divergence oc-
curred twice as long ago as did the P. lividus-S. purpuratus divergence.

Introduction

Sea urchins have been the subject of many molecular studies because of the
knowledge of their embryological development (Giudice 1986). Their taxonomy,
however, is very difficult to establish because of an insufficient fossil record which
does not allow tracing of a reliable phylogenetic history.

The complete sequence of mitochondrial DNA (mtDNA) has already been de-
termined in two camarodont sea urchins [ Paracentrotus lividus (Cantatore et al. 1989)
and Strongylocentrotus purpuratus (Jacobs et al. 1988)] and is under investigation in
another camarodont species, S. franciscanus (W. Brown, personal communication ).
The other echinoderms whose mtDNA has been isolated and extensively sequenced
are the sea stars (Asteroidea) Asterina pectinifera (Himeno et al. 1987) and Pisaster
ochraceus (Jacobs et al. 1989; Smith et al. 1989), but their mtDNA sequences are too
divergent from those of sea urchin to allow inferences about their evolutionary rela-
tionships. Accordingly, it was decided to study the genetic organization and the nu-
cleotide sequence of the mtDNA in another sea urchin, Arbacia lixula, which belongs
to the order Stirodonta, whose divergence from Camarodonta is still uncertain
(Smith 1984).

In the present paper we report the nucleotide sequence, of two mtDNA fragments,
totaling 5,127 nucleotides (nt), from A. lixula. These fragments comprise 18 tRNA
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GCAGGAAATCGGACAGAAGCAGTCCAAGCTTTATTCTTGACTGTTGCCCTAGGGATTTATTTTACTATACTTCAAGCATGAGAATATTATGACTCTCCTT

F T I A D s V Y GG s T F F VA TGP F BB 6L BV INSTTT FULTULUVCTL
TTACCATAGCAGATAGTGTCTACGGCTCTACTTTCTTCGTAGCGACAGGATTTCATGGCCTTCACGTTATTAATAGAACAACATTTCTCTTAGTCTGCCT

.

F R L I N F HF S A HHHF GF EAAM AWYWDVF VDV V V A F S
TTTTCGACTTATTAAATTCCATTTCTCAGCTCATCACCACTTTGGATTTGAGGCAGCTGCTTGATATTGGGACTTCGTGGACGTAGTGGTGGCTTTTTCT
tRNA SER(UCN) -—
L Y M B I W W G s
CTATATATGCATATATGATGAGGCTCCT GAGAAAGAGGAATTGAACCTCCATCAAACGGTTTCAAACCGCACGCATTACTATCTGCCACTTCTCQOTA

—» ND3
M T s M T F L I I I T I I I A S I L G L A A H I L P S RN
ATTATATATAAG. TGACCTCAATGACTTTCCTGATAATTATTACAATTATAATAGCATCTATTCTTGGTTTGGCGGCACATATTTTGCCCTCCCGAAA

. - . . . - . .

A D AEIK S S P Y ECGVF DUPULNSARIULUPYF S F RV FF LV ATITL
AGCAGATGCCGAGAAGAGCTCCCCTTACGAATGTGGATTTGACCCCTTAAACTCTGCTCGCCTACCCTTTTCTTTTCGATTCTTTCTGGTGGCAATATTA

. . . . . . . . . .

F L L F D L E I AL L F P L P G A VLTITNUPSNILTITIAATTITF
TTTTTATTGTTTGATCTGGAAATAGCACTTCTATTTCCCCTCCCAGGAGCTGTTTTAATAACCAACCCAAGAAATCTTATTATAGCTGCTACTATATTTA

. . - . -

— ND4

M F I L T F G L VvV F E W I N G G L E W A E I I F I s
TGTTTATCCTAACCTTTGGTTTAGTGTTTGAGTGAATAAAAGGCGGATTAGAGTGAGCAGAAT TCCATAT. TGATTACTCTTATATTTATAAG

I 6 M TULT S F V Vs KNNILWUPVT S A F L s A A I AL
TATTGGTATGACTTTAACAAGTTTTGTTGTTTCCAAGAAAAACCTTTGGCCTGTTACTATTCTACAAAGTGCTTTTTTGTCTATCGCTGCAATCGCACTT

I N N HW I S KWHNTFINSVD S MQLUPILULVIL S CWIULTUPL
ATAAATAAACACTGAATATCTAAGTGACATAACTTCATTAACTCAGTGGACTCTATGCAACTACCCCTATTAGTATTAAGTTGTTGACTAACTCCTTTGG

- - . . . . . . . -

A L I A S K 6 HLNNULU®PTITNJ QR RTT FTIUVLVITITITTSIULTITIT
CTTTAATAGCTAGTAAGGGCCACCTAAARAAATTTACCAATAACAAAACAACGAACTTTTATTGTATTAGTTATCATAATAACAACTTCTCTTATAATAAC

. . . - . . . .
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FiG. 1.—Nucleotide sequence of sense strand of Arbacia lixula mtDNA fragments. Arrows indicate the direction of transcription of each gene. In the case of protein-
coding genes, the predicted amino acid sequences are indicated by the single-letter code, and the stop codons are indicated by an asterisk. a, Sequence of 2,847-nt EcoRI- Hpall
subfragment of largest BarmHI fragment, containing carboxy-terminal end of COIII gene, Ser(UCN )-tRNA, ND3 and ND4 genes, His-tRNA and Ser(AGN)-tRNA genes,
and amino-terminal end of ND5 gene. b, Sequence of 2,280 nt of small BamHI fragment containing 664 nt of 3’ end of 128 rRNA gene, cluster of 15 tRNA genes, 136-nt-

TTTCAGCTCTCTTGAATTAATTCTATTTTACATTGCCTTCGAGACT ACTCTTGTTCCTACTTTAATATTAATTACTCGTTGAGGTGCGCTGATGGAGCGT

- - - - . - - - - .

F Q AGL Y F I F Y TULVF G S L PLL I S L I ALYV F S S N SUL S
TTTCAAGCTGGATTATATTTTATATT T TATACCTTATTTGGCTCTCTTCCTCTTCTAATTAGCCTTATTGCTCTTTATTTTTCCAGTAAATCATTATCAA

- - - - - - . - . .

I P NV EL V WUILTT TNSSTSULTJVWWILIUL S IULATFTULUVI KMMEPI
TTCCARACGTAGAGTTAGTATGGTTAACAACTAAAAGTAGAACTTCTCTTACTGTTTGATGACTTTTATCCATACTAGCCTTCCTAGTAAAGATGCCCAT

- . - - . - . - . .

Y G F H L WLP KA AUHBRVYVEA AZPVAGS SMTIUL A AMAIULILIEKILSGSG Y G
ATATGGGTTTCATCTATGGTTGCCCAAGGCCCATGTAGAGGCCCCTGTAGCAGGCTCTATGATACTGGCAGCAATTTTGTTAAAGTTAGGTGGATACGGA

- - - - - - . . . .

L M R L I S L F S TT S LNVF S SLPULVVF COCM®WGHATLUVTS I
TTAATGCGCTTGATTAGTTTIGTTCTCAACTACATCACTAAATTTTTCCTCTTTGCCGTTGGTAGTATTTTGTTGTTGAGGCGCTTTAGTAACCAGTATTA

- - . - . . - . - -

I ¢ I R Q T DL KA AULTIW AY S S V G H M S I V A A GV F S QTTI WG
TATGTATCCGCCAAACAGATCTAAAGGCCTTAATTGCTTATTCATCAGTAGGCCACATGAGCATAGTTGCTGCTGGAGTCTTCTCCCAAACTATCTGAGG

I N G A L ML MTIMAUHGTUL VS S AL FA AL ANTMMYEU RS G TURT
AATAAAAGGTGCTTTAATGCTAATGATTGCCCATGGACTAGTCTCCTCAGCGTTATTTGCCCTTGCGAAAACAATGTACGAGCGAAGAGGAACCCGAACC

L v I TR G M KL I L P L S T T F WWIUL I MCAANILGTFUP Y S NL
TTAGTAATAACTCGAGGAATGAAGCTTATACTTCCACTGTCTACCTTCTGGTGGTTAATAATGTGTGCTGCARATCTICGGCTTCCCCTACTCTAAATTAA

I 6 E I L Y I S W Y G W S I WC S Y F S NYNGCUV WGV Y S L M TIF
TAGGAGAAATATTATATATCTCTTGATACGGATGATCTATTTGATGTTCCTATTTTAGGAATTACAACTGTGTTTGGGGCGTATACTCTCTAATGATTTT

Q V. S ¢ Q 6 P S S H F L L NV P T S F S REU HBILULVFULULUHULIULUPUL
TCAGGTTTCTCAACAAGGCCCCTCCTCTCATTTTCTGCTAAAAGTCCCTACCTCATTTTCTCGAGAGCACCTACTATTCTTATTACATCTACTACCTCTT

—= tRNA _pIS
L L I I P TP NIL VL I S L K *

CTACTTATAATACCAACACCTAACTTAGTTTTAATATCATGACTAAAGTAGTTTAGCAAAATATCACGCTGTGGCACTGAAGACGCTAGTTAAACTCTAG

. - - - . - -

long noncoding region, and amino-terminal end of ND1 gene.
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M V I s P S T L
TGGTTATAAGCCCTTCTACATT

CCTTAAGTCOGAAGTCTATGTGTTTGTCTTAGTCCTGCTAAGTCTAAAGACTGCGGTTCAACTCCGTAGATGCTTC

—— tRNA SER (AGN) _%; — ND5

- - 4 . .

1 L
L v s 1 T &L s I I CUL IV S I L Y T S K S F V AQRNJE FIULTS G N
ACTTGTTTCAATAACTCTCAGTATTATTTGTTTGATAGTAAGAATCCTTTACACTTCTAAGTCATTTGTAGCTCAGCGAAATTTTTTAACTAGCGGTAAA

. . . . . . - . . .

I A F S GA s L NI T s D G S A V Y S WTNGUPUF 8 I NI L KF L
ATAGCCTTTTCAGGAGCARGCTTAAATATAACTTCCGATGGAAGAGCTGTTTACTCTTGGACAAAAGGACCCTTTTCTATAAATATTCTTAAGTTTCTAG

A F L 8 L I NL F L F V GGLETFQETWNUVTT F 5 I WIUIL S NTAA ANV
CCTTTCTTTCGTTAATAAAATTGTTTTTGTTTGTCGGATTAGAATTTCAAGAAACAAACGTAACTTTCTCTATTTGACTAAGAAATACAGCTGCTAAAGT

. - . . . . . . . .

s L s I L F D H Y F I vV F L TV AL V VT WS I MNTF S LUL Y G E
CTCATTAAGCATTTTATTTGACCACTATTTTATAGTTTTTTTGACCGTTGCATTGGTTGTTACCTGATCAATAATGAATTTCTCATTATTATATGGAGAA

D P N KNV F L LL TIF L L NMIEL IULTOCSNSULUT FULULU FULGW
GATCCTAAAAAGAAAGTATTCCTCTTATTAACAATCTTCCTATTAAAAATGTTAATCCTCACTTGCTCTAAAAGACTATTCTTACTATTTTTAGGATGAG

—
E 6 V 6 F L s F L L I KMMUN H
AAGGAGTTGGTTTTTTATCTTTCCTTCTTATAAAGATGATGAACCAC

FI1G. 1 (Continued)
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b
— 12S rRNA

CCGA'I‘CCAGTAMCGMCAMGMGGAGGTAMATACGTGCCCAGCCACCGCGTTAAACGTATGCCCTAAAGTMAACTAGACCGGTGTMAGGGTGG

. . . . . . . . . .

TTAGAA’I‘GTTACAGCCTAGCTATAGTTTTTA’I‘GATAGTGGTAGAAAACTTACCTAAAATAMATAGCTAGCTATACTTTGACCCACGAAAACTAGGCATA

. . . - . . . . - .

AACCAGATTAGATACCCTGTTATACCTAGMGTMACAACCTATMACACCAGAGAACTACT'!AACTTMGTTMACTCMGGACTTGCGTTTCCAAACC

- . . . . . . 3 - .

v

TCCTGAGGAGCTTGCCGTCGGATCGA'I‘AATCCACGCTATACCTTACCGATTCTTGCCTTCACAGCTTATACATCTGCGAAATTTCTTCCTAAGAAAGTTA

. . . . L. . . - . -

ACACAAAGAG’.l'CAATCTC'1'TCAC.ATCAGATCAAGTGCAGCTTATGAATCGGGGACAGGTGAGCTACAATGTTMTAAAMCCAGTGAMTAAGGGTTGM

. . - . . . . . . .

M’I‘AG'!CCT'!MGAMTTGGATTCAGCAGTAAGCCCCAGMGAGMTGGGGCTGMGMAGCTCTGMTGCGTACACATCGCCCGTCACTCTCGCCTAGC

—e tRNA GLU

CAMGGTMAGGGGAGMMGTCGTMCATAGTAGGTATACCGGMGGTGC}\CCTGGAMA TTCCTG’IAGTTGAACCACMCAAGAGCTTTTCACGCT

. . . . . . .

—— tRNA THR

CTAGGGTTTGAGTGAGACTCTCAACA '1‘l\%’l"1'CGAMGTCAATAGCACAGACGTCTGGTCTTGTMACATGAGTGAGGGCTAAAATCCCTCTCGAA

GC%&MCAGAACTCCCATCATAACCTATACCCCCTCTCTACGCTCGGGGTCCTTGGGTCTGGTATTACCTCTTTTCTTATT"""”""‘" GGGGGGGGGGGE

. tRNA PRO
GGGGGGGATTTCCTMCTMCTATATATATMTM GGATAGTTTmeTCATAGCTTTGGGAGTTATNTATAAGTTAGAGCCTTA
’ ’ ) - ) ) CRNA GLN o tRNA ASN
—

. -

TTCCTTTG}TACTGCCTETAAGGAGACGGGGATCGMCCCGTAMTMGMATCAMGTTCTTCGTTTTTCCTATTAAACT}\CTGCT TGGGTTGTAG
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— tRNA LEU (CUN)

CCTAAATGAGAAGGCGCTTGGCCGTTAACCAAGAGACAATAGGATAAAAACCTATCCTCCCA! CTAAGATAGCAAAGTGGTTAATGCAAAAGATTTAGG 1200

tRNA ALA

ATCTTATACCGTAGGTTCAATTCCTTCTCTTAG TAGTTCCTAAGAATTTAACTTAGGGCTTCTGCTTGCAAAGCAGATATTTTTCTAAACTAGAACC 1300

tRNA TRP tRNA CYS

-— —_— —F’
A%AGGGCTTMGTTMGCCMACTGATAGCCTTCAMGCTTTTMTMGMTGMTTTCTTA%LL TTTGGGCTTTATAGTGTAAGCAACATCGTGG 1400

v

ATTGCAMTCCTC.AGATACMTTTAAA’!‘A’!"1'GTTAAAGCC%‘AAGATAGCCTGACTTGCACAGACGTTGACTCCGTGTAAAAGAGGTGCTTGGACTAACT 1500

tRNA VAL tRNA £-MET
—

—_— -

AGCTATATCTTGAGTATATATATATAAGTAGGGTAAGCTAAGTGACAAGCTTTGGGCTCATACCCCAAAAAATGGAAGGATAGAAACCTCCCCCCTACT 1600

tRNA ASP tRNA TYR

-— e —
T&AGMGTCGCTGGAGTTTMCCAGCAMTTTTGGCCTGACMCCMGTTATTTTTTMCTAGACCTC CTTmTMGCTTG{ACAAGATGGCT 1700

tRNA GLY

—

GAGACATAAAGCGGTGGATTGTAAACCCATAAATATAGGTGAAACTCCTTTTCTTGTTATTACTCTATGAGTACATCAGTATATTTGACTTCCAATCAGA 1800

tRNA I.EU.(UUR)

. —
TGGT CTTGATTAMACTTCMGATAGAGT}G1%(TAGAATAGCMATGGTTMTGCAGAAGGCCTMGACCTTCCTATCAAGGGTTCAAATCCTTTTTC 1900

—_— ND1
I YA Y I F AF F EL I T FULUVUPVLUILAVATFTIULTIULUVETRIEKUV
TAGTTATATATGCTTACATATTTGCTTTTTTTGAACTTATTACATTTCTAGTCCCCGTATTATTAGCAGTAGCTTTTTTAACCCTAGTAGAACGGAAGGT 2000

L G Y M 0 F R K GP NV YV GLTUDTFCNILTFA ADGIULIEKIULTFEFTIIZEKTET
CCTAGGCTATATGCAATTTCGCAAGGGCCCTAAAGTAGT TGGGCTTACGGACTTTTGCAACCTGTTCGCTGACGGCCTTAAGCTCTTTATTAAGGAAACA 2100

L K P S S A S P YL F F A S P VLI F L TULATLTLTLWNTFMMZPVT S
CTTAAGCCTTCTTCGGCTTCCCCCTATTTATTTTTTGCTTCCCCTGTTTTATTTTTAACTCTAGCCCTCTTGCTCTGAAAATTTATGCCGGTAACCAGCC 2200

—
P A L DL QL 858 L L L VUL GUL S S L S V Y ATIULTGS G
CTGCCTTGGACCTTCAGTTATCTTTACTATTGGTTCTAGGTTTGTCCAGATTGTCGGTCTACGCTATATTAGGATCGGGG 2280
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Table 1
Nucleotide Usage in Third Position of Fourfold-degenerate Codons

% IN THIRD-CODON POSITION

SPECIES A C G T
Strongylocentrotus purpuratus . . . .. 37 25 11 26
Paracentrotus lividus ............ 44 23 10 23
Arbacialixula ................. 34 20 6 40

NOTE.—Data are percentages (rounded to the nearest whole number) of occurrence of each fourfold
codon across the protein-coding genes: COIIL, ND1, ND3, ND4, and ND5.

genes, two complete genes, portions of four others, and a noncoding region (see fig.
1 for greater detail ).

Material and Methods

Arbacia lixula mtDNA was obtained from the eggs of pooled individuals by using
the technique described by Cantatore et al. (1987). The plasmid used for cloning the
two BamHI restriction fragments was pAT153 (Maniatis et al. 1982), and we sequenced
the entire smaller BamHI fragment and part of the larger BamHI fragment after sub-
cloning them in pUCS8. Sequences were determined according to the dideoxynucleotide
chain-termination method of Sanger, modified for double-stranded templates (Sanger
et al. 1980). Unidirectional deletions of predictable size were produced by digesting
the recombinant DNA with a combination of exonuclease III (Stratagene ) and mung
bean nuclease (Stratagene) (Cantatore et al. 1989). Linearized recombinant DNA
was treated at 30°C for various periods of times with 4 U of exonuclease III/pg
followed by 3 U of mung bean nuclease/pg for 30 min. A series of nested deletions
was generated. The deletion products were religated, and the sequence of the first
200-300 bases of each insertion was determined. Both strands were sequenced. All
the positions were detected on several overlapping clones, each nucleotide being se-
quenced an average of 2.8 times. Sequence analysis was carried out on a VAX /VMS
5.2 operating system by using the software package GLORIA, recently developed in
our laboratory (M. Altimonelli and C. Lanave, unpublished data).

Results
Sequence Features

We demonstrated that the overall gene organization of Arbacia lixula is identical
to that reported for the sea urchins Paracentrotus lividus (Cantatore et al. 1989) and
Strongylocentrotus purpuratus (Jacobs et al. 1988), by using restriction mapping and
Southern hybridization (C. DeGiorgi and C. Saccone, unpublished data). Furthermore,
the fact that the clustering of 15 tRNAs between the 128 rRNA and ND1 genes is
present in A. lixula confirms that no major rearrangements have occurred since the
divergence of the orders Stirodonta and Camarodonta.

Figure la shows the sequence of the 2,847-nt EcoRI- Hpall subfragment of the
largest BamHI fragment of 4. lixula mtDNA. It contains tRNA and protein-coding
genes in the following order: 109 amino acids at the carboxy-terminal end of the COIII
gene, the Ser(UCN)-tRNA gene in the opposite orientation, the complete sequences
of the ND3 and ND4 genes, the His-tRNA and Ser(AGN)-tRNA genes, and 190
amino acids of the amino-terminal end of the NDS gene.
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Table 2
T/T’' between Species

Species and Fragment Compared to

Arbacia lixula /e
Stronglyocentrosus purpuratus:
NDIL ... 241 £ 1.11
comr ... 1.41 = 042
NDS ... 2.40 + 0.50
Mean .................... 2.0 £0.50
Paracentrotus lividus:
NDI ... .. 1.35 £ 0.67
COmmt ...................... 2.92 + 0.58
ND5 ... 3.40 £ 0.67
Mean .................... 29 +0.60

* Values are computed from the second-codon positions of the protein-
coding genes contained in the sequenced fragment of A. lixula (ND3 ex-
cluded) compared with the orthologous genes from S. purpuratus and P.
lividus. The computation is from Lanave et al. (1984). T/T" is relative to
S. pupuratus vs. P. lividus, which is set equal to 1. The weighted mean
computed from the two means here reported is 2.5 + 0.54.

A reiterated sequence, TATATATAA, is present in the same position [ Ser(UCN)-
tRNA, ND3 junction ] in A. lixula as in the other sea urchins. In figure 1b the sequence
of the 2,280-nt small BamHI fragment is shown. This sequence contains 662 nt of
the 3’ end of the 12S rRNA gene, a cluster of 15 tRNA genes, a 136-nt noncoding
region, and 375 nt at the 5’ end of the ND1 gene. The order of the tRNA genes is the
same as that described for P. /ividus and S. purpuratus, in which the noncoding sequence
{located between the Thr-tRNA and the Pro-tRNA genes) is 132 and 121 nt long,
respectively.

The 136-nt noncoding region is characterized by the presence of a run of 26
consecutive G’s. It has already been reported that there is a tendency for heterogeneity
to arise in the length of homopolymeric tracts, both in vivo and when propagated in
bacterial cells (Hauswirth et al. 1984). Thus, the precise number of G residues is
difficult to quantify. However, in two independently isolated clones we found exactly
the same number.

The G-rich region is followed by an A+T-rich sequence in which the conserved
sequence motif TATATATAA is present in the same location as in P. lividus and §S.
purpuratus. The conserved consensus sequence TATATATAA is also found between
the Val-tRNA and Met-tRNA genes, again as in P. [ividus and S. purpuratus.

The presence of the conserved sequence motif TATATATAA in the same places
in A. lixula as in the other sea urchins suggests that it represents a recognition signal
for enzymes involved in transcription or processing (Cantatore et al. 1989).

mRNA-based Quantitative Estimate of Sequence Divergence

For a quantitative estimate of sequence divergence in the three echinoids, we

applied our stationary Markov model to the protein-coding genes (Lanave et al. 1984).
This method analyzes the evolutionary dynamics of the first and second codon positions

oot O BTPICIN-COINg genes; one at 2 time, If the change geeyrring at the third-codon
by gupo§1yt12)rllg 1s silent, this position 1s also analyzed. Our method requires that the sequence

on 227 Ju
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sites under comparison be “stationary,” i.e., that their base frequencies (g;; i = 1, 2,
3,4 = A, C, G, T) coincide within statistical fluctuations. If such a condition is
fulfilled, we can calculate the relative times-of-divergence ratio (7/T') of a pair of
sequences ( by using at least three sequences). The absolute time of divergence for the
pairs of sequences can be estimated by using as a calibration point a suitable time of
divergence from the paleontological record (Saccone et al. 1990).

Comparison of A. lixula protein genes with those of either P. lividus or S. pur-
puratus reveals that only the second-codon position is stationary for all genes. The
lack of stationarity of the third-codon position can be inferred from the data in table
1, where the relative usage of the third base in the fourfold codons of protein genes is
reported. In particular, while the relative usage of A and C is roughly similar in all
three species, the usage of G drops to 6% in A. lixula while the usage of T dramatically
increases to 40%.

Table 2 shows the 7/ T’ values of the three species pairs, calculated on the basis
of the second-codon positions of the protein-coding genes. We analyzed each individual
gene, as well as the “supergene” obtained by linking together all the protein genes
except ND3, the divergence of which has already reached saturation in the two ca-
marodont species. Table 2 shows that the average divergence of 4. lixula from either
P. lividus or S. purpuratus is at least twice that between P. lividus and S. purpuratus.

tRNA Genes and the 136-nt Noncoding Region

The conservation of tRNA genes (table 3) seems to be great in echinoderms,
particularly for the Ser(UCN)-tRNA gene. The differences between P. lividus and S.
purpuratus need to be checked, as in several instances (e.g., Pro- and His-tRNA genes)
P. lividus differs more from S. purpuratus than either one of them does from A. lixula
(the sequences of P. lividus and A. lixula have been carefully checked). The strong
conservation of tRNA gene sequences suggests that they evolve under strong functional
constraints in echinoderms.

The 136 nt is the only significant block of unassigned sequence. It has already
been identified, in both P. lividus and S. purpuratus, as the main noncoding region.

Sequence alteration in the main noncoding region of the three echinoderms under
study is reported in table 4. We observe few insertions/deletions and base substitutions
in the three species; moreover, transversions outnumber transitions. The conservation
of this region in the three species indicates that it is highly constrained and thus should
play a fundamental role in the replication and expression of the genome.

NDS5 Gene

The ND5 gene is 90 nt longer in sea urchins than the corresponding gene in
vertebrates (Cantatore et al. 1989). The 72 nt at the 5’ end of this extension may once
have been a tRNA gene for leucine (CUN) codon (Cantatore et al. 1987; but see
Jacobs et al. 1989). The nucleotide sequence corresponding to the extension domain
can be folded into a secondary cloverleaf-like structure that is reminiscent of and may
be derived from a tRNA gene that was present in the common ancestor (fig. 2).

Analysis of the base substitutions and amino acid replacements in the 90-nt
extension and in the 480-nt internal region of the three sea urchin species demonstrates
that the extension evolved faster than the internal region (table 5). A y? test shows
that the differences in the number of amino acid replacements observed in the two

oot RS, OF ShS.BENE. A1 Statistically sienificant. £ similar fesult was obtained by using
by gueChrantham’s (1974) method, by which an amino acid-difference formula gives a relative



Table 3

Percentages of Similarity

% SIMILARITY FOR

SPECIES AND tRNA Strongylocentrotus purpuratus Arbacia lixula Starfish
Paracentrotus lividus:
Phe ................. 93 ... 78°
Lew-UUR ........... 91 92 ce.
e .................. 90 e 75°
Met ................ 93 90 .
Trp ..o 90 88 76*
Lys ................. 91 .
Gly ................. 85 83 ...
Arg ... 85 ... 68*
Leu-CUN ............ 93 82 69°
Thr ................. 83 73 ...
Asn .......... ..., .. 94 92 77*
Cys oo 88 78
Glu ................. 94 86 -
Pro ................. 75 80 728
Tyr ... 87 82 .
His ................. 78 79 73b
Ser-AGN ............ 83 85 71°
Val ................. 90 80 ce.
Ala ................. 88 93 71®
ASp ..o 96 93 .
Gln ................. 83 84 60°
Ser-UCN ............ 94 90 71®
S. purpuratus:
Phe ................. e 78
Leu-UUR ........... 88 e
Ile .................. ... 75°
Met ................ 89 el
Trp oo 88 84*
Lys ................. cen
Gly ................. 83 ...
Arg ... ... 68"
Leu-CUN ............ 82 72
Thr ............. N 83 ...
Asn ................. 89 75
Cys .o 73
Glu ................. 86 .
Pro ................. 76 78
Tyr .o 77 e
His ................. 82 71°
Ser-AGN ............ 80 64°
Val ...l 74 ..
Ala ... ............ 85 79
ASp . ... 91 v
Gln ................. 81 56
Ser-UCN ............ 88 72°
A. lixula:
Phe .................
Leuw-UUR ...........
Ile ..................
Met ................
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Table 3 (Continued)

% SIMILARITY FOR

SPECIES AND tRNA Strongylocentrotus purpuratus Arbacia lixula Starfish

A. lixula (Continued)

Trp ..o 78
Lys ...t

Gly .................

Arg .. ... ces
Leu-CUN ............ 69*
Thr ................. .
Asn ... ... 76*
Cys ..

Glu ................. ce.
Pro ................. 720
Tyr .. ve
His ................. 72°
Ser-AGN ............ 69°
Val ... ce
Ala ................. 70*
ASp ..o ce
Gln ................. 65°
Ser-UCN ............ 71°

* Data are for Pisaster ochraceus (Smith et al. 1989).
® Data are for Asterina pectinifera (Himeno et al. 1987).

value to the physical and chemical difference between pairs of amino acids. On the
other hand, when the comparison is carried out between the two species of the same
order, the 5’ extension and the rest of the gene show equal rates of evolution. Similarly,
in the comparison of five closely related sea urchin species there are no differences
between the 72-nt extension and the internal region (Thomas et al. 1989). This seems
to suggest that the amino acid differences between orders are saturated in the internal
region because of selection for gene function, whereas such constraints are not operating
in the extension.

Discussion
Gene Boundaries

~

Comparison of the intergenic regions of mitochondrial genes of Arbacia lixula
with those of the two camarodont species allowed a definition of gene borders. When
there was a choice between two possible start codons, making intervening lengths

Table 4
Sequence Alterations in Main Noncoding Regions
No. of
% No. of No. of Insertions/
Comparison (no. of sites analyzed) Similarity Transitions Transversions Deletions
Arbacia lixula vs. P. lividus (127) ... .. .. 76 10 20 14
A. lixula vs. Strongylocentrotus purpuratus
(M14) ... 72 13 19 28
Paracentrotus lividus vs. S. purpuratus
(13) oo 77 7 19 28
mm'on_dc\_d fr h'cl Ll daad = o o ek L Lot + /O AL LAl 000
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A. lixula S. Purpuratus P. lividus

T TA TA
A 1a T A
T A T C A A
T G T T (o]
G-C G-C G-C
G-C G-C G-C
TC ’ T-G T-A
1 A-T 1 A-T 1 a-p
T 99 C - 99 (o]
C-G CTCAG A-TCTTACTTTTCC A 99
T-A c-G A~T CCTACTTTTAC
A-T T-A C"G
c-¢ T-A T-A
A-T A-T T T A
| <TT TC T CTTTTC T -3
- T TTTAA NEERE T AC
TC c 1t GGGAGG T c G-C TTOT
A-T A AAATC G ATT A ATCTT TC~TTC T
o-G TT T cr 1t TR T
T-A A-T TAGAA AGTGAG A
T-A G-T T c TAT
G-T G-C T-G
TTT C ACAT A-T G-T
c TTC T A-T A-T
A I T T-A G-C
ATA C A A-T
A-T AATC c c A-T
c-G T-A
T-A T AT
cT A ¢
T-A T G
c-G G
A-T
G-T
T T
A G
T T
r
AT

FIG. 2.—Proposed secondary structure of 5’ end domain of ND5 gene. The sequence from nucleotide 1 to nucleotide 99 can be folded into a cloverleaf-like structure in

the three species Arbacia lixula, Strongylocentrotus purpuratus, and Paracentrotus lividus.
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Table 5
Analysis of Base Substitutions and Amino Acid Replacements in NAS Gene

% BASE SUBSTITUTION

Arbacia lixula

vs. Strongylo- A. lixula vs. % AMINGC ACID REPLACEMENT"
centrotus Paracentrotus
purpuratus lividus S.
Codon Position  Codon Position A. lixula A. lixula purpuratus
vs. S. vs. P. Vs P
First Second First Second  purpuratus lividus lividus
Extension® ......... 56.7 40.0 46.7 433 70.0 (47.6) 73.3(52.0) 36.7(20.7)
Internal region® . . ... 394 204 419 36.2 469 (30.0) 52.5(38.1) 36.2(22.0)

NoTE.—Statistical evaluation of the amino acid replacements was as follows: A. lixula vs. S. pupuratus, y* = 4.519,
Py = 0.03; A. lixula vs. P. lividus, 3* = 3.641, P(x?) = 0.06; and S. purpuratus vs. P. lividus, x* = 0.003, P(x*) = 0.85.
Statistical evaluation of the amino acid replacements measured according to the method of Grantham (1974) was as follows:
A lixula vs. S. pupuratus, * = 3.11, P(x®) = 0.08; 4. lixula vs. P. lividus, x* = 3.82, P(x® = 0.05; and S. purpuratus vs.
P. lividus, y* = 0.06, P(x*) = 0.80.

* Values in parentheses are the average values of the amino acid differences, according to Grantham (1974).

®From 1 to 90 nt of NDS (30 amino acids).

¢ From 91 to 570 nt of ND5 (160 amino acids).

equal in three cases seemed appropriate, especially since the result was consistent with
Gadaleta et al.’s (1989) rule that ATH and GTG are only used as vertebrate mito-
chondrial initiator codons if there are no nucleotides between the two neighboring
genes. This led to the specification of ATA as initiator for ND1, and of ATG as
initiator for ND3 and ND4.

The secondary structure of each tRNA defines the anticodon unambigously;
however, the precise positions of the termini in tRNA genes are often debatable. When
more than one secondary structure could be drawn, we chose that in which the ami-
noacyl stem was 7 nt long, as in the study by Cantatore et al. (1989), even though
the aminoacyl stem could have been 2 nt longer in Thr-tRNA, Asn-tRNA, Ala-tRNA,
Trp-tRNA, and Val-tRNA and | nt longer in Met-tRNA.

In Paracentrotus lividus the ND4 and His-tRNA genes overlap for a length of 10
nt (Cantatore et al. 1989). The same could apply to 4. /ixula. However, when the
His-tRNA gene is made | nt longer at each end (as suggested by the findings in
Strongylocentrotus purpuratus), the overlap between the ND4 and His-tRNA genes
in both A. lixula and P. lividus becomes 11 nt. Similarly, the Ser(AGN)-tRNA and
NDS5 genes become adjacent in all three species if the tRNA gene has an aminoacyl
stem 8 nt long. Obviously, direct analysis of the RNA products is necessary if definite
conclusions are to be drawn.

tRNA Genes

In invertebrate genomes the organization of tRNA genes shows a much higher
variability compared with that of rRNA or protein genes. We have suggested that
during the evolution of sea urchins a tRNA lost its function and became part of a
protein-coding gene (Cantatore et al. 1987). According to Jacobs et al. (1989), a
clustered organization of tRNA genes may have been present in the ancestral mito-
chondrial genome In vertebrate mtDNA, tRNAs may serve as signals for the processing

b oal tHé hitoehoRUHHI DRSPS HHTdaH {Bts {1 iR "and Saccone 1989).
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Our results reported in table 3 indicate that tRNA genes are highly conserved in
the echinoderm lineage. The degree of conservation of the echinoid tRNA genes com-
pared with those of the asteroid Asterina pectinifera is particularly relevant, considering
the 400-500-Mya time of divergence of the two classes. These observations indicate
that, whatever their role, tRNA genes must evolve under evolutionary pressures dif-
ferent from those operating on protein and rRNA genes. The evolution depends both
on the particular position of tRNAs in the genome and on the modalities of gene
expression in a given taxonomic group (also see Thomas et al. 1989).

Directional Mutation Pressure

That the existence of directional mutation pressure can have a great influence of
phylogenetic inferences from sequence data was first suggested by Freese (1962) and
Sueoka (1962). According to this theory, the effect of a mutation on a genome has a
directionality toward higher or lower G+C content. Nonrandom G+C content at the
first two positions within a codon in a protein-coding gene may reflect the constraints
on amino acid composition that are required for the biological function of the molecule,
while the directional change in G+C is more marked in a selectively neutral part of
the genome. As we report in table 1, the 4. /ixula protein-coding genes show a marked
drift of G—T in the codon usage, which is responsible for the lack of stationarity (C.
Saccone and R. Holmquist, unpublished data). This is the reason why our quantitative
method for estimating sequence divergence could be applied only to the second-codon
positions of the mRNA coding genes.

The data in table 2 indicate that the average divergence of 4. lixula from either
P. lividus or S. purpuratus is at least twice that which exists between P. lividus and S.
purpuratus. Smith (1988) has recently estimated phylogenetic relationships for several
camarodont species, from which a tentative date of ~50 Mya can be derived as the
time of divergence between P. lividus and S. purpuratus. We estimate that the Stiro-
donta-Camarodonta time of separation is 125 + 27 Mya, a value 38% lower than the
200 Mya reported elsewhere (Smith 1984). Either value might be right.

Sequence Availability

The DNA sequences have been deposited in EMBL under accession numbers
X53727 and X53726 for the sequences shown in figures 1a and 1b, respectively.
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