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Abstract. A 2550-bp portion of the mitochondrial ge- sponges almost certainly predates the Cambrian explc
nome of a Demosponge, geniigtilla, was amplified sion (Gehling and Rigby 1996; Brasier et al. 1997; Li et
from whole genomic DNA extract and sequenced. Theal. 1998). As a basally derived metazoan lineage, syn
sequence was found to code for theehid of the 16S  apomorphies with other metazoans will be particularly
rRNA gene, cytochrome oxidase subunit Il, a lysine valuable in determining characteristics of the earliest
tRNA, ATPase subunit 8, and & Portion of ATPase multicellular animals. Sponges have already been show
subunit 6. The Porifera cluster distinctly within the eu- to possess a wide range of genes in common with the re:
metazoan radiation, as a sister group to the Cnidariaef the metazoa, including multiple classes of homeobox
Also, the mitochondrial genetic code of this sponge isgenes (Seimiya et al. 1994), ETS transcription factors
Ilkely identical to that found in the Cnidaria. Both the full (Degnan et al. 1993), an endocrine Signa”ng circuit (RO-
COIll DNA and protein sequences and a portion of thepjtzki et al. 1989), families of collagen genes (Exposito
16S rRNA gene were found to possess a striking simiet al. 1991), receptor tyrosine kinases (Gamulin et al.
larity to published Cnidarian mtDNA sequences, allying 1997), and many others (Shenk and Steele 1993). All of
the Porifera more closely to the Cnidaria than to anythese characters set the metazoa apart as a monophyle
other metazoan phylum. The gene arrangement, COll—ineage distinct from the protists, although some authors
tRNA"*—ATP8—ATPS, is observed in many Eumeta- prefer to place the sponges into a distinct subkingdom
zoan phyla and is apparently ancestral in the metazoa.the Parazoa (Willmer 1990).

To date, only a single mitochondrial genome from the
Key words: Porifera — Mitochondrial gene — Mo-  diploblast metazoa has been fully sequenced and put
lecular systematics — Demospongiae — Phylogeneticfished, that of the anthozoavletridium senile,a hexa-
— Metazoa — Diploblast — Genome evolution coral (Pont-Kingdon et al. 1994; Beagley et al. 1996).
Unique features found in this genome include Group |
introns, only two mitochondrially encoded tRNAs, and a
prokaryote-like sSrRNA structure. The mitochondrial ge-
nome of another cnidarian, the octocofsrcophyton
) .glaucumhas been shown to contain a unique ORF which
Phylum Porifera, the sponges, represents the most dig,qes for a gene homologous to a bacterial DNA mis-
tantly diverged metazoan group. Diversification of the match-repair enzyme (Pont-Kingdon et al. 1995), which
occurs as well in another octocordRenilla kolikeri
(Beagley et al. 1995). Whether this has led to a lower rate
Correspondence toR.F. Watkins; e-mail: watkins@darwin.mbb.  Of sequence evolution in the octocorals, and whether the
sfu.ca presence of an active, partially mitochondrially encoded
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mismatch repair system is restricted to the Cnidaria, reTable 1.
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Classification of the sponges used in this study

mains an open question (Wolstenholme 1992).
The existence of these unique features in the cnidarian

Phylum Porifera

mitochondrial genome sheds new light upon the evolu-
tion of metazoan mitochondrial DNAs. As metazoan mi-
tochondrial genomes are considerably smaller and code
for fewer genes than protist mitochondrial genomes, a
reduction in genome size has obviously occurred. Since
Cnidarian mitochondrial genomes appear to contain
more and longer genes, it is possible that this size reduc-
tion occurred over a broad time scale. The characteriza-

Class Calcarea
Subclass Calcaronea
Order Sycettida
Family Grantiidae
Grantia sp.
Family Amphoriscidae
Leucilla nuttingi
Class Demospongiae
Subclass Tetractinomorpha

Order Spirophorida
Family Tetillidae

Tetilla spinos&
Tetilla villosa®

tion of mitochondrial genomes from other lower meta-
zoan phyla (the Porifera and Ctenophora) would be
valuable in elucidating the process whereby the present
form of animal mitochondrial genomes was generated.
Similarly the genetic code of cnidarians has beenaSpecies identity uncertain; see Materials and Methods. Genus is als
e . calledCraniella.
found to lack all of the modifications from the universal
code Wh'Ch are found in the t”P!Oblf"‘St metazoa, with the PCR Amplification of mtDNA Bandé&mplification of candidate
exception of the TGA= W modification (Wolstenholme  poriferan mtDNA bands was performed with reagents from the Gene-
1992)_ As the Cnidaria are generally accepted to comAmp XL PCR Kit (Perkin—Elmer). Amplification of trans-gene regions
prise a later radiation than the Porifera, the mitochondriaPf the mitochondrial genome was attempted with a variety of mito-
enetic code of the sponges is of interest in elucidatin chondrial primers. A single 2.6-kb band was amplified frégtilla sp.
9 . pong . . . sing the primer 16S1 (Bridge et al. 1992), which was designed to
the evolution of metazoan mitochondrial genetic codegmpiify the 5 end of a 758-bp 16S rRNA band Metridium senile
and in establishing the characteristics of the earliesicnidaria) and the primer CSC2R1, which was designed as a conserve
metazoan state. cytochrome oxidase subunit Il primer from a range of metazoan COI|
We report here the first characterization of a portionsequences includiniletridium senilg(Pont-Kingdon et al. 1994). The

. . rimer 16S2 (Bridge et al. 1992), also designed from cnidarian 16S
of the mitochondrial genome of a Demosponge, genugRNA sequence, allowed the amplification of an approximately 750-bp

Tetilla. A 2550-bp portion of the mt genome was ampli- 165 pand from whole genomic DNA of all of the species examined and
fied and sequenced. The mitochondrial genetic code waom the purified 2.6-kiTetilla sp. band. Sequences of all DNA prim-
found to be identical to that of the anthozasetridium  ers are given in Table 2. _ _
senile.and analysis of the partial IRNA gene and the full I ode o otan e 2.6 el s b, e POR reaction v,
C_Ol_l g_ene demon_Strated an unusua”y h_lgh degree OE program of 94°C for 30 s, 52°C for 30 s, and 72°C for 12 min.
similarity to cnidarian mtDNA as well. While the DNA ity five amplification cycles were performed, the final cycle being
and protein sequences of these genes are conserved ref@towed by a final 12-min incubation at 72°C. Amplification of the
tive to theMetridium senilesequence, their relative or- 2.6-kb band using standard PCR mixes and cycles was not successft
ganization is not. Théetilla sp. gene organization is Put worked consistently with the long PCR protocol.

closer to that of the octocorRenilla kolikeri(Beagley et

al. 1995).

Cloning. In order to clone the ends of the 2.5-kb band, Titilla
sp. band was subjected td&saBAI digestion, blunt-ended, and cloned
into theSmad site of pUC18. Following this, the band was subjected to
a partialSaBAI digestion and cloned into thBanH| site of pUC18.
Random clones were sequenced until a complete overlapping set ha
been obtained. Multiple overlapping sequence reads from separat
clones were obtained for almost every portion of the sequence.

Materials and Methods

Sponge MaterialsLive sample organisms dfetilla sp. (Class Demo-
spongiae) andleucilla nuttingi(Class Calcarea) were supplied by Sea-
cology, Inc., of Vancouver, B.C. SamplesTdtilla sp. were cleaned of
surface debris upon arrival and frozen at —80°C. Sampld=eatilla 2.0 kit on 5% polyacrylamide gels in 0.5X TBE.

nuttingi were frozen at _SO_C u;zor? arrival. SamplesGrantia sp. Once the full sequence of the 2.6-kb band had been obtained, fur:
(class Calcarea) preserved in 50% isopropanol were donated by Ste‘fﬁer amplifications and sequencing reactions were performed usinc

SequencingMinipreps of the pUC18 clones were sequenced di-
rectly using the M13 Forward primer and USB’s Sequenase Version

Halford (Simon Fraser University Natural History Collection). The
taxonomies of the sponges used are detailed in Table 1.

primers developed from this sequence and matching primers extant ir
the laboratory. These primers are listed in Table 2. Sequencing of band

The species status of the primary sponge sample is uncertain. |5mp|ified from genomic DNA using these primers was performed us-

represents eitheretilla spinosaor Tetilla villosa. Tetilla spinosanay
in fact represent an immature form étilla villosa (B. Austen, per-
sonal communication), so the distinction may be irrelevant.

DNA Extraction.Whole cellular DNA extraction for all organisms
was performed with the Isoquick DNA Extraction Kit (Microprobe

Corporation). Total DNA was extracted from approximately 200 mg of

ing Amersham’s Thermo-Sequenase cycle sequencing kit on a Perkin-
Elmer/Cetus GeneAmp PCR System 2400 machine using the kit manu
facturer’s protocols.

Results and Discussion

tissue according to the manufacturer's protocol, using the total DNA ~ Gross Characterization of the Sequentéae full se-

and RNA extraction method.

guence of the 2550-bp demosponge mtDNA band (Fig.
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Table 2. Sequences of DNA primers used in this study these sequences as well, using the cnidarian mt genet
code for translation (Pont-Kingdon et al. 1994), as it

Primer Sequence appeared to provide a translation consistent with the po
CS16S3 5GTATGAATGGCTTAACGA? sitions of conserved amino acids in the other COIl genes
N 5'-ATCCAACATCGAGGTCG’ (see Discussion below). Alignments were performed first
o) gﬁggigﬁ;ﬁﬁfﬁgg&iﬁﬁ ATAGCH with CLUSTALV (Higgins 1994) and then inspected by
1652 5 ACGGAATGAACTCAAATCATGTAAGY  €ye to optimize the alignment. Alignments of the DNA
CSC2R2 5TTAAAGCAAACTTTTCCA? sequences of these genes were then made using tl
CSC2R1 5TGATTAGCCCCRCARAT amino acid alignments.

v 5'-CGTTCCGGTTGATAACCTCATC Results of neighbor-joining analysis of both the amino
CSC2F3 5 AATGTTCATATTAACTAT 2 . . R

CSC2F1 5 TGGAATTTGAYTCTTAYAT 2 acid and the DNA alignments are shown in Fig. 2. The
CSC2F2 5 CATTCTTTTATGCCWATTGT® phylogenies recovered from both data sets are consistel
CSA8F1 8-GTCAGTATATATGAAAGT? with one another and show a very high bootstrap suppor
CSAGF1 5'AACAGATGGCAATTTCTTZ (>95% in all cases) for placement of the candidate po-
CSABRL S-TTAACATGCCAATAAAGA riferan sequence as a sister taxon to the one publishe
apeveloped from thaetilla sp. sequence. cnidarian COIl sequence, that of the anthozoan
b Liu (1993). Metridium senileThis placement is supported as well by
©Wei (1992). maximum-parsimony analyses on both the nucleotide

“ Bridge et al. (1992). and the amino acid data, although at only 77 and 65% o

bootstrap replicates with DNA and amino acid parsi-

1) reveals the presence of three open reading frames qony respectively. In both cases, however, the sequenc
positions 9971737, 1825-2015, and 2016-2550. Analy'S supported as metazoan at >98% of bootstrap replicate:

sis of the first ORF reveals a very high sequence simiMétazoan origin is also supported by DNA maximum-

larity, at both the nucleotide and the predicted amino acidikelihood analysis. . .
sequence level, to the previously published sequences of [N order to ensure that the mitochondrial sequence
mitochondrial cytochrome oxidase subunit 1l from Was repeatably obtained from this species in general
Metridium senile(Pont-Kingdon et al. 1994) and from a rather than from the one individual, the sequence from
wide range of other metazoan and nonmetazoan tax®ase 1654 to base 2286 was amplified from three othe
The third ORF, at positions 20162550, reveals sequencéPonge individuals. This region includes thee8d of the
similarity to mitochondrial ATPase subunit 6 from a va- COll gene, a putative tRNA gene, and theehd of the
riety of metazoan and nonmetazoan taxa. The Seconﬂutative ATPase subunit 8 gene. In all cases a band witl
ORF cannot be easily identified on the basis of DNA identical sequence was produced, although there wa
sequence. The DNA sequence from base 1 to approxisome evidence of heteroplasmy at tee8d of COIl in
mately base 844 exhibits a high degree of similarity totwo individuals.
the 3 end of the mitochondrial large ribosomal RNA  Since both of the primers utilized in amplifying this
subunit in a wide variety of taxa, and the sequence fronsequence were developed partially from cnidarian mito-
bases 1751 to 1823 demonstrates similarityEtocoli ~ chondrial sequence data, the results of this analysis leav
tRNA-Lys and a variety of other prokaryotic tRNAs.  some concern that the product could represent an ampl
fied contaminating cnidarian mitochondrial sequence. In

Verification of Amplified DNA Sourc@ur immediate ~ order to address this issue, a portion of the mitochondria
goal was to assess whether the sequence represented ttaege ribosomal RNA subunit gene was taken from the
poriferan mitochondrial DNA or DNA amplified from a amplified candidate sequence and, also, amplified from &
symbiotic or contaminating organism. Many sponges ardresh-water calcispongésfantia sp.) and a marine cal-
known to harbor dense intracellular populations of zoo-cisponge Iceucilla nutting). We reasoned that it would
xanthellae, zoochlorellae, and cyanobacteria (Simpsobe unlikely that a common cnidarian contaminating spe-
1984). Additionally, since the DNA extraction was made cies would be present in all three of these animals and
from whole tissue, the coextraction of DNA from small further, that comparison of this sequence with the same
marine organisms inhabiting the internal canals andegion from representatives of most cnidarian classe:
choanocyte chambers in the sponge or from larvae o$hould place sponge sequence basally to the cnidaria
marine organisms including echinoderms, amphipodstadiation, provided that the sequence did in fact represen
annelids, and copepods was a significant possibility.  true poriferan mitochondrial DNA.

The full amino acid sequences of the COIl genes from  Partial mitochondrial large ribosomal RNA subunit
five metazoan phyla along with one fungal COIl se- sequences were retrieved from Genbank (Table 3). Thes
guence and the COIl sequences of ared algae and a gresaquences were aligned with partial mitochondrial
algae were aligned. The inferred amino acid sequence dfRNA sequences obtained frofretilla sp., Grantia sp.,
the candidate poriferan COIl band was aligned withandLeucilla nuttingi(Table 3) with the 16S1 and 16S2
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1 ccttaataazaggaccttaggtctgaagtattgagggtgaggectgeccagtaotigtatttaaaactgagtaataaaata
>>—————— B S e
81 agctacttgactaagaacaattaaatggcogeggtaactctgaccgegataaagtagegcaatcaatagtcaattaattyg

161 ttgacaagtatgaatggcttaacgagtgeccccgetgtctcaagataaataccaatgaaattgaattegtagtgaagatyge

481 gotggttaataaccgtgggttatagtgaccegtttgtttagggtgggataactaacgatcaatazataaaagitaccace

561 gggataacagcgtaatctcgtttgagagttcgtatcgatgacgatgtttgecgacctecgatgttgaattgeggtitectgg

641 gggtgcagccgcttccaagggttgoactgttegtecattaaaaccgtacatgatttgagttcagaccggegtgagecagg
———————————————————————————————————————————————————————— gagttcagaccg<--CSB#l----

721 tcggtttctatctacaatttatttaggaaacattaaatacaactacaccttagtacgaaaggatcgggtgtttagttate
e e e e e — CSB#2-->-tacgaaaggaccgs==ss=s=s=====

801 cgctggtgtaccaattgtattgctgttgggtgoctaacgataaaattaataatcactgaatgcatctcaagtgagaagceg

881 aaggtattattctatgtttccagttttagaaccgctcgagaataggacgttgataggatctatatatagtataagattac
---- [possible polycistronic transcript cleavage structure] -------—---—---—--—---

M E K P AL 8§ s L L I V L R D

961 taagttttaaaatactagtcattgttaaaagasaatatggaaaagtttgctttaagttcgttattaatagttttaaggga
——————————————————————————— | IR L O

A P E P W Q L G F ©Q D A A S P V M B E I
J41 cgctccagageccatggecagttaggttttcaagatgectgcectagtceccagttatggaggaaat

I F F H D Q
tatatttttocatgatcaaa

O

Fig. 1. Nucleotide sequence of the 2550-bptilla sp. (Demospon-  conserved sequence blocks CSB# 1 and CSB# 2 and upstream of tf
giae) band. The sequence contains three protein-coding genes: cyteandidate polycistronic transcript cleavage site. This region is indicated
chromec oxidase subunit Il (COII), ATPase subunit 8 (ATP-8), and the with a string of = symbols. The TTT anticodon of the tRNA gene is
5’ portion of ATPase subunit 6 (ATP-6). In addition, it contains the 3 indicated with three asterisks. The sequence appears to be the so
end of the large ribosomal subunit RNA gene (16S rRNA) and a singlesense strand for all genes in this sequence, as all genes are entoded
tRNA with a TTT anticodon for lysine. The sequence has been sub-+o 3’ in the sequence shown. Presumptive amino acid translations for al
mitted to GenBank with the accession number AF035265. The eXact 3protein-coding genes are shown. The primer sequence is not shown.
end of the IrRNA gene is uncertain, but likely downstream of the two

primers, using CLUSTALV with a fixed gap weight pen- tions were performed, and the sponge sequences wel
alty of 25 and a floating gap penalty of 25. Regions offound to represent a radiation basal to the Anthozoa
unambiguous sequence alignment were selected fdikely the most basally derived cnidarian class (Bridge et
analysis, corresponding approximately to the three highal. 1995) at 99% of bootstrap replications (Fig. 3). Boot-
identity sequence blocks of France (1996). strap values for branchings within the Cnidaria are gen-
Alignments were analyzed by neighbor joining using erally very low, due largely to the fairly small length of
MEGA (Kumar et al. 1993) with both complete deletion the sequence analyzed, and the position of the eching
of gaps and pairwise deletion, using the Kimura two-derm sequence is erroneous due to its higher rate o
parameter correction. Five hundred bootstrap replicasequence change. Inclusion of the more variable region
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L T I I v T I VL W L L I R A L T L K H Y Y K Y
1121 taac

L F E 6 T L I £ I I w T L VvV P A CV L I ¥ I A F P 5 L
tatt

K L L Y L M b E V D P A L T I K A I G H Q W Y W S
1281 aaaattattgtatttaatggatgaggtaattgatcctgctttaactataaaggcaataggacatcaatgatattggtet

o

n

Yy E Y S DY ¢ T K T I EF D S Y M I P T S DL N K G D

1361 atgagtattccgattatggtacaaaaacaattgagtttgattcttacatgattccaacttctgatttaaataaaggagat

L R L L EV DNWU RULIV?PI QT QV RV L V TAA DV
1441 ttaaggctgttggaagtggataataggttaattgtgecctatacaaacacaggtgcgagtgttagtaactgeggeggatat

L H A F AV P SL GV K VDA AUV P GUR L N Q T S F F

L

1521 tttacatgcatttgctgtgccatctttaggggtgaaggttgatgeccgtgecgggacgattgaatcagacaagttttttte

L K R P GV F Y G QC S EL CG ANUHSFMUP I V V E
1601 ttaaaagacccggagtattttatggacaatgttctgagttatgcggggcaaatcattcttttatgectattgtagtagag

G v s L E K Y V S wW VAT QS E E A *
1681 ggcgtatcgttagaaaagtatgtatcttgagtagcaacacagtctgaggaggcttaagtttttattttaatggtgtgtaa

v P O L E
1761 ctcatgtggtagagtagtagacttttaatctgtaagtagttggttcgagtccaaccacatcagtgtgccacagttagagg
--- tRNA-Lys -=--=-—=--= H K e [ et

AV T F L C QY I WX L Vv I L F VL F S I L V NV I L
1841 cggttacttttttgtgtcagtatatatgaaagttggtaattttgtttgtcttattctcaatacttgtaaatgttatattg
AP =8 e o e e e e e e e

P R L Q W I VT RNIQV NS I EMI KI KEIRTIZ KL ET
1921 cccagattacaatgacagatcgttactagaaatcaagttaattctatagaaatgaagaaagaaagaattaaattggagac

I L1 1 *M F A A Y F D Q F NV V KL I TMOQ V F V G
2001 aattttaataatataatgtttgcagcttattttgatcaatttaatgttgttaagttaataacaatgcaagtttttgtagg
—————————————— [ |========= ATP=6 ——m—mmm— oo

bw 1. LI F TNS S MMMV I AV I I S W L L S E G
2081 ggattgattgttgatttttactaactcttcaatgatgatggtgatagccgttattatatcttgattactatcagagggaa

K R L I P N R W F L I E S A Y I N I H S V V Q E N L
2161 agagattaatacctaacagatggcaatttcttattgagtctgcatatataaacattcattcggtggttcaagagaattta

G K A G O K F F P F VL CULF I F I A MULNUV L G L ¥
241 ggtaaggcgggccaaaagttttttocttttgtgttatgtetttttatctttattgecatgttaaacgttttagggttatt

P Yy v F V P T A Q I V I T L G L S VvV s I I I A V. T L
2321 tccttatgtatttgtaccaactgcgcaaatagtaataactttgggtctttctgtatcaataataatagetgtaacattat

. G v L T F K L K FF S I L M P GGV P L V L A P F L
2401 taggggttttaacatttaagttaaaattttttagtatattaatgccaggcggggttccattagtattggegeegtttett

v v i1 E T A s Y L I K A I s L G VvV R L A A N I
2481 gttgtaatagagacagcgagttatttaataaaggctatttcgttaggagttagattggccgectaatatat

Fig. 1. Continued.

of the IrRNA sequences in this analysis further lowersnificantly. For all analyses, essentially identical trees
the bootstrap values within the Cnidaria but maintainswere obtained with other distance correction methods
the relative position of the Porifera, although the branchincluding gamma distances.

length leading to the poriferan sequences increases sig- The full I'RNA data set, including the more highly
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7 Artemia fransiscana 69
A 71 | l Katharina tunicata 40
99 Lumbricus terrestris 99 B

100

Strongvlocentrotus purpuratus 99

99 .i: Metridium senile 100} 94
Tetilla sp.

I, Allomyces macrogynus

| Chondrus crispus —_— |
Prototheca wickerhamii

Fig. 2. Neighbor-joining trees of aligned COIl DNA and amino acid plete deletion of sites with gapB. Neighbor-joining tree derived from

sequences. Number show percentages of 500 bootstrap replicatiorsnino acid sequence data using Poisson distances and complete del

which support that branci Neighbor-joining tree derived from DNA  tion of sites with gaps. Accession numbers for sequences are listed il

sequence alignments using codon positions 1 and 2 only, and th&able 3.
Kimura two-parameter correction using only transversions and com-

Table 3. Accession numbers of sequences used in this study

Source species Gene Classification Accession No.
Anthopleura elegantissima 16S Cnidaria: Anthozoa U40292
Renilla muelleri 16S Cnidaria: Anthozoa u19372
Leptogorgia virgulata 16S Cnidaria: Anthozoa uU19371
Antipathariasp. 16S Cnidaria: Anthozoa u40287
Stichopathes spiessi 16S Cnidaria: Anthozoa u40286
Craterolophus convolvulus 16S Cnidaria: Scyphozoa U19375
Haliclystussp. 16S Cnidaria: Scyphozoa U19376
Aurelia aurita 16S Cnidaria: Scyphozoa U19373
Casseiopiasp. 16S Cnidaria: Scyphozoa U19374
Liriope tetraphylla 16S Cnidaria: Hydrozoa u19377
Obelia dichotoma 16S Cnidaria: Hydrozoa U19378
Tubularia indivisa 16S Cnidaria: Hydrozoa U19379
Strongylocentrotus purpuratus 16S Echinodermata: Echinoida X12631
Tetilla sp. 16S Porifera: Demospongiae AF035265
Grantia sp. 16S Porifera: Calcarea AF035267
Leucilla nuttingi 16S Porifera: Calcarea AF035266
Prototheca wickerhamii COll Chlorophyta: Chlorophyceae Uu02970
Chondrus crispus Coll Rhodophyta: Florideophyceae 247547
Allomyces macrogynus COll Fungi: Chytridiomycota u41288
Tetilla sp. Ccoll Porifera: Demospongiae AF035265
Metridium senile Coll Cnidaria: Anthozoa S75445
Strongylocentrotus purpuratus COll, A8, A6 Echinodermata: Echinoida X12631
Lumbricus terrestris COll, A8, A6 Annelida: Clitellata u24570
Katharina tunicata COll Mollusca: Polyplacophora u09810
Artemia fransiscana call Arthropoda: Crustacea X69067
Drosophila melanogaster COll, A8, A6 Arthropoda: Insecta U37541
Homo sapiens COll, A8, A6 Chordata: Vertebrata J01415

variable regions, was analyzed by maximum parsimonyalties (10/10, 10/25, 25/10, 25/25, 50/10, and 50/25).
using PAUP 3.1.1 (Swofford 1993). Using the heuristic These complete alignments were analyzed by neighbor
search option, two most-parsimonious trees were foundpining with MEGA using the Kimura two-parameter
both of which grouped the Porifera separately from thecorrection and complete deletion of sites with gaps. In all
Cnidaria. In neither case was the placement of the porifcases the Porifera were found to cluster as a separal
erans as a separate radiation from the cnidarians affectethdiation from the Cnidaria, although the exact place-
and in both cases the cnidarians, echinoderms, and porent of the cnidarian classes with respect to one anothe
riferans represented an unresolved polytomy on the treezaried somewhat, as did the placement of the echinoderr
A bootstrap 50% majority-rule consensus tree basedequence.
upon 100 replications placed the Porifera as a separate
radiation to the Cnidaria at 100% of replications (Fig. 4). Protein-Coding GenesThe ORF from bases 997 to
In order to investigate the effect of alignment upon 1737 codes for cytochrome oxidase subunit Il. Com-
these results a series of alignments was generated wiftarison with other mitochondrial COIl genes from both
CLUSTALYV by varying the fixed and floating gap pen- metazoan and nonmetazoan taxa (Fig. 5) reveals that th
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S. purpuratus | Echinoderm

34
49(4——-— Obelia
33 Tubularia Hydrozoa
Liriope
44 Cassiopia
| Scyphozoa
B 100 [~ Craterolophus o
£
I— Haliclystus =2
100 J- Leptogorgia
LRenilla
Antipatharia Anthozoa
93
Anthopleura
Stichopathes
ﬁr Grantia
85 .
Leucilla Porifera
Tetilla

Fig. 3. Neighbor-joining tree derived from shorfl{50-bp) Cnidar-  blocks of conserved sequence were utilized to produce thisia®-

ian, Echinoderm, and candidate Poriferan mitochondrial 16S rRNAbersshow percentages of 500 bootstraps which show support for tha
sequences using the Kimura two-parameter correction, transversionsranch. The placement of the Echinoderm sequence is aberrant and
only, and complete deletion of sites with gaps. Use of other distancdikely a result of a combination of a much higher relative rate of
correction parameters was found to have no significant effect uporsequence evolution and lower confidence sequence alignment.
either branch order or branch length. Only the three highest-confidence

Aurelia
99 | -
gas.;'ew;lnah Scyphozoa
—— raterolophus
5 100 Haliclystus A
84 Liriope =3
Obelia Hydrozoa g‘
7 83 [ Tubularia 5
I Leptogorgia
78 Renilla
100 Anthopleura | Anthozoa
Stichopathes
100 | Antipatharia
S. purpuratus 1 Echinoderm
100 getilla_ I Demosponge
rantia .
88 I Leucilla I Calcisponge

Fig. 4. Bootstrap 50% majority-rule consensus tree derived from Cnidarian, Echinoderm, and candidate Poriferan mitochondrial 16S r
sequences by maximum parsimony. The full0-bp) sequence alignments were utilized to produce thisNeabershow the percentage support
for that branch of 100 bootstrap replications.

poriferan sequence shares a commorinSertion with  amino acid deletion relative to the algae. Both diploblast
Cnidaria relative to the rest of the metazoa, although thgenes are longer than the triploblast mitochondrial COll
sponge insertion is two amino acids shorter than the cnigene (Table 4).

darian sequence. The presence of tHisé&quence ap- The ORF at bases 2016 to 2550 shows a high degre
pears to be a shared feature with both the fungal and thef similarity to the 3 178 amino acids of ATPase Sub-
algal COIl genes, suggesting that a deletion of some 11nit 6 (Fig. 6) from a wide range of taxa, but it is not
amino acids occurred following the divergence of thepossible to estimate the full length of the gene and its size
triploblast lineage away from the diploblasts. The meta-elative to other metazoan taxa with this partial sequence
zoa are distinguished from the fungal and algal se-The ORF at bases 1825-2015 may code for ATPast
guences, however, by the common presence of a deleticsubunit 8, based solely upon the hydropathy profile of its
at base 1201 of the COIl sequence, corresponding to mferred amino acid sequence (Fig. 6). If this is the case
six-amino acid deletion relative to the fungi and a five- then the gene appears to overlap thertd of the ATPase
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Tetilla MEKFALSSLLIVLR---DAPEPW-QLGFQDAASPVMEEIIFFH-DQIMFILTIIVTIVLWLLIRALTLKHYYKY---——— 69

Metridium .TNL-.NNW..INQFGY.L....-...L....H.......... -..V....I..I.T....IVK..SG.A.HR.----—- 71

Strongyloc Gl .A.F.L...S..L...LTY..-.YALIV. .L.TIL.FYG.VSL.VSSNTNRF----—— 54

Artemia VSQ-————mm e m .F...L.NGN..L..QL....-.HALLVVIL.TSL.GFF.AALFSN.FLHR. ---——— 54

Katharina AF--==——-mm———mmm e .S.W....G...I..QL....-.HA.L..IM.ISLLSYGAVSLMNNSFLSRS------ 54

Drosophila B .AN..L..S...L..QL....-.HALL. .VM. TVL.GY .MFMLFFNNYVNRF--—--—— 54

Lumbricus PN-===- e .G.VM...... S..LQLVS. .- .HALLV. .LVL.V.GYA.LALMLN.QVNR.--—--—- 54

Allomyces .KLLNFIY----——~- N.H.Q..-.M....G.TTTFYG.VDL.-.N.I.Y.I.VIIG.T.IQTSVM.DSYGNSDKHVYKY 70

Chondrus .NNILNFY---PAVITT.VA.N.-.I....P.T.I..G..NL.Y.-L..FICV.SVF.S.M.G.T.WHFEQNQONKIPSS- 74

Prototheca .KFLLFAYA. .PFVSFS....A.-.I....P.T.I.QGL.DL.H.~-.Q.F.IAVLVF.V.MVS...Y.F..TRNPLPEK- 77

Tetilla LFEGTLIEIIWTLVPACVLIFIAFPSLKLLYLMDEVIDPALTIKAIGHQWYWSYEYSDY---GTKTIEFDSYMIPTSDLN 146
Metridium .VD...L..... I...IT..Leceunnnnnnnnn. . -==Q.E.L...... V...E.. 148
Strongyloc F...QEL.T...VI..LI..L..L...Q........ N..F..... Fo.o........ T.FN-—---- DL...... V....VS 129
Artemia .LD.QA..TV..VI..II.VA..L..IR....I..IHN...... 4 LN----- D.Q....... SNE.S 129
Katharina TL.SQE...V..IL..V....L..... Q....L..LEE...... VV. i FL----- NL....... SLE..E 129
Drosophila .LH.Q...M...IL..II.L...L...R....L..INE.SV.L.S............. FN----- Nooveonnn. NE.M 129
Lumbricus IM.AQTV.T...IL..LI.LVL.L...RI..IT...SQ.SI.V.T........... T.FL----- NV.M....L..... L 129
Allomyces SHH...V..... IT..LI.VA..... F....T..S.V...V.V....Y....G.N.G. .NE----D.S...F.V..DE.E 146
Chondrus .TH..... M...VT. . FI.LI..V..FS...A...I.S..I...TL............. LNEDDDS.NY...... EE..E 154
Prototheca IIH...... V..IT.SLI..... V..FA...SL...V... V.. ... e, SIADDQS.A....... DD..E 157
Tetilla KGDLRLLEVDNRLIVPIQTQVRVLVTAADVLHAFAVPSLGVKVDAVPGRLNQTSFFLKRPGVFYGQCSELCGANHSFMPI 226
Metridium J V...N.H...... G..... S....A.A..M..I....... G..I....I....... R 228
Strongyloc F.NP......... VL.M.NPI....SS..... SW...... T.M.......... T..AA.T......... b 209
Artemia T.MY...D....SQC.MIKAI.LMI.SDA...SW...... I.M..D...... S.LLVNM.......... I..SG...... 209
Katharina E..Y...... H.SV.MK.K............ SWT....... A......... L...ANY.......... I.......... 209
Drosophila TDGF...D....VVL.MNS.I.I....... I.SWT..A...... GT....... N..IN...L....... Toviiinnnn. 209
Lumbricus P..Y........ MV..M.LEI.M.I..... I.SWT..A...oiierennnn. IG.TTTQ. .. .oo.... T, 209
Allomyces M.QF........ VV..VD.R..IV...... I.S....... I.I..I...I..A..LID.E..Y...... T..... G.... 226
Chondrus I.QF........ MVI..N.HI..I........ SW....FRS.C..I........ L.I..E..Y...... I..I..G.... 234
Prototheca L.QY........ VV..VD.HI..II....... SW.I...... C.ovvnnnn. IPM.I..E............ T..A.... 237
Tetilla VVEGVSLEKYVSWVATQSEEA 247
Metridium .I.A...D..IN..I.G.D.- 248
Strongyloc .I.S.PFNTFEN. . TQYL. .- 229
Artemia .I.A.GESDFLK.LEL.I-S- 228
Katharina .L.V.DSSSFIK.IMFNG.A- 229
Drosophila .I.S.PVNYFIK.ISSN-NS- 228
Lumbricus A..AINTKSFM. . .S-NFKP- 228
Allomyces AI.A..TDR..A..DA.L-S- 245
Chondrus ...AT..PN....ISNKLN.- 254
Prototheca ...A....N.I...SNKL..L 258

Fig. 5. Alignment of the full demosponge COIIl gene with represen- apart from the nonmetazoan sequences. Amino acid residues identic:
tative COIl genes from both metazoan and nonmetazoan taxa. Not& theTetilla sp. sequence are indicated bylat, and gaps relative to
both the 5 indel in common between the triploblast metazoan phyla the Tetilla sp. sequence are indicated bgiash.Accession numbers for
and the smaller indel, which sets the metazoan sequences as a whaequences are listed in Table 3.

subunit 6 gene by one nucleotide. This situation is knowrable estimate of their translations to be made. In the cas
from many other metazoan phyla (Wolstenholme 1992)of Metridium senileg(Pont-Kingdon et al. 1994) evidence
regarding the assignment of the TGA codon to trypto-

Codon Usage, Nucleotide Bias, and Genetic Codephan rather than a stop codon was found to be inconclu
The frequencies of nucleotides in the third codon posi-sive, but the authors felt that their translations were con-
tion of the three protein-coding genes is proportional tosistent with TGA being assigned to tryptophan. Further
their relative usage in the full MtDNA segment (Tables 5sequence analysis has supported this interpretation (C
and 6). For third codon positions, codons ending in A orBeagley, personal communication). In the cas@aetilla
T constitute 74.6% of those used, compared to 59.3% o$p., a TGA codon occurs four times, and in three of those
first codon positions and 68.7% of second codon posicases the tryptophan residue at that position is univer
tions. This suggests an overall stronger AT bias in thirdsally conserved in the COIl sequences of taxa ranginc
codon positions relative to AT content of the sequence afrom Drosophila melanogasteto Prototheca wicker-
awhole (66.2%). Of the nine codons not found to be usedhamii. In each of these cases tMetridium senileCOIl
in this segment of the mitochondrial genome, eight ofsequence contains a TGG codon for tryptophan at tha
them end in either G or C, the exception being CGTposition. The TGA codon then is likely to be translated
(arginine). as tryptophan ifetilla sp.

All of the codons whose specificity most frequently ~ The mitochondrial genetic codes of higher metazoan
changes are found in the COIl gene, and comparison obhyla commonly utilize methionine as the translation for
the COII nucleotide and amino acid sequences fromATA codons, but the translation of this codon in turbel-
Tetilla sp. with a variety of other taxa allows a reason-larian, platyhelminths, and echinoderms is isoleucine,
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Table 4. Comparison ofTetilla sp. mtDNA complete protein-coding genes with those of other taxa

ATP 8 % COIl amino acid identity

length

(amino COll length With With With D. With P.

acids) (amino acids) Tetilla sp. M. senile melanogaster wickerhamii
Tetilla sp. 63 247 — 74.4 53.0 59.3
Metridium senilé 7 248 74.4 — 55.2 55.4
S. purpuratu8 55 229 57.1 57.3 61.6 46.3
C. elegans NF 231 37.1 38.6 43.2 39.8
D. melanogastet 53 228 53.0 55.2 — 47.1
K. tunicatef 53 229 56.3 53.6 62.4 48.8
Lumbricus terrestris 53 228 50.6 49.2 59.6 46.3
Artemia franciscan& 53 228 47.4 49.2 61.8 43.6
Allomyces macrogynlis 47 245 54.5 55.7 45.5 54.8
Chondrus crispus NF 254 54.9 53.9 47.8 64.7
P. wickerhamii NF 258 59.3 55.4 47.1 —

2Pont-Kingdon et al. (1994).
b Jacobs et al. (1988).

¢ Okimoto et al. (1992).

9 de Bruijn (1983).

¢Boore and Brown (1994).
fBoore and Brown (1995).

9 Perez et al. (1994).

" Paquin and Lang (1996).

" Leblanc et al. (1995).
TWolff et al. (1994).

K CT Beagley, personal communication.
"'NF, not found.

that of the universal genetic code. Metridium senile  served lysines at any of these positions, the results ar
evidence was found that the translation of ATA codonsconsistent with AAA codons specifying lysine retil-
was also for isoleucine (Pont-Kingdon et al. 1994). Inla sp.
Tetilla sp., there are 8 ATA codons; in the COIl nucleo- The two codons AGA and AGG are the most fre-
tide sequences @trongylocentrotus purpuratus, Katha- quently reassigned in the mitochondrial genetic code of
rina tunicata, Artemia franciscana, Drosophila melano- metazoans. While in the universal code they specify ar-
gaster,and Lumbricus terrestristhere is a total of 35 ginine, they are variously reassigned throughout the
codons corresponding to 7 of these positions. Isoleucindigher metazoan lineages. Théetridium senilemito-
is found at 11 of these positions in the amino acid se-chondrial genetic code was found (Pont-Kingdon et al.
quence compared to methionine, which is found only six1994) to utilize the standard genetic code specificity of
times. Two of these positions are well conserved forarginine. In the case of theetilla sp. mitochondrial COII
isoleucine and show no methionine codons in any of thegene, there is only a single AGA codon, which corre-
other sequences, even when fungsdldmyces macrogy- sponds to an AGA codon iMetridium senile.This
nug, red algal Chondrus crispus and green algaRro-  codon position codes for an arginine residueSinong-
totheca wickerham)jiCOll sequences are included in the lyocentrotus purpuratuand in the fungal and algal lin-
analysis. It seems reasonable to infer that the mitochoneages as well. This being the only AGA codon in this
drial ATA codon inTetilla sp. codes for isoleucine, the gene, and the position not being very well conserved in
universal genetic code translation. the metazoa, the only conclusion which can be drawn
The codon AAA has been found to maintain its stan-is that its usage is consistent with AGA specifying argi-
dard genetic code assignment of lysine in all metazoamine. Three examples of the AGG codon are found in
phyla with the exception of the echinoderms and play-Tetilla sp., two of which correspond to very highly con-
thelminths, in which it codes for asparagine. Cnidariansserved arginine residues, with perfect conservation in al
appear to maintain the standard genetic code assignmeat the species utilized in the alignments. These two po-
(Wolstenholme 1992). In the case of the sponge COlisitions are coded for irMetridium senileby AGA
gene, four AAA codons are found, one of which corre- codons.
sponds to the position of an AAG-encoded lysine residue Three initiation codons are found in this mitochon-
in Metridium senile,and AAA-encoded lysine residues drial sequence: for COIl, ATP8, and ATPS6. In two cases
in ArtemiaandLumbricus,and two of which correspond an ATG initiation codon is found, whereas the ATP8
to presumptive AAA-encoded lysine residues ingene appears to begin with a GTG initiation codon. The
Metridium senile.Although there are no strongly con- use of GTG instead of ATN as a mitochondrial initiation
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Fig. 6. Kyte—Doolittle hydropathy plot of presumptive ATP-8 and ATP-6 sequences Tretifla sp. compared with hydropathies of the same
genes fromDrosophila melanogasteand Strongylocentrotus purpuratusll hydropathies were calculated using the GREASE program from the
FASTA package (Pearson and Lipman 1988).

Table 5. Nucleotide composition oTetilla sp. COIll, ATP8, and ATP6 genes compared with that of other metazoans

Species % T % A % G % C

Tetilla sp2 37.83(34.67) 29.65 (30.07) 20.31 (21.61) 12.21 (13.65)
M. senilé 34.94 29.32 19.54 16.20

S. purpuratus 32.24 27.00 16.60 24.16

L. terrestris 31.18 30.07 13.88 24.87

D. melanogaster 42.34 33.69 11.05 12.92

H. sapiens 24.79 30.78 11.78 32.65

2Numbers in parentheses refer to the percentage nucleotide composition of mtDNA band as a whole.
b COll gene only forMetridium senile.

codon is infrequent in metazoa but is known to occur inzoan phyla have been found to include TA or T partial

chordates and echinoderms, but not in arthropods, nentermination codons to which’3adenines are added by

atodes, or cnidarians (Wolstenholme 1992). polyadenylation of the RNA transcript (Ojala et al.
The mitochondrial termination codons of most meta-1981). The mitochondrial genome detridium senile
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Table 6. Absolute and relative frequency of codons in the protein-coding portions of the mitochondrial frAgment

Num. Rel. % Num. Rel. % Num. Rel. % Num. Rel. %
Phe Ser Tyr Cys
TTT 32 6.5 TCT 14 2.8 TAT 15 3.0 TGT 4 0.8
TTC 2 0.4 TCC 1 0.2 TAC 1 0.2 TGC 1 0.2
Leu TCA 4 0.8 TER Trp
TTA 44 8.9 TCG 4 0.8 TAA 2 0.4 TGA 8 1.6
TTG 14 2.8 TAG 0 0.0 TGG 3 0.6
Leu Pro His Arg
CTT 6 1.2 CCT 8 1.6 CAT 6 1.2 CGT 0 0.0
CTC 0 0.0 CcCccC 2 0.4 CAC 0 0.0 CGC 0 0.0
CTA 3 0.6 CCA 9 1.8 Gin CGA 2 0.4
CTG 1 0.2 CCG 2 0.4 CAA 13 2.6 CGG 0 0.0
CAG 7 14
lle Thr Asn Ser
ATT 22 4.4 ACT 13 2.6 AAT 10 2.0 AGT 5 1.0
ATC 2 0.4 ACC 0 0.0 AAC 4 0.8 AGC 0 0.0
ATA 29 5.9 ACA 10 2.0 Lys Arg
Met ACG 0 0.0 AAA 9 1.8 AGA 7 14
ATG 14 2.8 AAG 12 2.4 AGG 4 0.8
Val Ala Asp Gly
GTT 21 4.2 GCT 13 2.6 GAT 13 2.6 GGT 4 0.8
GTC 1 0.2 GCC 4 0.8 GAC 1 0.2 GGC 3 0.6
GTA 19 3.8 GCA 6 1.2 Glu GGA 8 1.6
GTG 11 2.2 GCG 8 1.6 GAA 7 14 GGG 6 1.2
GAG 16 3.2

2Num, number of times the codon occurs in the 1467 bases of the protein-coding sequence in the 2550-bp sponge mitochondrial band.
relative percentage frequency of that codon in the total sequence. The only change from the universal genetic code appears to be the use
to specify tryptophan, rather than as a termination codon.

showed no such partial stop codons (WolstenholmeThis sequence is 8 bases downstream from the sequen
1992). The mitochondrial sequence characterized herffom base 792 to base 837, which has the capacity to folc
for Tetilla sp. includes only the'3ends of two protein- into a 46-base hairpin. Thus it seems likely that the re-
coding genes (COIl and ATP8), and both appear to endjion between base 787 and base 845 contains the true .
in a complete TAA termination codon (Fig. 1). The TAA end of the IFRNA gene.

terminator of ATP8 overlaps with the putative start

(ATG) of ATP6 and would require alternate processing Gene Organizatiom growing body of work Suggests
of a polycistronic transcript to translate both genes.  that mitochondrial gene arrangements are likely useful
for phylogeny inference. The very small amounts of non-
The IrRNA GeneThe sequence from bases 1 to 844 iscoding mtDNA in metazoans imposes strong constraints
similar to the 3 end of the mitochondrial IFRNA gene upon viable rearrangements, and these changes occ
from a wide range of metazoan taxa. It is not possiblevery infrequently (Wolstenholme 1992). That phyloge-
with the sequence data alone to determine the preciseetic information is present in mtDNA arrangements has
location of the 3end of the gene or make any inferencesbeen demonstrated on a purely algorithmic basis by
regarding its length relative to other metazoans. TwoSankoff et al (1992). These arrangements have been use
small conserved sequence blocks (Fig. 1) exist which aréor phylogeny inference in a broad set of metazoan taxe
present at the '3ends of IrRNAs in a variety of taxa (e.g., Boore et al. 1995, 1998; Smith et al. 1993;
ranging from ciliate protists tBrosophila melanagaster. Yamazaki et al. 1997). The small section of the sponge
This suggests that the' @nd of the IFRNA gene could mitochondrial genome described here shows feature:
exist nearer to these blocks than bordering therld of  conserved throughout the metazoa.
the COIIl gene. Also, there is a 143-base sequence from The precise gene order in this segment of Tiedilla
base 846 to base 988 which can be folded into a threesp. mitochondrial genome, IrRNA—COII—tRNA-
armed structure similar to sequences which may direcLys—ATP8—ATPS6, is unknown in any other metazoan
cleavage of polycistronic transcripts in other lower meta-mtDNA. However, the organization COll—tRNA-Lys—
zoan phyla (C.T. Beagley, personal communication ATP8—ATP6 is very common in a wide range of mito-
Clary and Wolstenholme 1985; Okimoto et al. 1992).chondrial genomes. Vertebrate and echinoderm mito-
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chondrial genomes show this arrangement directly, whilestrap levels. In light of the results of many recent studies
Drosophila melanogastemaintains this arrangement but which have placed the diploblast phyla as a separats
with a tRNA-Asp inserted ‘3to the tRNA-Lys gene. The monophyletic metazoan radiation (Christen et al. 1991;
finding of this gene arrangement in a phylum that isLafay et al. 1992; Kobayashi et al. 1993, 1996: Borchiel-
evidently basal to the remainder of the metazoa stronglyini et al. 1998), this result is very interesting.
suggests that this arrangement is ancestral to the meta- Both the partial IrRNA gene sequence and the DNA
zoa. Nematode mitochondrial genomes do not show thisand amino acid sequences of COIl show a much highe
arrangement, although the IrRNA and COIl genes aresimilarity to cnidarian mitochondrial DNA sequences
only separated by a single tRNA-His gene. In the earththan to any other metazoan phylum. This result is some
worm Lumbricus(Boore and Brown 1995) the ATP8 and what surprising given the presumed very ancient diver-
ATP6 genes have become separated by a number gfence times between these phyla and between each al
genes, while the COIl and ATP8 genes themselves arthe other metazoan phyla examined. The results sugge
still separated by only a single tRNA, in this case tRNA- that there may have been a higher level of mitochondrial
Asp. Similar cases exist in the land sndilbinaria  sequence conservation in these two diploblast phyla tha
(Lecanidou et al. 1994) and the vestimentifeRidgeia there has been in the triploblast phyla.
(Wei 1992).

The hexacoralliaMetridium senileshows an entirely
different arrangement of these genes, the only similarityNote Added in Proof
being the contiguous arrangement of the ATP8 and
ATP6 genes. In the case of the octocd®ahilla kolikeri, ~ Our recent unpublished data shows that the arrangemet
however, the arrangement COIl—ATP8—ATP6 is COlI-tRNA“~ATP6-ATP8—-tRNA-COIIl exists in
found, lacking only the tRNA 3to the COIl gene. Given bothTetilla sp. mtDNA and the Ceractinomorph demo-
the lower degree of sequence divergence between cngpongeMicrociona prolifera. This arrangement of pro-
darian and poriferan sequences than between either argin coding genes is in common with that of the recently
any other metazoan phylum, it is interesting that, at leaspublished mtDNA sequence of the Octocoarcophy-
in the case oMetridium senilethere may have been less ton glaucum[Beaton et al., J Mol Evol 47:697-708
constraint upon genome rearrangements than upon s€1998)].
quence changes. It is worth noting that fRenilla mi-
tochondrial genome also encodes a protein which haécknowledgments. We wish to thank Michael J. Smith for valuable

structural similarity to a bacterial DNA mismatch-repair suggestions, and Karen Beckenbach for technical assistance. We als
wish to thank C. Timothy Beagley for his careful reading of the manu-

enzyme (B?age_ly _et al. 1996; Be‘?gely etal. 1995). Thlsscript. This work was supported in part by a grant from the Natural
gene ordering is likely the case in other octocorals aSsciences and Engineering Research Council of Canada.
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