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Abstract. Annelids of the genu®©phryotrochaare small  1912; Huth, 1933; Hartmann and Lewinski, 1940; Bacci
opportunistic worms commonly found in polluted and nutrient-and La Greca, 1953; Bacci, 1965; Akesson, 1972; Sella,
rich habitats such as harbors. Within this small group of aboul 988; Vitturiet al.,2000), not least because they are easy
40 described taxa a large variety of reproductive strategies ate maintain in cultures and have short generation times.
found, ranging from gonochoristic broadcast spawners to s@phryotrochahas traditionally been treated as a genus
quential hermaphroditic brooders. Many of the species have @ithin the eunicimorph family Dorvilleidaee(g., Fau-
short generation time and are easily maintained as laboratoghald, 1977; Eibye-Jacobson and Kristensen, 1994), but
cultures. Thus they have become a popular system for explofncjusion within the Dorvilleidae has been challenged
ing a variety of biological questions including developmental (orensanz, 1990). Many ecologica.g.,Akesson, 1977;
genetics, ethology, and sexual selection. Despite considerabi;-@ergm”d, 1991; Cassai and Prevedelli, 1999), ethologi-
behavioral, reproductive, and karyological studies, a phylogeg .g., Sella, 1991), developmentak.g., Akesson,
netic framework is lacking because most taxa are morphologl%z 1973; Zavarzina and Tzetlin, 1991), and toxicolog-
ically similar. In this study we use 16S mitochondrial gene;. (e.g., Akesson, 1970, 1975) studies have been con-
sequence data to infer the phylogenyQghryotrochastrains  ,,.ted on these worms. Charnov (1982) and Gaetlai.
commonly used in the laboratory. The resulting mtDNA to- 1997) among others, argue th@phryotrochais a near

pologies are generally yvell resolved ano! sypponggenetlc splh eal group for studies of the evolution of sex strategies,
between hermaphroditic and gonochoristic species. Although. . . .
. : . ~since all known forms (gonochorism, sequential and si-
the ancestral state could not be unambiguously identified, a i, s
. . : . multaneous hermaphroditism) are represented within a
change in reproductive strategie(, hermaphroditism and ¢ losel lated )
gonochorism) occurred once withdphryotrocha Addition- evSv_c osg yhre i © hspeue}fs. td ibed (Clapsd q
ally, we show that sequential hermaphroditism evolved from a mcgk P ry(;(r;;c avas |rsh esc(;l € (, aph eanb
simultaneous hermaphroditic ancestor, and that characters pM—eczn' ow, 1869), more than 4 Species have been
viously used in phylogenetic reconstructiae (jaw morphol- ~ 2dded to the group, most of which are reported from

ogy and shape of egg mass) are homoplasic within the groughallow, nutrient-rich waters such as harboesg(, La
Greca and Bacci, 1962; Akesson, 1976; Paatoal.,

2000). Recent contributions have also shown a consider-
able diversity in the deep sea (Jumars, 1974; Blake, 1985;
Marine annelids belonging to the gro@phryotrocha  Hilbig and Blake, 1991; Lu and Fauchald, 2000). To the
have been used as a laboratory system for much of thieest of our knowledge, the Appendix lists all the de-

century €.g., Bergh, 1895; Bergmann, 1903; Meek, scribed species ddphryotrochawith their type locality.
Only species from shallow, temperate or tropical waters,
Received 15 December 2000: accepted 11 June 2001, however, have been successfully cultured in the labora-

*To whom correspondence should be addressed. E-mail: tdahigrendPTY (at present-20 distinct forms). Among the cultured
whoi.edu forms, some of which are yet to be formally described,
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most taxa are morphologically identical; but each is Materials and Methods

believed to be a distinct species because species crosses

failed to produce viable offspring in breeding experi- Taxa

mTEr:/tgn(f\hkerS;t? r':helifc,)nlc?rﬁi:,a?g(:léjr(!lzzlglr.iia.tive morpho- Eighteen Ophryotrocha cultures representi_ng intertidal

logical literature is extensivee(g.,La Greca and Bacci and shallow-water fprms were selecteo! for th|_s study (Table

1962 Pfannenstiel. 1972 1975'_' Josefsson 1975 Al;e 1). All of these terminal taxa were readily available because
' ! ' ! ' ' %hey are maintained as laboratory cultures by B.A. and

son, 1978; Oug, 1978, 1990; Blake, 1985; Ockelmann ) . :
and Akesson, 1990: Hilbig and Blake, 1991: Lu andrepresent the best-studied member©gphryotrocha.Nine

] of the eighteen strains included are not formally described
F_auchald, 2000; F_’_aa\ei al., 2.000)’ there has peen but a as species. Six are referred to by the name under which they
single study (Pleijel and Eide, 1996) focusing on the

A ) will be described, followed by “nom. nud.” to indicate their
phylogenetic history of a broader selection@pbhryotro-

; X gresent status ammina nuda, i.enames not available. The
cha species. That study, based on an analysis of 2 emaining three strains are referred to by the location where

morphological characters and 7 electrophoretic proteifey \vere originally collected. The informally named taxa
loci scored for 2@phrytrochataxa, described two major 46 not to be regarded as descripti@esisulnternational
clades and suggested that simultaneous hermaphroditisfyge of Zoological Nomenclature (International Commis-
is the pleisiomorphic condition for the group as a whole.gjgn on Zoological Nomenclature, 1985).
Basal branching in Pleijel and Eide’s tree (1996, Fig. outgroup terminals were chosen on the basis of recent
1B), however, was poorly supported, as depicted by theignalyses of eunicimorph and annelid phylogeny (Paxton,
highly collapsed strict consensus tree. One of the clade$ggs: Orensanz, 1990: Eibye-Jacobson and Kristensen,
found by Pleijel and Eijde (1996) is congruent with the 1994; Rouse and Fauchald, 1997). These taxa indtyde
gonochoristiclabronica group previously suggested by |inpecia tubicola(Miiller, 1776),Nothria conchyleggSars,
Akesson (1984). On the basis of morphological features3g3s) Eunice pennatéMiiller, 1776),Dorvillea albomacu-
such as similarities in jaw apparatuses and egg-masgta Akesson and Rice, 1992, aminophilus gyrociliatus
morphology, Akesson (1984) and Ockelmann and AkesSchmidt, 1857. Specimens #f. tubicola, N. conchylega,
son (1990) also recognized the hermaphrodigcatilis”  and E. pennatawere collected by epibentic dredge, while
and *hartmannf groups. These taxa form a grade at the Dorvillea albomaculataand Dinophilus gyrociliatuswere
base of the most parsimonious tree favored by Pleijel an@cquired from laboratory cultures (BA). Locality details are
Eide (1996, Fig. 1A), and they consequently suggestegrovided in Table 1.
that their similarities are sympleisiomorphic.

Chromosome number and karyological characters were )
used in an analysis of nine species by Robotti and collabpalta collection

or_ators (1991). The resulting topology sugge_zsted that forms The worms were taken from cultures and placed in 70%
with equal number of chromosomes constitute monophyghang. Voucher specimens from the same cultures were
letic groups. The data also mdm_ated that _the distance b?ixed in 5% formaldehyde fol h and subsequently trans-
tweenO. robustaandO. hartmanni(2n = 10) is larger than  ferred to 70% ethanol. The voucher specimens are deposited
the distances between members of the MO other groups the Zoological Museum, Copenhagen (ZMUC) and des-
(2n = 6 and 2n= 8). Further, on the basis of work by jgnated the numbers given in Table 1. DNA was extracted
Colombera and Lazzaretto-Colombera (1978) suggestingy either employing a Chelex protocol (Sundberg and
that karyotypes evolved towards reduced chromosome nunxnpdersson, 1995) or a standard chloroform/phenol protocol
bers, Robottet al.(1991) proposed th&. robustaoccupies (Doyle and Dickson, 1987). An approximately 400-bp frag-
an ancestral position. The same conclusion was reached Byent of the mitochondrial large subunit ribosomal RNA
Vitturi and collaborators (2000) in a study of karyotypes of gene was amplified with the universal primers 16Sar-L
10 Ophryotrochaspecies. (5'-cgcctgtitatcaaaaacat)3and 16Sbr-H (5ccggtctgaact-
The evolutionary relationships among Ophryotrocha  cagatcacgt-3 according to standard protocols (Palumbi,
forms were investigated using the mitochondrial 16S rDNA1996). The amplification profile was 40 cycles of 95 °C for
gene. Due to organismal availability, we have focused orgo s, 50 °C for 30 s, 72 °C for 45 s with an initial single
intertidal forms that are easily kept in laboratory culturesdenaturing step at 95°C for 2 min, and a final single
(Akesson, 1970, 1975). The present paper builds on thextension step at 72 °C for 7 min. After spin-column puri-
work of Pleijel and Eide (1996) to reconstruct the phylog-fication (QiaGen, Inc.), the PCR products were sequenced in
eny of this model annelid system so that knowledge gainetboth directions on a PharmaciaBiotech ALF-Express auto-
about Ophryotrochamay be assessed in a comparativemated sequencer using the TermoSequenase kit (Amer-
context. shamPharmacia) and Cy-5 labeled 16Sar-L and 16Sbr-H



Table 1

Collection data and GenBank accession numbersdphryotrochaaxa examined
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Coll. GenBank ZMUK

Taxon Collection site year Accession Nr Voucher Nr
Dorvillea albomaculata*Akesson and Rice, 1992 Tarifa, Spain 1990 AF380115 N/A
Dinophilus gyrociliatus*Schmidt, 1857 Xiamen, China 1995 AF380116 N/A
Hyalinoecia tubicola(Mdiller, 1776) Koster area, Sweden 1997 AF321416 N/A
Nothria conchyleggSars, 1835) Koster area, Sweden 1997 AF321417 N/A
Eunice pennatgMdiller, 1776) Koster area, Sweden 1997 AF321418 N/A
O. adherendaavoet al., 2000 Kyrenia, Cyprus 1971 AF321419 ZMUC-POL-1110
O. alborananom. nud. Algeciras, Spain 1978 AF321420 ZMUC-POL-1111
O. costlowiAkesson, 1978 Duke, NC, USA 1974 AF321421 ZMUC-POL-1112
0. diademalkesson, 1976 L.A. harbor, USA 1972 AF321422 ZMUC-POL-1113
O. gracilis Huth, 1934 Helgoland, Germany 1988 AF321423 ZMUC-POL-1114
O. hartmanniHuth, 1933 Malaga, Spain 1990 AF321424 ZMUC-POL-1115
O. japonicanom. nud. L.A. harbor, USA 1989 AF321433 ZMUC-POL-1116
O. labronicaLa Greca and Bacci, 1962 Naples, Italy 1965 AF321425 ZMUC-POL-1117
O. macroviferanom. nud. Cyprus 1972 AF321426 ZMUC-POL-1118
O. notoglandulataPfannenstiel, 1972 Misaki, Japan 1961 AF321427 ZMUC-POL-1119
O. obscuranom. nud. Pet store, Sweden 1978 AF321436 ZMUC-POL-1120
O. permanninom. nud. Indian River, Florida 1991 AF321428 ZMUC-POL-1121
O. puerilis Claparele and Mecznikow, 1869 Malaga, Spain 1990 AF321429 ZMUC-POL-1122
O. robustanom. nud. Malaga, Spain 1990 AF321430 ZMUC-POL-1123
0. socialisOckelmann and Akesson, 1990 Helsingpenmark 1986 AF321431 ZMUC-POL-1124
Eilat-Hurghada Red Sea 1996 AF321432 ZMUC-POL-1125
Qingdao Qingdao, China 1995 AF321434 ZMUC-POL-1126
Sanya sp. 2 South Hainan, China 1995 AF321435 ZMUC-POL-1127

* Sequenced by Arne Nygren

primers in accordance with the manufacturer’'s protocolsstarting tree in the ML heuristic search. The model pa-

GenBank accession numbers are given in Table 1.

Analysis

ysis. The alignment is deposited at TreeBase and avail-
able at http://phylogeny.harvard.edu/treebase or fro
TD. Neighbor-joining (NJ), parsimony, and maximum-
likelihood (ML) analyses were conducted with the

rameters were estimated from a likelihood analysis of the

most parsimonious tree and included a nucleotide model
with six substitution types (a GTR model), and among-

. . ites rate heter neit mma distribution with
The sequences were aligned with CIustaIX(ThompsonS es rate heterogeneity used a gamma distributio

et al.,1994) and proofread by eye. Regions that could no

be unambiguously aligned were excluded from the analWhich are special cases of a GTR (Swoff 1..1996),

ucleotide frequencies were set to empirical values.
Bootstrap analyses for both ML and parsimony employed
1000 iterations.

tshape parameter of 0.30. A GTR model was chosen since
It is the most general of the ones mentioned above, all of

PAUP*4.0b2 software package (Swofford, 2000). The four characters—(1) sex strategy, (2) jaw morphol-
PAUP* was further used for parameter estimations for®9Y: (3) €9g-mass morphology, and (4) diploid number of
the ML searches. For NJ, a Kishino-Hasegawa (1989):hromosomes—were chosen in part on the basis of previous
likelihood test found no significant differences between€fforts to estimat@phryotrocharelationships €.g., Akes-
trees generated under the Jukes-Cantor, Kimura-2-paran§on. 1984; Robotteet al., 1991; Pleijel and Eide, 1996;
eter, Tamura-Nei, and genera|-time-rever5ib|e (GTR)VItthI et al., 2000) MacClade 3.06 (Maddison and Mad-

models (see Swoffordt al., 1996, for a brief description dison, 1992) was used to manipulate the molecular data, and
of models). Parsimony trees were inferred from an un{0 map sex strategy and morphological and karyological

weighted character matrix.€., the transition/transver- character state changes on the mtDNA topology. Character
sion ratio was assumed to be 1 with the heuristic searchtates were scored following Pleijel and Eide (1996) except

option using the tree-bisection-reconnection (TBR)for strains from Eilat-Hurghada, Sanya sp. 2, and Qingdao,

branch-swapping algorithm and 100 random-sequencwhich were obtained from the same cultures as the speci-
addition replicates. To reduce the computation time ofmens sampled for sequencing. The diploid number of chro-

the ML search, the most parsimonious tree was used amosomes is not known for these three forms.
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Table 2

Pairwise molecular distances (absolute number of unambigously aligned substitutions above diagonal and Jukes Cantor distances below); Sanya sp
and O. obscuranom. nud. are distinguished in three positions located in the excluded regions of the alignment

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

17 18 19 20 21 22 23

1 Dorvillea albomaculata 73 60 69 75 69 75 77 75 74 74 81 74 75 79 79 69 65 72 74 83 79 79

2 Dinophilus gyrociliatus 0.32 68 65 79 77 89 79 91 88 80 88 76 83 81 75 7 67 7 80 90 82 82

3 Eunice pennata 0.25 0.30 36 46 73 79 88 70 79 72 92 84 80 93 75 70 72 82 75 94 86 86

4 Hyalinoecia tubicola 030 0.28 0.14 40 75 78 84 70 74 78 89 83 76 87 7 74 72 80 76 88 81 81

5 Notria conchylega 0.33 035 0.19 0.16 80 77 82 73 83 78 86 81 79 84 84 78 75 76 78 88 81 81

6 O. adherens 0.30 0.35 0.33 0.34 0.37 67 68 63 41 41 70 63 69 66 57 60 23 62 71 65 67 67

7 0. alborananom. nud. 033 042 036 035 035 0.29 73 44 7 71 72 67 71 73 70 67 66 69 72 61 73 73

8 0. costlowi 034 035 042 039 037 030 0.32 66 75 80 21 25 29 16 67 48 65 33 29 71 19 19

9 O. diadema 033 043 031 031 032 027 018 0.29 62 62 71 69 58 69 58 59 65 69 57 51 67 67
10 O. gracilis 033 041 036 033 038 016 035 033 0.26 37 76 76 75 77 60 67 42 76 76 72 777
11  O. hartmanni 033 036 032 035 035 016 031 036 026 0.15 78 70 77 78 61 68 42 74 76 73 76 76
12 O. labronica 037 041 044 042 040 031 032 0.08 031 034 035 25 31 15 68 50 67 31 32 77 11 11
13 O. macroviferanom. nud. 0.33 0.34 039 0.38 037 027 029 010 030 0.34 031 0.10 32 27 67 52 59 24 32 75 27 27
14 O. notoglandulata 033 038 037 034 036 030 031 011 024 033 035 0.12 0.12 28 66 44 66 34 8 69 28 28
15 O. permanninom. nud. 0.36 0.37 0.45 04 039 029 032 006 030 035 035 0.06 010 0.11 71 47 66 29 31 70 13 13
16 O. puerilis 036 033 034 035 039 024 031 029 024 025 026 030 029 029 031 62 54 68 66 73 66 66
17 O. robustanom. nud. 030 034 031 033 035 025 0.29 02 025 029 030 020 021 018 0.19 0.26 59 51 43 65 50 50
18 O. socialis 028 029 032 032 034 009 029 028 028 017 017 029 025 029 029 022 0.25 62 67 66 67 67
19 Eilat-Hurghada 032 034 038 036 034 026 030 013 030 034 033 012 009 013 011 030 0.21 0.26 32 71 32 32
20 O. japonicanom. nud. 033 036 034 034 035 031 032 011 024 034 034 012 012 0.03 012 029 017 029 0.12 74 29 29
21 Qingdao 0.38 042 046 041 041 028 026 031 021 032 032 035 033 030 031 032 028 029 031 033 777
22 Sanya sp. 2 036 037 040 037 037 029 032 007 029 035 034 004 010 011 005 029 020 029 0.12 011 035 0
23 0. obscuranom. nud. 036 037 040 037 037 029 032 007 029 035 034 004 010 011 005 029 020 029 0.12 011 0.35 0.00

Results

In an attempt to assess support for basal nodes, an addi-

tional analysis was performed on an alignment of ingroup
The data set consisted of 23 terminal taxa and 48%axa only (aligning and ML procedures as described above)

nucleotide positions. Of the 282 nucleotide positions thatnclusion of more distant taxa in an alignment may reduce
could be unambiguously aligned, 55.0% (155 positions}he nucleotide positions that can be unambiguously aligned
were variable and 45.7% (129 positions) were parsimony@nd a more restricted selection of taxa could potentially
informative. Table 2 shows the Jukes-Cantor distance#icrease phylogenetic signal by allowing for a “better”
(below diagonal) and absolute distances (above diagonaflignment (Halanyclet al., 1998). The analysis, of the 18
for the alignment. Figure 1A shows the highest scoring likeli-Ophryotrochaingroup taxa only, did reveal higher boot-
hood tree recovered (Ln likelhood= —2741.47651). Strap support for internal branches of the tree. This restricted
More terminal branches were generally well resolved, bunalysis, however, gave lower support or alternative hy-
support for basal nodes was low (see bootstrap treé?othese.s for some of the more recent cladgs. More recent
Fig. 1B). clades in B are Iesg well resolved than in the original
In the ML tree, two large clades emerge. The first, for2nalyses, buD. japonicanom. nud. and®. notoglandalata

brevity here called A, is further divided into two clades, [0r™M @ strongly supported monophyletic group (Fig. 2B).
Al and A2. Clade Al consists o®. hartmanni, O. Figure 3 shows an arbitrarily chosen most parsimonious
gracilis, O. adherens, O. socialignd O. puerilis; A2 reconstruction (transformation optimization by ACCTRAN_)
comprise. alborana, O. diademand “Qingdao.” The for each_ of the four characters _mapped on t_he ML tree (Fig.
second major clade, here called B, includ@sjaponica 1A). Evidence pf transformation polarity is given from
nom. nud.O. notoglandalata, O. costlowi, O. labronica, outgrogp analysis of mtDNA data, and traced characters are
Sanya sp. 20. obscuranom. nud.,O. permanni, O. accordingly not scored for outgroup taxa.

macroviferanom. nud., Eilat-Hurghada, arfd. robusta. i ,
The parsimony and NJ trees (Fig. 2A) differ from the ML Discussion

tree in the placement of the root. Instead of a monophy- Ophryotrochaphylogeny was investigated by employing

letic A group, as in the ML tree, A constitutes a gradeML, NJ, and parsimony analyses of 16S rDNA data. One
where the two clades AXexcludingO. puerilis and A2,  alignment of these data included the ingroup and five out-
together withO. puerilis,lead to B (Fig. 2A). The general group taxa and resulted in poor support for basal branching
topologies are, however, similar in the parsimony, NJ,patterns (Fig. 1B). The second data set was limited to the 18
and ML trees, and most of the nodes are supported oveDphryotrochaterminals {.e., the ingroup) and produced

the 50% bootstrap level (Fig. 1B). better supported and nearly identical topologies under ML
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Figure 1. (A) Best maximum likelihood tree—In = 2741.47651. Highlighted nodes indicate clades

congruent with morphological analysis by Pleijel and Eide (1996). (B) 1000 bootstrap consensus. Numbers in
upright type are maximum likelihood and in italic are parsimony support values.
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Figure 2. (A) Parsimony and neighbor-joining tree topology. (B) Unrooted

O. puerilis

O. hartmanni

0. gracilis

O. adherens

O. socialis

O. puerilis

0. alborana nom. nud.
0. diadema

Qingdao
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0. costlowi

O. labronica

0. macrovifera nom. nud.
Eilat-Hurghada

O. permanni nom. nud.
Sanya sp.2

0. obscura nom. nud.

O. robusta nom. nud.

bootstrap tree from alignment of

ingroup taxa only and drawn to represent the rooting suggested in the original maximum likelihood analysis.
Bootstrap values for maximum likelihood in upright type and for parsimony in italic type.
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Figure 3. Character transformation hypothesis. Alternative rooting as suggested by parsimony analysis is
indicated by an arrow. Dashed gray line depicts equivocal or unknown taxon state. (A) Sex strategy. Full line
gonochorism; dashed linre simultaneous hermaphroditism; gray liresequential hermaphroditism. (B) Jaws.

Full line = P and K-type of jaws; dashed line presence of P-type only. (C) Shape of egg mass. Fulldine
tubular; gray line= fusiform; dashed line= irregular. (D) Diploid number of chromosomes. Full lire6; gray
line = 8; dashed line= 10.

and parsimony methods (Fig. 2B). Topologies from thephological, sex strategy, and protein data. Clades supported
analyses restricted to the ingroup taxa were in overall agreddy both sets of data are indicated with the highlighted nodes
ment with the ML and parsimony tree of the first dataset.in the mtDNA tree (Fig. 1A). However, the topologies differ
The problem with alternative hypotheses for placement obn the internal branching @phryotrochaand, possibly, on
the root may be caused by a long branch phenomeaagn ( the placement of the root. The mtDNA ML data gives some
Hendy and Penny, 1989) and cannot be conclusively resupport for a deep subdivision in two major clades, but no
solved with the data at hand. The parsimony analysis sugsuch subdivision is suggested by Pleijel and Eide (1996).
gests a placement of the root between thel{artmanni, O. Recent fossil evidence further suggests Dphryotrochas
gracilis, O. adherens, O. socia)iglade and the rest of the an old lineage (Eriksson and Lind&ing 2000).
tree (Fig. 2A), while ML indicates a rooting between the The evolution of sex strategies is a debated subggt (
clade of hermaphroditic species and the gonochristic specigShiselin, 1969; Charnov, 1982; Maynard Smith, 1982;
clade (Fig. 1A). However, contrary to parsimony, ML meth- Hurst, 1992). Our analyses, based on species that are se-
ods account for branch-length information and should givequential (1) or simultaneous (7) hermaphrodites, and gono-
a better estimate when the model is accurate (Swofédrd chorists (10), suggest that, regardless of the placement of
al., 1996). Therefore, the discussion below focuses on théhe root, the change from one strategy to the other has taken
ML tree that included 18 ingroup and 5 outgroup taxa. place only once within the group (Fig. 3A). The ancestral
Figure 1A shows considerable congruence with Pleijelstate is, given the available data, ambiguous. The sequential
and Eide’s (1996) results from an analysis employing morhermaphrodit®. puerilisis able to switch sex several times
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during life, a feature that is rare among metazoans. USing 1991; Shaojie and Knowles, 1992) that have=216, 2n =
puerilis as a model, Premoli and Sella (1995) discussed th& or 2n= 10. The genome size (measured as picograms of
ecological constraints necessary for an evolution from seDNA per cell) in 10 studied forms was discontinuously
guential to simultaneous hermaphroditism. Our data insteadistributed between 0.4 pg (8 taxa), 0.8 (1 taxon) and 1.16
suggest that an evolution in the opposite direction, frompg (1 taxon) (Sellat al.,1993; Soldiet al.,1994; Gambket
simultaneous to sequential hermaphrodites, is more probal., 1997). The apparent discontinuous distribution of ge-
ble within Ophryotrocha.Such a scenario is also hinted at nome sizei(e., ~0.4,~0.8, or~1.2) was interpreted as an
by A. Berglund, who—according to Premoli and Sellaindication that large parts of the genome are acquired si-
(1995)—commented thad. puerilisis “a modified simul- multaneously (Sellat al.,1993). The increments in genome
taneous hermaphrodite in which a reversible mechanism dfize, however, do not correspond to increased numbers of
temporal inhibition of one of the two sexual phases hashromosomes (Gamtdt al., 1997). The position of chro-
evolved.” The problem of whether gonochorism or her-mosomal nucleolar organizer regions (NOR) has been char-
maphroditism is the ancestral state was also thoroughlgcterized and found to be highly polymorphic not only
discussed by Sella and Ramella (1999). However, they diavithin the genus but also within most of the species (Sella
not take up a definite position. et al., 1995; Vitturi et al., 2000). On the basis of inferred
In addition to reproduction, jaw morphology has beenlow GC contents and only one pair of NOR carrying chro-
used to understan@phryotrocharelationships. The hind- mosomes (studied by fluorescemisitu hybridization), Vit-
most pair of maxillary plates i®phryotrochaspecies can turi et al. (2000) suggested th&. robusta,with 2n = 10
be of two distinct types. Whereas the P-type has a distal rownd a small genome size (0.4 pg), is pleisiomorphic within
of fang-like denticles, the K-type plates are distally smooththe group. A basal position dD. robustawithin the “la-
but often of a robust construction (Hartmann and Huth,bronicd group is corroborated by the mtDNA data (Fig. 1).
1936). Whereas a P-type jaw is found in larvae and juveUnfortunately, since. rubustais the only studied species
niles of all species, the character state for adult worms isvith this combination of characters, it is impossible to tell if
either P or K €.g., Ockelmann and Akesson, 1990). The this is an autapomorphy or a sympeisiomorphy.
terminology emanates from the German words “kompliz- To summarize, this study presents the first mtDNA gene
iert” (K-type) and “primitiv” (P-type). Based on reproduc- tree for Ophryotrochaspecies. Examination of the tree,
tion strategy and jaw morphology, Akesson (1973, 1984)which provides independent data for evaluating the evolu-
identified the fabronica; the “hartmanni; and the ‘gra-  tion of reproductive strategies, leads us to suggest that
cilis” groups within Ophryotrocha.The “labronicd group  hermaphroditism or gonochorism evolved once within stud-
of sibling species consists of gonochorists with the K-typeied Ophryotrochataxa and that sequential hermaphroditism
of jaws; it is well supported by the analysis presented her@volved from simultaneous hermaphroditism.
and represents clade B in Figure 1A. THaaftmanni and
“gracilis” groups comprise hermaphroditic species. Species Acknowledgments
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Appendix

Checklist of describe®phryotrochaspecies with original localities

O. adherens$aavo, Bailey-Brock & Akesson, 2000. Cyprus O. globopalpataBlake & Hilbig, 1990. Juan de Fuca Ridge,

and Hawai, littoral.

O. akessonBlake, 1985. Galapagos Rift, East Pacific Ba-

sin, deep sea.

0. atlantica Hilbig & Blake, 1991. NW Atlantic, slope
depths.

O. bacciiParenti, 1961. Roscoff, France, littoral.

O. bifidaHilbig & Blake, 1991. NW Atlantic, slope depths.

O. claparediiStuder, 1878. Kerguelen, littoral.

O. costlowiAkesson, 1978. Beaufort, North Carolina, lit-
toral.

O. cosmetandr®ug, 1990. Northern Norway, littoral.

0. diademalkesson, 1976. Los Angeles harbor, littoral.

O. dimorphicaZavarzina & Tzetlin, 1986. Peter the Great

Bay, littoral.

O. dubia Harmann-Schider, 1974. North Sea (off Scot-
land), 68 m.

O. gerlachiHartmann-Schirder, 1974. North Sea (off Den-
mark), 52 m.

deep sea.

O. gracilis Huth, 1933. Helgoland, Germany, littoral.

O. hadalisJumars, 1974. Aleutian Trench, deep sea.

O. hartmanniHuth, 1933. NE Atlantic, littoral.

O. irinae Tzetlin, 1980. Kandalaksha Bay, White Sea, lit-
toral.

O. kagoshimaensiMiura, 1997. Kagoshima Bay, Japan,
197 m.

O. labidion Hilbig & Blake, 1991. NW Atlantic, slope
depths.

O. labronicala Greca & Bacci, 1962. Naples, Italy, littoral.

O. lipscombaeLu & Fauchald, 2000. NW Atlantic, slope
depths.

O. littoralis (Levinsen, 1879). Egesminde, Greenland, lit-
toral.

O. lobiferaOug, 1978. West Norway, in mud, 50 m.

O. longidentataJosefson, 1975. Skagerack, Kattegat, 50—
100 m.

O. geryonicola(Esmark, 1874). Skagerack, Kattegat, sub-O. maciolekaeHilbig & Blake, 1991. NW Atlantic, slope

littoral.

depths.
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O. maculatalkesson, 1973. Skagerack, Kattegat, 25 m. O. platykephaleBlake, 1985. Guayamas Basin, hydrother-
O. mandibulataHilbig & Blake, 1991. NW Atlantic, slope mal vents, deep sea.

depths. O. puerilis puerilisClaparele & Mecznikow, 1869. Naples,
O. mediterraneaMartin, Abello & Cartes, 1991. Mediter- Italy, littoral.

ranean, parasitic, 600—1800 m. O. puerilis siberti (Mcintosh, 1885). Plymouth, England,
O. minutaLevi, 1954. Roscoff, France, littoral. littoral.
O. natansPfannenstiel, 1975. Red Sea, littoral. O. scarlatoiAverincev, 1989. Franz Josefs Land, littoral.
O. notialis(Ehlers, 1908). Southern South America, sublit-O. schubravyiTzetlin, 1980. Marine aquarium in Moscow,

toral. Russia.
O. notoglandulataPfannenstiel, 1972. Japan, littoral. 0. socialisOckelmann & Akesson, 1990. Marine aquarium
O. obtusaHilbig & Blake, 1991. NW Atlantic, slope in Helsinga, Denmark.

depths. O. spatulaFournier & Conlan, 1994. Arctic Canada, littoral.
O. pachysomdlilbig & Blake, 1991. NW Atlantic, slope O. vivipara Banse, 1963. San Juan Archipelago, USA.

depths. 22 m.

O. paralbidionHilbig & Blake, 1991. NW Atlantic, slope O. wubaolingi Miura, 1997. Kagoshima Bay, Japan,
depths. 200 m.



