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Molecular phylogeny of the Annelida

Damhnait McHugh

Abstract: Traditionally, the Annelida has been classified as a group comprising the Polychaeta and the Clitellata. Re
cent phylogenetic analyses have led to profound changes in the view that the Annelida, as traditionally formulated, is a
natural, monophyletic group. Both molecular and morphological analyses support placement of the Siboglinidae (for
merly the Pogonophora) as a derived group within the Annelida; there is also evidence, based on molecular analysis of
the nuclear gene elongation factaxslthat the unsegmented echiurids are derived annelids. While monophyly of the
Clitellata is well-supported by both molecular and morphological analyses, there is no molecular evidence to support
monophyly of the polychaete annelids; the Clitellata fall within a paraphyletic polychaete grade. Relationships among
groups of polychaete annelids have not yet been resolved by molecular analysis. Within the Clitellata, paraphyly of the
Oligochaeta was indicated in a phylogenetic analysis of cytochromeddase |, which supported a sister relationship
between the leeches, including an acanthobdellid and a branchiobdellid, and two of the four oligochaetes in the analy
sis. There is some evidence from analysis of 18S rRNA sequences for a sister-group relationship between the clitellates
and the taxomeolosomaThere is no agreement regarding the body form of the basal annelid, and while molecular
analyses provide strong support for the Eutrochozoa, the identity of sister-group to the Annelida among the Eutrochozoa
remains enigmatic. It is recommended that future investigations include additional conserved gene sequences and ex-
panded taxon sampling. It is likely that the most productive approach to resolving annelid phylogeny, and thus increas-
ing our understanding of annelid evolution, will come from combined analyses of several gene sequerices.

Resume :Traditionnellement, les Annélides sont classifiés en un groupe qui englobe les Polychaeta et les Clitellata.
Les analyses phylogénétiques récentes, cependant, ont abouti & des bouleversements profonds de l'interprétation tradi-
tionnelle des Annélides comme groupe monophylétique naturel. Les analyses moléculaires et morphologiques appuient
I'inclusion des Siboglinidae (autrefois les Pogonophora), comme un groupe dérivé parmi les Annélides; de plus,
I'analyse moléculaire du gene nucléaire facteur d’élongatmrdémontre que les échiuridés non segmentés sont des
annélides dérivés. Alors que le monophylétisme des Clitellata est appuyé par les analyses moléculaires et morphologi
ques, il nexiste pas de preuve moléculaire que les annélides polychétes soient monophylétiques; les Clitellata forment
un groupe paraphylétique parmi les polychétes. Les analyses moléculaires n'ont pas encore permis d’établir les rela
tions entre les groupes d’annélides polychetes. Parmi les Clitellata, le paraphylétisme des Oligochaeta est indiqué par
une analyse phylogénétique de la cytochrasmexydase |, qui suggére la formation d’une relation de type groupe

soeur entre les sangsues, dont un acanthobdellidé et un branchiobdellidé, et deux des quatre oligochetes étudiés.
L'analyse des séquences de 18S ARNr indique aussi I'existence d'une relation de type groupe soeur entre les Clitellata
et Aeolosomall n'y a pas de consensus sur la structure corporelle d’origine d’'un Annélide, et bien que les analyses
moléculaires suggerent que cette structure se retrouve chez les Eutrochozoa, le groupe soeur des Annélides parmi les
Eutrochozoa demeure une énigme. Nous recommandons lors d’analyses futures de tenir compte d’autres séquences gé
nétiques conservatrices et d’étendre I'échantillonnage a plus de taxons. Il est probable que I'approche la plus produc
tive pour résoudre la phylogénie des annélides et donc augmenter notre compréhension de leur évolution, sera de faire
des analyses combinées de plusieurs séquences de genes.

Introduction major annelid groups. Body fossils are rare, although the in
. , . creasing diversity of annelids throughout the past 60G mil

_ The most striking thing about the phylogeny of the Annelidajio years is clearly reflected in tube and trace fossils over

|s_h0w poorly re_zsolved are the e\_/olutlo_nary relationships ofpat time period (Robison 1987). Currently, approximately

this large, ancient, and ecologically important metazoan 5 oo species of annelids are known, and it is likely that

group. While some trace fossils attributed to annelids argnany hundreds more remain undiscovered and undescribed.

known as far back as the Ediacaran period, the fossil record Morphological analyses of deep-level annelid relationships

provides limited insight into the pattern of radiation of the are difficult for a number of reasons. As is the case for many
metazoan groups, homology of some morphological charac
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Fauchald 1995). Furthermore, convergent or parallel secondates live in freshwater and terrestrial habitats, and they are

ary losses of morphological characters likely occurred indetritivores, direct deposit-feeders, predators, or parasites. In

some annelid lineages, and scoring such characters as simptyany classification schemes, the Clitellata is divided into

absent in a phylogenetic analysis would be misleading.  the Oligochaeta, which includes the familiar earthworms and
Molecular data provide characters for phylogenetic analyalso many aquatic groups, and the Hirudinea, which includes

sis for which homology assessments of numerous charactetBe true leeches (Euhirudinea) and other parasitic groups

across a wide range of taxa are very feasible, secondarfBranchiobdellida and Acanthobdellida) (Brusca and Brusca

character losses are not problematic, and character coding 1990).

largely uncontroversial (Hillis et al. 1996). For these reasons,

phylogenetic analyses of molecular data can be a very pro

ductive approach to understanding annelid evolution. RelaMonophyly of the Annelida

tively few studies of deep-level annelid phylogeny using Recent phylogenetic analyses have led to a profound change
molecular data have yet been published, however. So f?}:g the vievfl) t>r/1atgthe Annelic)i/a as traditionallyr;ormulated tog
these molecular studies of early annelid divergences ha ihclude the polychaetes and clitellates, is a natural, mono

drawn on DNA or amino acid sequence data for highly-con lhyletic group. These analyses were prompted by a lack of

;el\lrxe((jlggn:aRsNR?r(tgcuIar\l/;\//i:]r:]i Sgrl:r?iwéékl)l( %?n‘,j 1189%5r'bf§gg§erived characters shared by the polychaetes and clitellates,
Kim et al. 1996 Mlg(.)’n ot alp 1996 Eernisée 199’7), théand because of the proposed affinities of several other worm
L ) " e A like groups with the annelids, e.g., the deep-sea siboglinid
?;&lii?; gtrtgtlelggcg)glr&/lgcgﬁgﬁ fé%ggaég?m?itgégirﬂ) the tube worms (formerly the Pogonophora _(se_ze McHugh 1997,
: ' ' ’ Rouse and Fauchald 1997)) and the echiurid spoon worms.

slowly evolving mitochondrial gene cytochroneeoxidase | ; L !
(COI) (e.g., Siddall and Burreson 1998). Recently, combined_ /" SiPoglinids, both larval and adult features suggest annelid
X ' ffinities, but the phylogenetic position of this group of worms

analyses of these (Martin et al. 2000) and other nucle 4 X , . X
genes (histone H3, U2 snRNA, and 28S rDNA) (Brown as been a contentious issue since they were first discovered.
et al. 1999) have Been publishéd This review focuses o iboglinids are tentaculate segmented tube-dwelling worms
these and other studies, the insights that have been gain tare four_1d at ocean depth; from .200 to .10 000 m; adults
F\ck a functional gut and derive their nutrition from endo-

from them regarding the branching patterns among the maj s . .
annelid grou%s, ar?d the outstan%i%g questions gconcernfn mbiotic chemoautotrophic bacteria (Cavanaugh 1994). One
annelid evolution that future molecular phylogenetic analy- the first siboglinid species described was assigned to a
ses can address. polychagte family, but in 1944 a new phyjum was erec.ted fqr
these bizarre worms and this taxonomic rank remained in
use until 1997 (McHugh 1997; Rouse and Fauchald 1997).
Annelida After studying incomplete animals, some authors considered
siboglinids to be closely allied with deuterostom@sanov
The Annelida has been generally recognized as a group df955; however, with the description of the chaeta-bearing,
segmented coelomate worms in which the nerve cord is locatesegmented posterior end of the worms and studies of their
ventrally and paired chitinous chaetae occur segmentally (e.gembryology, the protostome condition of siboglinids became
see Brusca and Brusca 1990). They range in size from-milliclear, and a close relationship with the annelids seemed likely.
metres to several metres long, and because many are depoditie vestimentiferan worms of deep-sea hydrothermal vents
feeders, they are ecologically important bioturbators of aquatigvere also assigned to a separate metazoan phylum based on
and terrestrial sediments. Traditionally, the Annelida has beetheir unique form of coelomic cavities (Jones 1985), but are
classified as a group comprising the Polychaeta and Clitellataow considered siboglinids (Southward 1988; Ivanov 1994).
(including the Oligochaeta and Hirudinea) (for details of the Echiurids are unsegmented coelomate marine worms that
taxonomic history of the Annelida see Fauchald and Rouseurrow in soft sediments and typically feed on detritus, using
1997). a scooplike proboscis. The lack of segmentation in echiurids
Most polychaetes have parapodia that bear chitinous chaetaes considered a primary absence rather than a derived loss
on each segment, and many bear a pair of anterior ciliatedf this trait, and their elevation from their initial placement
sensory structures called nuchal organs. Polychaete annelids a class within the Annelida to phylum status was justified
exhibit a great diversity of forms, ranging from sedentaryby this lack of segmentation, and on the basis of the unique
tube-dwellers to pelagic worms; in some, the segments alongxcretory anal vesicles, the proboscis, and the arrangement
the body are of uniform morphology, while in others, seg of body wall muscle layers that they possess (Newby 1940).
ments are fused to form specialized regions for feeding olntil recent molecular analyses were carried out, this taxo
respiration or for brooding of embryos. Polychaetes are equallpomic status of the group has been entrenched in all but a
diverse in their habitats, which are mostly marine but rangdew classification schemes (McHugh 1997).
from estuarine mud flats to deep-sea hydrothermal vents. Early phylogenetic analysis of 18S rRNA established it as
Some polychaetes are suspension-feeders, others are scavaruseful gene for resolving deep-branch relationships among
gers or predators, and a few, like the histriobdellids, are parmetazoans (Field et al. 1988); however, phylogenetic analy
asitic on other invertebrates (Fauchald and Jumars 1979). ses to determine the position of the siboglinids and echiurids
Clitellates are recognized by means of the clitellum, ain relation to the Annelida based on the 18S rRNA gene
glandular girdle involved in cocoon production; they alsohave so far been inconclusive or contradictory. In neighbour-
share a complex reproductive system. The majority of elitel joining (NJ) and maximum-parsimony (MP) analyses of 18S
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rRNA sequences from 22 taxa, the siboglinids and the echiurityzed 119 metazoan sequences using parsimony methods;
formed a monophyletic group that was more closely relatechonparametric bootstrap analysis of the parsimony tree showed
to molluscs than to the polychaete or clitellate in the analy weak support (BP < 50) for placement of the siboglinids and
sis (Winnepenninckx et al. 1995); bootstrap-proportion (BP)echiurids on the tree. Like Winnepenninckx et al. (1998),
support for the siboglinid—echiurid clade was moderate (BP Halanych (1998) suggested that the poor resolution of the
76 and 77 for NJ and MP analyses, respectively). In a latetree may reflect rapid radiation of the major protostome
study focusing on molluscan relationships, Winnepennincksgroups. If this is the case, the problem of resolving annelid
et al. (1996) included three annelids as well as an echiuridelationships using molecular data would not be limited to
and two siboglinids. In the NJ analysis of these data, thel8S rRNA but would also be expected in phylogenetic anal
siboglinids and the echiurid again formed a monophyleticyses of other conserved gene sequences.
group (BP = 87), but in this case there was suppor, al EF-1a is highly conserved in its amino acid sequence and
beit weak (BP < 50), for a sister relationship with a cladehas been used in several studies of ancient metazoan diver
formed by the three annelids in the analysis. The MP analy_sigences (e.g., Kobayashi et al. 1996; Regier and Shultz 1997,
of these data also showed weak support for an annelidt998), including divergences among annelid groups. Using
siboglinid—echiurid clade (BP < 50; decay index = 1). In agF-1a amino acid sequence data (146 residues), Kojima et
study of the evolutionary origins of hydrothermal vent sibog al. (1993) inferred that the siboglinids are closely related to
linids, Halanych et al. (1998) used MP to analyze 23 18She annelids, but any further conclusions were precluded by
rRNA gene sequences and found weak support (BP < 5Ghe very limited taxon sample (8) in that study. In a further
for placement of a monophyletic siboglinid clade and theexamination of phylogenetic relationships among polychaetes,
echiurid within a paraphyletic polychaete—clitellate clade.  clitellates, echiurids, and siboglinids, McHugh (1997) -ana
Over the past few years there has been rapid growth in thyzed the same coding region of El-from 20 taxa. Using
availability of 18S rRNA gene sequences for most majora chordate as the outgroup, the parsimony analysis of first
metazoan groups, and a more consistent effort to align seand second codon positions yielded two equally parsimoni
guences according to the secondary-structure model for 188us trees in which the siboglinids and the echiurids each
rRNA. A recurring pattern in phylogenetic analyses as theformed a monophyletic clade within a paraphyletic grade of
number of 18S rRNA sequences for metazoan taxa increasgmblychaetes (Fig. 2). Decay indices ranging from 3 to 7 sup-
has been poor resolution of relationships among majoported these results, and when the parsimony analysis was
spiraliangroups, including annelid groups. Furthermore, someconstrained to a topology that forced a traditional polychaetes +
relationships among major groups differ according to theclitellates clade, the resultant trees were statistically signifi-
number and choice of taxa analyzed. Winnepenninckx andantly longer than the most parsimonious trees (McHugh
her colleagues (1998) recently drew on the increased availt997). Using molluscs and arthropods as outgroups yielded
ability of 18S rRNA data to reassess previous results witithe same results from parsimony analysis, and NJ analysis
respect to worm relationships; they analyzed an expandedlso supported placement of siboglinids and echiurids within
sample of 57 taxon sequences aligned according to tha monophyletic worm clade (McHugh 1997). Based on these
secondary-structure model. Their NJ results showed thaesults, McHugh (1997) proposed that the pogonophoran tube
the siboglinid—echiurid sister relationship was no longerworms assume the group name erected in the first species
supported, and that both the siboglinids and the echiurid ardescription for the group, Siboglinidae (Caullery 1914), and
more closely related to spiralians other than any of the 25hat the group name for echiuran spoon worms be changed to
polychaetes and clitellates in the analysis, whichmselves that used in early references to these worms as members of
do not share a common ancestor (Fig. 1). As Winnepenninckthe Annelida, Echiuridae (Hatschek 1880). (Note that Siddall
et al. (1998) point out, however, their results are only weaklyet al. (1998) recently published a critique of McHugh (1997)
supported by BP values, and the results may reflect the limiin which they made several misleading and obfuscatory-state
tations of the 18S rRNA molecule for resolving branchingments about the EFetlanalysis and omitted information that
patterns dating from more than 500 million years ago; altersupports the EFd results presented; a complete rebuttal of
natively, radiation among protostomes may have been s8iddall (1998) is provided by McHugh (1999).)
rapid as to render resolution of the resultant short internodes As with the earlier 18S rRNA studies, the taxon sampling
difficult with a single gene such as 18S rRNA. At the very in the EF-Ir analyses of McHugh (1997) is limited. Hew
least, Winnepenninckx et al's (1998) results show ¢hiéical  ever, analyses with greater taxon sampling and more se
role played by taxon sampling in the conclusions drawnquence data from EFel(~1200 base pairs (bp)) also support
from any phylogenetic analysis. This is further demonstratedhe results (Kojima 1998; D. McHugh, unpublished data).
in parsimony analyses of 103 and 66 18S rRNA metazoaKpjima (1998) analyzed amino acid sequences for almost
sequences by Eernisse (1997), who investigated annelicthe entire EF-& gene (378 residues) to test monophyly of
arthropod relationships. Monophyly of the siboglinids wasthe Polychaeta. The results of his NJ analysis of 25 taxa
supported, but their position within a protostome clade differ (including 13 polychaetes, 4 clitellates, and 2 siboglinids)
ed between the two analyses. The single echiurid was sister #nd the result of his likelihood analysis of a smaller sample
a polychaete annelid in the 103-taxon analysis, but its positiogf annelids (7 polychaetes, 4 clitellates, and 2 siboglinids),
in the 66-taxon analysis was not resolved. In both analysesithough weakly supported, are congruent with those of
the representatives of the traditional Annelida (three poly McHugh (1997) regarding the placement of siboglinids within
chaetes and one clitellate) formed a polyphyletic group.  a paraphyletic grade of polychaetes (Kojima 1998); no
Similar results were found by Halanych (1998), who -ana echiuridswere included in the Kojima (1998) analyses.
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Fig. 1. Neighbour-joining tree of Jukes—Cantor distances based on the alignment of 57 metazoan sequences of 18S rRNA, including 25
polychaetes and clitellates (from Winnepenninckx et al. 1998). Numbers above the nodes represent bootstrap proportions. Monophyly

of the Oligochaeta, Euhirudinea, Branchiobdellida, and Clitellata is suppokealpsomas indicated as the sister-group to the
Clitellata. Monophyly of the Siboglinidae (vestimentiferan and pogonophoran) is also supported. Polychaetes do not form a

monophyletic group and none of the orders of Fauchald (1977) or the clades proposed by Rouse and Fauchald (1997) are supported.
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Fig. 2. Results of the parsimony analysis of elongation facmrEINA sequence data showing siboglinids, echiurids, and clitellates as
derived groups within the annelid clade (from McHugh 1997). Numbers above and below the internodes are decay indices and branch
lengths, respectively.
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The results of the EF€ sequence analyses of McHugh van der Land and Ngrrevang 1975; Terwilliger et al. 1985;
(1997) and Kojima (1998) support the view, based on earl\Southward 1988; Suzuki et al. 1989; Gardiner and Jones
embryology, hooked chaetae, and blood pigments, that994; Bartolomaeus 1995; Callsen-Cencic and Flugel 1995;
siboglinids are closely allied with annelids, and wijibly-  Young et al. 1996). This result is also congruent with the
chaete annelids in particular (Uschakov 1933; Webb 1969hylogenetic analyses of morphological and developmental
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characters by Rouse and Fauchald (1997) and Rouse (1999Haszprunar 1996). A recent investigation of the phylegen
A close relationship between siboglinids apdlychaete etic relationship of the myzostomids and the Annelida based
annelids isalso indicated by the molecular structureanfla= on combined analyses of 18S rDNA and Ed&-data shows
gen; Arenicola marina the lugworm polychaete, arliftia  that the myzostomids are not nested within the Annelida;
pachyptila a hot-vent siboglinid, share a thus-far uniquerather, they are closely related to flatworms (Eeckhaut et al.
substructural feature in the triple helical domain of interstitial2000).

collagen (Sicot et al. 1997). Comparisons of mitochondrial-

gene arrangements in a polychaete, two clitellates, a siboglinid,

a mollusc, two arthropods, and two chordates, and phylogenetRolychaete relationships

analyses of these mitochondrial amino acid sequences strongly
support inclusion of siboglinids in the Annelida (Boore and ; ! o, .
Brown 2000). Further support for this relationship is demon classified into over 80 families, the most widely accepted

strated in analyses of the DNA sequences from the nucledf"OUPINg of which has been into the orders proposed in a
genes histone H3, U2 snRNA, and 28S rDNA (Brown et al.. ey to polychaetes by Fauchald (1977). However, as st_ated
1999: see below)’ ' in Fauchald and Rouse (1997), that key was based on differ

. . ences among taxa rather than the shared similarities that
The results of McHugh (1997) support the inclusion of ¢ g fax imiiartt

s X . orm the basis for any phylogenetic classification. While
echiurids in the Annelida as suggested by Nielsen (1995),,se and Fauchald (1997) addressed the need for a-phylo
and imply that the unsegmented echiurid condition is de

. : enetic analysis of polychaete family relationships based on
rived from a segmented annelid ancestor. Several merphq?.I y POl y P

. ; . ~"morphological characters, and presented a reclassification
logical and embryological characters provide corroborative,aseq on' their results, very few authors have tackled the
evidence that echiurids stem from an annelid ancestor. F

X . ; ame problem using molecular data. In their analyses, Rouse
example, in their cleavage patterns, chaetal formation, an

= | e . nd Fauchald (1997) found that a monophyletic Polychaeta
sperm ultrastructure, echiurids share similiarities with SOM&nat includes the Siboglinidae was weakly supported. There

also molecular evidence for placing the Siboglinidae within
polychaete clade (see above); however, there is no molecular
vidence to support monophyly of the polychaete annelids.
€ In one of the most comprehensive molecular analyses of
annelid relationships to date, Winnepenninckx et al. (1998)
mcluded 15 polychaetes in an analysis of 18S rDNA se-
uences from 57 metazoan taxa. The resultant tree (Fig. 1)
id not support monophyly of the Annelida (see above), nor

) id the seven polychaete orders (sensu Fauchald 1977) rep-
The secondary absence of segmentation may account for thegenied in the analysis have a common ancestor. Further-

contradictory placem(_ant of echiurids bgasal to a clade of S€Gnore, none of the polychaete orders for which two or more
mented protostomes in the phylogenetic analyses of morphQpecies were included were monophyletic (Winnepenninckx
logical characters by Rouse and Fauchald (1997). et al. 1998); groups proposed by Rouse and Fauchald (1997)
Based on her results, McHugh (1997) proposed that thgased on their morphological analysis were poly- or para-
Annelida be redefined to include the echiurids, siboglinidsphyletic. A similar lack of support for higher level polychaete
clitellates, and polychaetgs, with the presence of paired-chitigroups is seen in the results of Kojima (1998), in which EF-
nous chaetae then forming an annelid synapomorphy. They sequences from 13 polychaete annelids representing nine
“annelid cross” cleavage pattern of blastomere§'#dd**  orders were analyzed. However, neither study presents strongly
that occurs in echiurids, clitellates, and polychaetes (Newb¥gupported conflict with the results of Rouse and Fauchald
1940; Needham 1990) may constitute another synapomorphy997), i.e., bootstrap support for all nodes grouping poly
for the Annelida; the pattern of cleavage in siboglinids hashaetes is weak.
yet to be fully described. Because paraphyly of the taxon Brown et al. (1999) included 24 polychaetes (including
Polychaeta was supported by the EF-dnalyses, McHugh one siboglinid) and 1 clitellate in their 29-taxon parsimony
(1997) also proposed that the term polychaete be used onphalysis of combined data from the nuclear genes histone
as an informal name referring to that annelid grade. Furthe3 U2 snRNA, and 28S rDNA (D1 and D9-D10 expansion
evaluation of this redefined Annelida taxon USing additional roups)_ The resumng tree, rooted using a nematode., sup
taxa and different genes is ongoing; preliminary analyses Ogorted monophyly of the two families for which more than
annelid relationships using a second nuclear coding gengne member was included: the Terebellidae and the Cirra
RNA polymerase II, corroborate the Efrtesults (M. Diaz  tylidae. It also showed monophyly of the two scale worms
and D. McHugh, unpublished data). in the analysis, and the two eunicomorphs (Brown et al.
A third group for which annelid status has been debated i4999). Other relationships, none of them strongly supported
the myzostomid worms, incompletely segmented, acoelomatBP < 50), were contrary to expected results based on
worms with chaetae and a trochophore-like larva. Myzostomidpolychaeteorders (sensu Fauchald 1977) or on the phylo
are viewed by many authors as derived polychaetes, in whichenetic classification of polychaetes proposed by Rouse and
a close association with echinoderms has led to aberramauchald (1997). Monophyly of neither the annelids nor the
morphology (Nielsen 1995; Rouse and Fauchald 1997), whilpolychaetes (including the siboglinid) was supported; the
others consider them to be a separate taxon altogethetitellate fell within a clade containing polychaete annelids,

The morphologically diverse polychaete annelids have been

1992; Pilger 1993). A possible ancestral segmented condig
tion in echiurids is indicated by early reports of annelid-like o
teloblastic development, the arrangement of ganglia along th
larval nerve cord coincident with rings of larval ectodermal
mucous glands, and repeated pairs of nephridia in adul
(Hatschek 1880; Newby 1940). As suggested by Pearse et

(1987), echiurids may represent neotenous annelids in whic
the development of segmentation is suppressed during growt

© 2000 NRC Canada



Review / Synthéese 1879

the sipunculan fell within the polychaete + clitellate clade,provides strong support for a sister relationship to a pafticu
and the echiurid fell basal to this grouping. Separate analylar group of polychaetes. The combined analysis of histone
ses of the three data sets yielded similar results, but in thel3, U2 snRNA, and 28S rDNA by Brown et al. (1999) also
separate histone H3 and 28S rDNA analyses the echiuridhowed the single clitellate species in the analysis as nested
was placed as sister to a terebellid polychaete (Brown et alvithin a clade of polychaetes; bootstrap support for its sister
1999). relationship to the siboglinid was weak. The derived annelid
position of the Clitellata supports some of the functionally
based arguments regarding annelid phylogeunglined by
Clitellate relationships Westheide (1997) (see also Westheide et al. 1999)cantta
. . dicts the hypothesis based on the morphological analyses of
Monophyly of the Clitellata is well supported by both g\ se and Fauchald (1997). One of the major implications

morphological and molecular analyses, and molecular analys%l? a derived position of the clitellates within the Annelida is

indicate that clitellates fall within a paraphyletic polychaetey,; featres identified as synapomorphies for the polychaetes

grade. As mentioned above, the Clitellata is usually classi;, e morphological analyses of Rouse dfalichald (1997)

fied as the Oligochaeta, which includes the familiar earth; o, chal organs, parapodia, mixonephridia, sgeondarily
worms but also many aquatic forms, and the Hirudinea, oL cant in the clitellates. ' '

leeches. Some authors consider the Hirudinea to contain the Surveys of HOM/Hox genes in the oligochaegeylaria

true leeches (Euhirudinea), the Acanthobdellida, and the Cr?éfacustris and the polychaete annelidBtenodrilus serratus

fish parasites, the Branchiobdellida; others have sugges 4 Chaetont iopedatusave b dertak ;

that the branchiobdellids evolved a parasitic habit independan Iae op erushvanope ? \IgeCReerl]D'urI: erdaBen usl'gg4_

ently of the true leeches and acanthobdellids, and that th € polymerase ¢ a|r! reaction ( ) (Dick and Buss '
now and Buss 1994, Irvine et al. 1997). From these surveys

similarities in morphology between the groups refiect-con g appears that polychaetes have representative genes of each
vergent adaptations to their common life-style (see Purschk the Hox groups excephbd-B but the oligochaete has a

et al. 1993). In either case, it has been generally accepte .
that the leech groups stem from within the Oligochaeta, thu§ €3" Abd-B ortholog. The absence ¢ibd-B in the poly-

: : . - haetes may represent a loss of this Hox gene in their com-
;\legr?]irénlgggﬁ (jgr%?gggﬁtﬁg%%r)aphyletlc (e.g., Brinkhurst angnon ancestor, and if the oligochaetes arose from within the

While monophyly of the Clitellata is well-supported by polychaetes, this result would suggest that #fl-B gene

. as regained in that group. However, with just three species
both molecular and morphological analyses (e.g., see Brusca
and Brusca 1990; Kim et al. 1996; Winnepenninckx et al_surveyed, and no guarantee that the PCR surveys were ex-

1998; McHugh 1997: Kojima 1998). the sister-group to thehaeussetl\éj%t; is premature to draw any conclusions based on
Clitellata remains enigmatic. Nielsen (1995) suggested that{1 '

the capitellid polychaetes might be considered the closest Paraphyly of the Oligochaeta was indicated in a phylogen-
polychaete group to the clitellates because, like clitellatesgtic analysis by Siddall and Burreson (1998), who analyzed
some capitellids are hermaphroditic and have reproductivé€ relationships of the leeches, using a 651-bp fragment of
organs restricted to certain segments. However, there is ng©! for 29 taxa. The resulting phylogenetic hypothesis sup-
molecular evidence to support this, and the suggestion hdorted a sister relationship be_tween .the leeches, including an
been criticized by Rouse and Fauchald (1997). An anemaaqanthobdelhd and a branc.h|obdell|d, .and two of the four
tive candidate for clitellate sistership is the Aeolosomatidae®ligochaetes in the analysis (decay index = 5) (Fig. 3).
a group of freshwater oligochaete-like worms that lack aMonophyly of the true leeches was also supported by the
clitellum. In a preliminary analysis of the phylogenetic rela CO! analysis (decay index = 12), as was a sister relationship
tionships of the branchiobdeliidans and the aeolosomatid®€tween the branchiobdellid and the Euhirudinea (decay
Moon et al. (1996) used 18S rRNA gene sequences for oni'dex = 5). Wthin the Euhirudinea, monophyly of taxonomic
molluscan outgroup and five ingroup taxa: a polychaete, a trug"0ups within the orders Arhynchobdellida and Rhynehob
leech, an oligochaete, a branchiobdellidan, and an aeoldellida were supported; however, a monophyletic Arhynehob
somatid. The results of this study supported placement of th@€llida (decay index = 3) fell within the Rhychobdellida
aeolosomatid as sister to the monophyletic Clitellata, butFig- 3). Paraphyly of the Rhynchobdellida was also-sug
such a small taxon sample (six) severely limits the inferenceg§€Sted in a recent combined analysis of 18S rRNA, COI, and
that can be made from this study. In their NJ analysis offorphological data by Apakupakul et al. (1999); otherwise,
57 18S rRNA sequences, including nine clitellates, Winne the resu!ts o_f this study supported taxonomic groupings within
penninckx et al. (1998) found moderate support (BP = 64fhe Euhirudinea.
for an aeolosomatid—clitellate sister relationship; this analy Maximum-likelihood analysis of a combined 18S rRNA and
sis also supported monophyly of the Clitellata (BP = 57), theCOIl data set also suggests the inclusion of the Euhirudinea,
Oligochaeta (BP = 90), and the Hirudinea (BP = 75), withAcanthobdellida, and Branchiobdellida in the Oligochaeta
the two true leeches and the two branchiobdellids forming 4Martin et al. 2000). Interestingly, Martin et al. (2000) also
sister clade to the five oligochaetes (Fig. 1). report that the leeches, leech-like worms, and gutless worms
The molecular analyses of ERrlsequences by McHugh in their.analysis have higher mutation rates thar] other.worms,
(1997) and Kojima (1998) support placement of the threednd this phenomenon may be associated with their-com
and four clitellates included, respectively, as a derived clad&ensal or parasitic lifestyle.
within the Annelida (Fig. 2), but the sampling of other annelid In another study of clitellate relationships using COl,
representatives differs between the two studies and neithétylander et al. (1999) tested the monophyly of the gutless
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Fig. 3. Results of the parsimony analysis of cytochromexidase | DNA sequence data from leeches and related taxa showing
paraphyly of the Oligochaeta, monophyly of the Euhirudinea, and placement of the branchiobdellid as sister to the Euhirudinea (from
Siddall and Burreson 1998). Numbers above and below the internodes are decay indices and branch lengths, respectively. “NA” is
North America and “EU” is Europe.

Amphisamytha galapagensis

Paralvinella palmiformis

4 Lumbficus terrestris
Pontodrilus bermudensis

42 [-Lumbriculus variegatus
42 “Tubifex tubifex

Acanthobdella peledina

1 Cambarincola fallax
Placobdella parasitica
18; ], Haementeria gracilis
7| Desserobdella phalera
S |
5 " oer— Glossiphonia complanata NA
21
; V4l Glossiphonia complanata  EU
7 Hemiclepsis marginata
; o5 Theromyzon rude
12 29 Theromyzon pallens
21 Ozobranchus margoi
'?]é- —  Myzobdella lugubris
199 ——  Branchellion torpedinis
g 5| Calliobdella vivida
5 18] Piscicola geometra
7 Nephelopsis obscura
13 5 Erpobdella octoculata
14] Erpobdella punctata
7%- s Haemadipsa sylvestris
20 cChtonobdella bilineata
123 Macrobdella decora
g P Haemopis marmorata
29 Hirudo medicinalis

Phallodrilinae (Oligochaeta, Tubificidae) using a 573-bp re phyletic; an analysis of 23S rRNA and COI sequences by
gion of the gene. They found that monophyly of this groupChristensen and Thiesen (1998) also supported placement of
of Tubificidae is supported, but concluded that otherwise thehe naidids within a paraphyletic tubificid group.

COlI sequences vary too much to be of use for higher levels

in the annelid phylogeny. Erséus et al. (2000) analyzed 18S

rRNA sequences from 40 protostome worm species to tedBasal annelid

monophyly of the Tubificidae and taxa within this family of

oligochaetes. Their results indicate that the Naididae falls There is no agreement regarding the body form of the
within the Tubificidae, thus rendering the Tubificidae para basal annelid. Attempts have been made to reconstruct an
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“ancestral annelid” on the basis of functional morphologicalthat include arthropods, annelids, and other spiralians present
arguments, but no consensus has been reached. The viewidence in support of a closer relationship between annelids
that the ancestral annelid was a burrowing form, put forwardand other unsegmented spiralians than between annelids and
by Clark (1964, 1969) and Fauchald (1974, 1977), hinges oarthropods (e.g., Halanych et al. 1995; Kim et al. 1996;
functional arguments regarding the link between the evoluEernisse 1997; Aguinaldo et al. 1997; Aguinaldo and Lake
tion of the coelom, the origin of segmentation, and the-abil 1998; Winnepenninckx et al. 1998). For example, Kim et al.
ity to burrow. An implication of this view is that the basal (1996) analyzed the 18S rRNA sequences of eight annelids
annelids would be homonomous burrowers. Mettam (1985fsix clitellates and two polychaetes), four molluscs, and six
revived the old view that the first annelids were microscopicarthropods, using flatworms as outgroups. Parsimony analy
interstitial forms, but most authors now agree that interstitialsis of the 20 taxa showed the annelids falling within the
groups represent derived groups within the Annelida Niel molluscan clade; a NJ analysis of the 18S rRNA sequences
sen 1995; Rouse and Fauchald 1997). More recently, Conwagnd a parsimony analysis of these molecular data combined
Morris and Peel (1995) and Westheide (1997) proposed thavith 39 morphological characters supported a sister relation
the ancestral annelid condition was morphologically similar toship between the Annelida and the Mollusca (BP = 68) to
extant epifaunal polychaete groups such as the phyllodocidanthe exclusion of the Arthropoda.
Certainly the first unambiguous annelid fossils to appear In more comprehensive analyses of up to 103 metazoan
were surface-dwelling forms, but earlier traces that could bd8S rRNA sequences by Eernisse (1997), annelid monophyly
the products of annelid burrowers are known. was not supported but annelids were shown to be more closely
Molecular evidence regarding the basal annelid group iselated to molluscs and other unsegmented spiralians than to
limited, and phylogenetic hypotheses based on moleculaarthropods. In their analysis of 18S rRNA sequences,-Win
analyses conflict on the basalmost taxon in the Annelidanepenninckx et al. (1998) showed 2 annelids and 6 molluscs
The basal position of the epifaunal polychaete t&dereis as monophyletic in a NJ tree of 78 taxa (BP = 84); annelids,
andHarmothoewithin the worm clade in the study of EFal  molluscs, and various other unsegmented coelomates were
sequences by McHugh (1997) (Fig. 2) lends support to th@lso monophyletic in the NJ tree of 57 taxa, to the exclusion
view of Conway Morris and Peel (1995) and Westheide (1997)of the arthropods, but support for this relationship was weak
In his analysis of EF-d sequences, Kojima (1998) did not (BP < 50) (Fig. 1). Regier and Shultz (1998) also found
sample the same annelid taxa as McHugh (1997), and theweak support for this relationship in their analysis of arthro-
results conflict with regard to the basal taxon within the pod relationships using EFaldata. In the EF-d analysis of
annelid clade. In the NJ analysis of Kojima (1998), a tube-McHugh (1997), a weakly supported grouping of two molluscs
dwelling oweniid falls basally, while a burrowing capitellid and a nemertean with four arthropods and a nematode was
is the basal annelid in his restricted likelihood analyses. Inunexpected (decay index = 2), but a mollusc—arthropod clade
the more comprehensive analysis of 25 annelid taxa, Browmwas also supported (BP = 76) in Kojima’s (1998) NJ analysis
et al. (1999) showed a clade of tube-dwelling polychaetesf EF-1a data.
(a sabellid, a serpulid, and a spionid) as the basal taxon in Boore and Brown (2000) recently showed that the ar-
their combined analysis of histone H3, U2 snRNA, and 28Sangements of genes in the mitochondrial genome and phylo-
rRNA. Given the lack of resolution of this issue, there is agenetic analysis of the inferred amino acid sequences of
clear need for more complete sampling of the Annelida inthose genes strongly support the Eutrochozoa hypothesis,
future molecular analyses. and further support for the Eutrochozoa is emerging from
studies of the distribution of Hox genes in bilaterians. Two
central Hox geneslLox2 and Lox4, are shared by only a
polychaete, a leech, a gastropod, and a brachiopod; there is
A fundamental question in annelid phylogeny concerngdlso evidence, based on posterior Hox homeodomain se
the sister-taxon of this metazoan group. If segmentation ifluences, that annelids are more closely related to nemer
annelids and arthropods is interpreted as being homologout£ans and brachiopods than to arthropods (see de Rosa et al.
then the grouping of annelids with arthropods and other segl999). These genome-level data support the Lophotrochozoa
mented animals in a clade termed the Articulata is-suphypothesis (Halanych et al. 1995), which groups the lepho
ported_ However, if Segmentation arose Convergenﬂy or irphorates with the eutrochozoans, to the exclusion of the
parallel in annelids and arthropods, the sister-taxon of th@rthropods.
annelids may be an unsegmented spiralian group, and the
Eutrocho;oa is sypported. According to the Eutrochozozl:uture directions
hypothesis, annelids, molluscs, and other unsegmented, bi
lateral coelomates that share a trochophore larva are more A great deal of progress has been made over the past several
closely related to each other than to arthropods. Phylogeryears in the field of the molecular systematics of annelids:
etic analyses of morphological characters have yielded corphylogenetic analyses of molecular data have shown support
tradictory results concerning the issue (e.g., Eernisse et aor monophyly of the Eutrochozoa, and derived positions of
1992; Rouse and Fauchald 1995; Eibye-Jacobsen and Niehe siboglinids, echiurids, and Clitellata within a paraphyletic
sen 1996; Rouse 1997). However, molecular data support thgolychaete grade. However, many questions regarding annelid
Eutrochozoa hypothesis, though the strength of the supportlationships remain unanswered, e.g., what are the refation
depends on the data analyzed. ships among the polychaete annelids, what group is sister to
While 18S rDNA sequence data have not been useful ithe Clitellata, what extant group is most basal on the annelid
resolving relationships among all metazoan phyla, all studietree, and what group is sister to the Annelida? In some cases

Sister-group to the Annelida
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