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“Our knowledge of the anatomy, and especially ofthe development, of the Invertebrata is increasing with such

prodigious rapidity, that the views of Taxonomists in regard to the proper mannerof expressing that knowledge

by classification are undergoing,and, for some time to come, are likely to undergo, incessant modifications.”

-T.H. Huxley (1888: 561)-

Abstract

This paper critically assesses all morphological cladistic analy-
ses of the Metazoa that were published during the last one and

a half decades. Molecular and total evidence analyses are also

critically reviewed. This study focuses on evaluating alterna-

tive phylogenetic positions ofthe ‘acoelomate’ worms: Platy-

helminthes,Nemertea, and Gnathostomulida. This paper consists

of two parts. In Part I, all recently proposed sister group hy-

potheses and the supporting synapomorphies for these phyla

are evaluated. Discrepancies in the treatment ofcorresponding
characters in different cladistic analyses are identified,and where

possible, resolved. In Part II, the overall phylogenetic signifi-

cance across the Metazoa ofall characters relevant for placing
the ‘acoelomate’ worms is examined. The coding and scoring
of these characters for other phyla are evaluated, and uncer-

tainties in our understanding are pointed out in order to guide
future research. The characters discussed in this paper are broadly

categorized as follows: epidermis and cuticle, reproduction and

sexual condition, development, larval forms, coeloms and meso-

derm source, nervous system and sensory organs, nephridia,

musculature, digestive system, and miscellaneous characters.

Competing phylogenetic hypotheses are compared in terms of

several criteria: 1) taxon sampling and the fulfillment of do-

main ofdefinitionfor each character; 2) character sampling; 3)
character coding; 4) character scoring and quality of primary
homology; 5) quality ofthe proposed diagnostic synapomorphies
as secondary homologies. On the basis of this study I conclude

that a sister group for the Platyhelminthes has not yet been un-

ambiguously established. A clade minimally composed ofNeo-

trochozoa (Mollusca, Sipuncula, Echiura, Annelida) emerges

as the most likely sister group of the Nemertea on the basis of

morphological and total evidence analyses. Finally, morpho-
logical data currrently favor a sister group relationship ofGnatho-

stomulida and Syndermata (probably plus Micrognathozoa). In

contrast, molecular or total evidence analyses have not identi-

fied a reliable sister group ofGnathostomulida.Further progress

in our understanding of metazoan phylogeny crucially depends
on the improvement of the qualityof currently adoptedcladistic

data matrices. A thorough reassessment of many of the more

than 70 morphological characters discussed here is necessary.

Despite the recent compilation of comprehensive data matri-

ces, the
power to test competing hypotheses of higher-level

metazoanrelationships is critically compromised due to uncritical

data selection and
poor character study in even the most re-

cently published cladistic analyses.
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Introduction

This contribution is an attempt to further our

progress towards constructing such a synthesis by

critically assessing the empirical and interpretational

basis ofrecently proposed phylogenetic hypotheses.

A new cladistic analysis is not attempted here be-

cause 1 feel that further progress in our understanding

of metazoan phylogeny currently pivots around

improving the quality of available morphological

data matrices. Only that will eventually allow the

comprehensive testing of the many existing alter-

native hypotheses (Jenner & Schram, 1999; Jenner,

2001a, b, 2002, in press).

The often profound discrepancies between re-

cently published morphological cladistic analyses

of metazoan phylogeny demand an explanation. By

explicitly analyzing aspects of methodology, we

previously attempted to locate an important source

of these discordances in differences of data matrix

construction, including character selection and co-

ding, character scoring and weighting, ground pat-

tern reconstruction, and taxon selection (Jenner &

Schram, 1999; Jenner, 2000, in press). Although a

few selected examples were treated rather briefly

in these papers, the work herein is intended as the

first in a series of papers
that together will provide

a comprehensive evaluation of contemporary com-

peting phylogenetic hypotheses ofhigher level meta-

The literature on the evolutionary relationships of

the Metazoa is immense and furnishes a plethora
of alternative phylogenetic scenarios. Recent stud-

ies are chiefly based
upon the analysis of 18S rDN A

sequences and morphology, which offer the most

comprehensive data sets for higher level animal

phylogenetics currently available. The use of com-

prehensive morphological data sets in all recent

phylogenetic analyses indicates that morphologi-

cal evidence continues to play a key role in the

reconstruction of metazoan deep history, and I pri-

marily focus on morphological cladistic analyses

in this paper.

The advent of computer assisted cladistic analy-

ses of explicit morphological data matrices has

provided a marked improvement in the repeatabil-

ity and testability of phylogenetic analyses. Fur-

thermore, it has provided a means to evaluate and

test the many, largely all too narrative attempts to

reconstruct the genealogy of the animal kingdom

that have dominatedthe field until recently. How-

ever, despite these developments a rigorous mor-

phology-based consensus of animal relationships

is not yet apparent (compare Nielsen et ah, 1996;

Zrzavy et ah, 1998, 2001; Jenner & Schram, 1999,

2002; Giribet et ah, 2000; Nielsen, 2001; Peterson

& Eernisse, 2001; Zrzavy, 2003).
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zoan taxa. This paper focuses on the phylogenetic
placements of the so-called ‘acoelomate’ worms:

Platyhelminthes, Nemertea, and Gnathostomulida.

The following section will provide a sketch of

the developments in comparative invertebrate zo-

ology that have coalesced to form the impetus of

this paper. These are as follows. 1) Despite the

compilation of large data sets, it can be shown that

cladistic analyses of the Metazoa have so far typi-
cally been performed without sufficient attention

to the testing of competing phylogenetic hypoth-
eses (Jenner, in press; this paper). 2) The overly
restricted focus on cladogram topology in most

recent studies masks the signs of true advances in

our understanding of metazoan phylogeny and cha-

racter evolution. 3) Recent cladistic analyses of the

Metazoa show an imbalance between the amount

of effort invested in the careful construction of the

data matrix, and the cladistic analysis of that data

set, with the former deserving more attention than

is current practice (Jenner, 2001a, 2002, in press).

4) The “new view” of animal relationships ema-

nating from molecular systematic studies motivates

the reappraisal ofmany morphological synapomor-

phies, and a robust morphological data base is es-

sential for the formulation of hypotheses of body
plan evolution within the framework of this mo-

lecular phylogenetic backbone.

How to construct an effective cladistic test of com-

peting phylogenetic hypotheses?

Acknowledging the existence ofan overwhelming

array of alternative hypotheses of animal relation-

ships, it is striking howmany recent cladistic analy-
ses have been chiefly concerned with the proposal
of ‘new’ hypotheses, rather than with the rigorous
and comprehensive testing of the myriad existing
alternatives. Naturally, one cannot draw a sharp line

between performing a new phylogenetic analysis
and testing an existing hypothesis, because any

independent analysis can in principle be interpreted
as a test of any other analysis. However, it is criti-
cal to understand the importance of careful atten-

tion to the key ingredients that will determine the

testing power of a cladistic analysis, namely the

selection of taxa and characters, and the coding and

scoring of characters.

A cladistic test subjects primary homology propo-

sitions to a character congruence test that has the

potential to separate corroborated (secondary) ho-

mologies, and refuted homologies, i.e., homopla-
sies. I would argue that the congruence test repre-

sents the primary advance of cladistics over tradi-

tional phylogenetic studies that restricted the analysis
to tests of anatomical similarity (Patterson, 1982,

1988). The added value of a phylogenetic analysis
based on a congruence test resides in the potential
to refute or corroborate alternative hypotheses of

homology and relationships by allowing the selec-

tion of the hypothesis that maximizes character

congruence and thus minimizes the need for ad hoc

explanations of the data, i.e., homoplasies. How-

ever, it is misleading to think that all results of a

cladistic study have necessarily been directly sub-

jected to a character congruence test.

Refutation (falsification) [of a cladistic hypoth-
esis] resides in incongruent synapomorphies...”
(Kluge, 1997: 86), and “the strongest test of a hy-
pothesis is the acquisition and incorporation of more

data. Specifically, more taxa or more characters”

(Siddall & Whiting, 1999: 21). Incorporation of all
relevant data constitutes the most “severe” test of

a phylogenetic hypothesis. It can lead to provisional
acceptance of the most corroborated hypothesis
that embodies maximal explanatory power (Kluge,
1997). A cladistic study will only operate as an

effective test, however, when the input data in prin-
ciple allows the refutation or corroboration of ei-
ther a particular phylogenetic hypothesis, or pri-
mary homology proposition. If the information in
the data matrix cannot in principle vindicate all

relevant alternative hypotheses, then the analysis
could inspire false confidence in its results (based
on circular reasoning; Lee, 1998a, 1999). In other
woids, if the input data is biased a priori towards

accepting a particular phylogenetic hypothesis, for

example through restrictive character or taxon sam-

pling, then the outcome of a cladistic study may be
decided prior to the congruence analysis. Conse-
quently, the pattern of relationships that

emerges
from such a study may in fact be an untested as-

sumption, not a new conclusion.
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This important distinction generally has not re-

ceived attention in the current literature on higher

level animal relationships, even in those studies that

employ the most comprehensive data matrices com-

piled to date (see this study and Jenner, 2001a, in

press). This is so despite the importance of being

able to recognize a cladistic analysis as either an

effective test ofconflicting hypotheses, or as a mere

summary of uncontested data. It can thus be sum-

marized that “the issue is how honestly the relevant

data are surveyed for those synapomorphies that

actually have the potential to refute a cladistic hypo-

thesis, those synapomorphies that can count as in-

dependent ad hoc hypotheses ofhomoplasy” (Kluge,

1998: 350).

One example from the recent literature will

illustrate how proposed phylogenetic hypotheses
based on a cladistic analysis may not be the cor-

roborated results of a congruence test, but neces-

sarily result from biased (not necessarily unjusti-

fied) data input. Further examples and a general
discussion of hypothesis testing in contemporary

metazoan cladistics is provided in Jenner (in press).

In their comprehensive morphological phylogenetic

analysis of the Metazoa, Nielsen et al. (1996) evalu-

ated the relationships of Cnidaria and Ctenophora.

Classically, these taxa are united as Coelenterata,

a hypothesis that still finds support in some recent

works (Ax, 1989; Ruppert & Barnes, 1994), although
it has been largely abandonedin most other recent

phylogenetic studies. Nielsen et al. (1996: 397)

report with respect to their own analysis that “...

the sister group status of the two phyla is not sup-

ported by any of the computer generated analyses...”

Consequently, the conclusion that the Coelenterata

hypothesis failed a proper character congruence test

would appear to be justified. Yet, this would be a

misleading conclusion. The data matrix ofNielsen

et al. (1996) did not include any of the potential

synapomorphies of Cnidaria and Ctenophora, such

as I) polar bodies formed at the blastoporal pole,

2) unipolar first cleavage running from the blasto-

poral pole towards the aboral pole, or 3) a medusa

with tetraradial symmetry (Ax, 1989; Martindale

& Henry, 1998; Goldstein & Freeman, 1997). So,

unsurprisingly, Nielsen et al. (1996) uncovered no

support for the Coelenterata hypothesis. Although
the rationale (based on comparative morphology)

of Nielsen et al. (1996) for excluding these poten-

tial synapomorphies may have been entirely valid,

it would be incorrect to claim that the Coelenterata

hypothesis has been subjected to, and subsequently
been rejected on the basis of, a character congru-

ence or cladistic parsimony test. In this case, the

cladistic analysis has not contributed any extra

information in addition to data selection to bear on

the problem of alternative relationships of the cni-

darians and ctenophores.

Completing the cladistic research cycle: beyond

cladogram topology

“Research in phylogenetic systematics is necessarily

cyclic, and the place where the positive shift in

understanding occurs is subsequent to discovering

the most parsimonious cladogram(s).” -Kluge (1998:

349)-

Kluge (1998) drew attention to the necessarily cy-

clical nature ofcladistic research. One research cycle

can be decomposed into different stages. Typically

the first stage involves the selection of terminal

taxa and characters, which leads to the construc-

tionof the datamatrix. The second stage is the testing
of all possible cladograms during the character

congruence test (the cladogram building phase). A

third phase may constitute the reappraisal of the

initial characters used to construct the cladogram,

in particular the homoplasies incongruent with the

hypothesis, or the performance of a test of con-

silience with independent data. It is during this third

phase that the weight of evidence for the hypoth-
esis (cladogram) is assessed. These considerations

may then subsequently be fed into a new cladistic

analysis, for example as experimental modifications

of character coding, for further testing of taxon

relationships and character homologies. It should

be noted that the second stage of the research cycle
is largely automated, and all scholarship instead

resides in the first and third phases of the cladistic

research cycle.

It can be argued that current practice in meta-

zoan cladistics has not fully completed the cladis-

tic research cycle. As is shown in Jenner (2001a,

2002, in press), and in the present paper, it is espe-
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cially the first and third stages of the research cycle
that shouldbe significantly improved. For example,
although some attention is directedtowards the third

stage of cladistic research, the analyses mostly direct

their attention towards the comparison of cladogram

topologies with only minimal attention to charac-

ter evidence. Topological congruencebetweenphy-
logenies derived from different data sets is gener-

ally considered as one of the strongest supports for

phylogenetic relationships, and topological congru-

ence is the logical foundation for all consensus

methods widely used in systematic biology including
the construction ofsupertrees (Cunningham, 1997;

Sanderson et ah, 1998). Accordingly, it is under-

standable that discussions of progress in metazoan

phylogenetics focus on topological congruence in

virtually all published cladistic analyses. A focus

on tree topology allows the results of each new study
to be concisely summarized and compared, and to

be communicated in a straightforward manner. How-

ever, there is reason to believe that the prevailing
and extreme focus on mere topological congruence

without detailed attention to underlying data has

created a false view of consensus in the field, and

has in fact stymied true progress in understanding
metazoan relationships and character evolution. The

locus for a positive shift in understanding in phy-
logenetic systematics is not restricted to tree to-

pology. One of the most important goals of cladis-

tic analyses is to attempt to understand the link

between evidence and hypothesis, which can only
be achieved through detailed (re)assessment of the

characters underpinning the cladograms.
Consistent with the current penchant in meta-

zoan cladistics for quantitative rather than qualita-

tive support measures for cladistic hypotheses, cla-

dogram robustness is typically assessed by support

statistics, such as bootstrap percentages or Bremer

support values. However, if unaccompanied by a

qualitative study of character evidence, these quan-

titative measures of support may be spurious. This

problem is addressed in Jenner(2002), showing that

the interpretation ofcharacter state transformations

(steps) of almost 40% of the characters included in

the most recent cladistic analyses of the Bilateria

or Metazoa is seriously hampered due to character

coding problems. Such difficulties are simply in-

visible to quantitative support measures.

In addition, the uncritical use ofpreviously com-

piled data sets in new cladistic studies reveals that

data reinterpretation does not receive adequate at-

tention. Instead, many characters, or even entire

data sets are uncritically recycled (Jenner, 2001a,
this paper) resulting in the perpetuation ofold mis-

takes in new studies. The present paper illustrates

this for several characters, such as the gonocoel,
cerebral ganglion, ventral nervous system, cuticle

layering, and coelomocytes. Other authors do com-

pile original data sets, however, without explicitly
defending their selection of characters (Jenner, in

press). The results are data sets that may differ

markedly in the scope of included characters, how-

ever, frequently without explicit justification. This

makes it virtually impossible to separate true pro-

gress in understanding from mere changes ofopin-
ion, even though a certain degree of topological
congruence between studies is apparent. To enable

future progress in morphological metazoan cladis-

tics, and to complete the research cycle, workers
will have to take previous work more explicitly into
account when creating “new” results.

For example, in addition to manual cladistic anal-

yses by Ax (1985, 1989, 1995), many comprehen-
sive morphological cladistic analyses published
during the last decade have yielded apparent sup-
port for a monophyletic Plathelminthomorpha (Platy-
helminthes + Gnathostomulida), e.g., Schram (1991),
Eernisse et al. (1992), Zzravy et al. (1998), Giribet
et al. (2000), and Peterson & Eernisse (2001). Judg-
ing purely on the basis of this topological congru-
ence and the sheer number of proposed diagnostic
synapomorphies, this clade appears to be a robust

hypothesis. However, as will be shown in this pa-

pci, scrutiny of all proposed synapomorphies across

all these studies, combined with in depth study of
all proposed alternative hypotheses, leads to a very
different conclusion. As we will see, careful char-
acter analysis shows that different studies suppos-
edly providing independent support for a mono-

phyletic Plathelminthomorpha are not even congru-
ent among themselves. Clearly, the study of topo-
logical congruence is a necessary ingredient of

.metazoan phylogenetics, but it is not sufficient in
and of itself.
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The paradox ofmetazoan cladistics: data matrix

compilation and cladogram construction

“Unfortunately, no one can be told what the matrix

is. You have to see it for yourself.” -Morpheus (in

The Matrix, 1999, by A. Wachowski & L. Wa-

chowski)-

Nielsen (2001: 499) wrote that for higher level

animal taxa the “choice and interpretation, i.e.,

coding, of characters pose enormous problems.” It

is then logical to expect that the compilation of the

cladistic data matrices has received ample explicit

attention in recent studies to ensure that the char-

acters reflect organismic variation as accurately as

possible. However, the reality is quite different. New

cladistic analyses habitually copy characters or even

entire datamatrices from previous studies performed

by different workers, often without any explicit re-

study of the characters (Jenner, 2001a; this study).
This is a problem because many of the recent cla-

distic data sets are riddled with errors (this study).

Furthermore, despite the fact that the ‘0s’ and

‘Is’ in data matrices compiled for higher level taxa

are typically far from unsullied observations, the

explicit attention given to character coding in meta-

zoan cladistics is minimal (Jenner, 2002). The most

elaborate justification for an adopted coding strat-

egy in the recent literature is given by Peterson &

Eernisse (2001: 173) who “acknowledge that these

coding issues are contentious but feel that at the

moment this [binary absence/presence coding] is

the most conservative coding scheme available.”

This short “defense” is hardly compelling in view

of the results of several recent investigations that

have nominated absence/presence coding as the most

problematic coding method available for standard

cladistic analysis (see Jenner, 2002). Similarly, the

justification for the scoring of characters also typi-

cally receives minimal documentation, with the

scoring for only some of the included taxa being

justified at best (see Peterson & Eernisse, 2001;

Zrzavy ct ah, 1998; Zrzavy et ah, 2001). It then

becomes noteworthy that for many characters shared

between different cladistic analyses scoring con-

flicts for various taxa can be identified (this pa-

per). It can thus be concluded that current prac-

tices belie the prime importance of the data matrix

as the sole empirical anchor of, cladistic analyses.

Paradoxically, a striking contrast emerges when one

comparesthe efforts to construct a reliable data set

with the intensive efforts exerted in the extraction

of phylogenetic signal from a given matrix. This

paper is largely an attempt to redress the balance

between character analysis and cladogram construc-

tion.

It is crucial to recognize phylogenetic research

as an iterative process, where published data ma-

trices provide the opportunity for restudy and re-

evaluationofthe included data, and the critical com-

ments offered in this paper should accordingly be

interpreted as constructive rather than destructive.

In this context, it is noteworthy that serious con-

cerns about the quality of cladistic data matrices

traverse a broad spectrum of taxa that range from

parasitic flatworms to fishes (see Jenner, in press

for references). Unfortunately, doubt about the quali-

ty of cladistic data matrices in general has inspired

some authors to espouse depreciative conclusions

about the objectivity ofcladistic analyses, and some

ofour own work (Jenner & Schram, 1999) has been

taken to support “the subjectivity of such studies”

(Salvini-Plawen, 2000; 142). This necessitates some

brief comments on subjectivity and objectivity in

cladistic analyses.

Biologists unanimously agree that organisms must

be understood as integrated wholes. This realiza-

tion creates a problem for phylogeneticists who wish

to perform a cladistic analysis of organismic mor-

phology, since this requires the subdivision of the

organism into a set of well-demarcated and inde-

pendent variables known as characters. The diffi-

culty of precisely delineating ‘a character’ in the

face ofcharacter correlations dictated by functional

and structural interactions among body parts makes

character coding one of the most critical and con-

tentious steps in any cladistic study. Ifwe deal with

complex characters there may be several ways in

which the observed organismic variation can be

partitioned into cladistic characters. This opens a

large range of coding possibilities that will have

their own specific effects on the outcomes of phy-

logenetic analyses (see examples in Jenner, 2002

and this paper). The choice of a particular coding
method is necessarily subjective. This realization

has resulted in a limited but very important litera-
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tuie that deals specifically with the relative strengths
and weaknesses of different coding strategies (Poque
& Mickevich, 1990; Pleijel, 1995; Wilkinson, 1995;
Hawkins et ah, 1997; Lee & Bryant, 1999; Strong
& Lipscomb, 1999; Hawkins, 2000; Forey & Kit-

ehing, 2000). Although the implications of these

studies are currently being actively debated, the

importance of these studies is nevertheless obvi-

ous. However, the results of these investigations
have not yet permeated into the general conscious-

ness of metazoan phylogeneticists (Jenner, 2002).
Despite the undeniable subjectivity of any state-

ment or decision made by a single person, the ob-

jectivity of cladistic knowledge-claims is based on

both the explicitness and transparency of cladistic
data matrices, and the possibility of testing cladis-

tic hypotheses by bringing new empirical data to

bear on the problems at hand (Kluge, 1997, 1998;
Ax, 1999). This potential to corroborate or refute a

cladistic hypothesis (by inter-subjective testing; Ax,
1999) fully justifies the claim ofobjectivity of cla-
distic analyses.

Molecular phylogenetics, developmental genetics,
and body plan evolution

Molecular phylogenetics of the Metazoa is current-

ly dominated by analyses of IBS rRNA/DNA se-

quences (see Giribet, 2002 for examples of other

molecules used for metazoan phylogenetics). This
has yielded a view of animal evolution different

horn the various morphology-based hypotheses (see
Aguinaldo et ah 1997; Aguinaldo & Lake 1998;
Balavoine 1998; Balavoine& Adoutte 1998; Maley
& Marshall 1998; McHugh 1998; Garey & Schmidt-

Rhaesa 1998; Halanych 1998; Winnepenninckx et

ah, 1998; Zrzavy et ah, 1998; Adoutte et ah 1999,
2000; Knoll & Carroll 1999; Ruiz-Trillo et ah, 1999;
Giribet et ah, 2000; Peterson & Eernisse, 2001).
The two large protostomian clades, Ecdysozoa
and Lophotrochozoa, havealmost instantly become
household

names and flag bearers for this new view
of animal evolution. Even the most comprehensively
sampled molecular phylogenies show a lot of un-

resolved relationships, or arrangements that are

puzzling from a morphological perspective such as

the
non-monophyly of morphologically supported

taxa such as Mollusca and Nernertea (Giribet et

ah, 2000; Peterson & Eernisse, 2001). Neverthe-

less, the emerging picture of animal evolution ne-

cessitates some striking re-examinationsof‘received

wisdom’ based on comparative morphology. For

example, the molecular view suggests convergent

evolution in body plan features that have been tra-

ditionally imbued with great phylogenetic signifi-
cance such as larval forms, body cavities, body
segmentation, and excretory systems. Although these

re-evaluations do not go unchallenged (Liiter &

Bartolomaeus, 1997; Wagele et ah, 1999; Wagele
& Misof, 2001; Jenner, 1999, 2000), molecular

systematics has at the very least provided a new

set ofhypotheses that encourage a detailed restudy
of morphological characters. One of the most ex-

citing developments of the past two decades has

been the discovery of the underlying molecular

mechanisms-of animal form. A wealth of new com-

parative data has emerged with tantalizing sugges-
tions for animal body plan evolution. Comparative
molecular developmental studies have provided the

first glimpses of the genomic toolkit that might have

been employed by the ancestor of the Bilateria

(Carroll et ah, 2001; Erwin & Davidson, 2002),
and the genetic underpinnings of several morpho-
logical features shared by many bilaterians have

become a subject of intense study. These studies

range from the use of Hox genes in primary and

secondary larvae (Peterson et ah, 2000a), the de-

velopment of bilaterian nervous systems and pho-
toreceptors (Arendt & Niibler-Jung, 1996, 1999a;
Arendt & Wittbrodt, 2001; Arendt et ah, 2002),
vertebrate neural crest cells (Holland & Holland,
1998), and the thyroid gland (Venkatesh et ah, 1999).
However, the complex nature of gene regulatory
networks and hierarchies cautions against uncriti-

cal homology inferences of morphologies that are

developmentally regulated by similar genes(Scholtz
et ah, 1998; Holland & Holland, 1999; Janies &

DeSalle, 1999; Erwin & Davidson, 2002), Never-

theless, careful study of developmental gene ex-

pression patterns may shed light on the nature of

morphological characters (see for example below

under Secondary body cavity, coelom: Ontogenetic
souice, Cerebral ganglion, brain), or suggest new

synapomorphies, for example brachyury
. ,

expression
in the developing mesocoel/hydrocoel of the hemi-
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chordates and echinoderms (Peterson et al., 1999),

and (he expression of engrailed, Distal-less, and

Hox genes in the study of homologies across the

arthropods (Scholtz, 2001). Because the genetic

underpinnings of most of the morphological char-

acters used in metazoan cladistics have not yet been

elucidated, there lies great promise in this field of

research.

Goals and limitations of this study

This contribution is divided into two parts. Part I:

Comparing Alternative Phylogenetic Hypotheses

adopts a narrow focus. It is strictly concerned with

the value of the character supports for competing

phylogenetic hypotheses for placing Platyhelm-

inthes, Nemertea, and Gnathostomulidawithin the

Metazoa. Part II: Character Evaluations adopts a

broader focus. It compares the treatment of the

characters discussed in Part I across different cla-

distic analyses, and thereby assesses their broader

phylogenetic significance across the Metazoa.

In summary, the goals of this study are:

(1) to provide the first comprehensive evaluation

of competing phylogenetic hypotheses for Pla-

tyhelminthes, Nemertea, and Gnathostomulida

by focusing on the quality of supporting data

(2) to provide a guide for future morphological

cladistic analyses by identifying and, where

possible, resolving conflicts in character cod-

ing and scoring between different analyses

(3) to identify characters upon which more re-

search is needed for a better evaluation of

their phylogenetic significance

(4) to provide a method for comparative biolo-

gists in search of a phylogenetic framework,

or a morphological data set to study animal

body plan evolution

This study is preliminary because:

(1) it is the first in a projected series of papers

that will evaluate the phylogenetic positions

of all animal phyla on the basis of morpho-

logical cladistic analyses

(2) it is the first necessary step towards the foun-

dation for a novel cladistic study that will

incorporate all points of discussion

(3) discussion is largely restricted to those char-

acters that have been proposed as immediate

synapomorphies for particular sister group

relationships of the ‘acoelomate’ worms, al-

though other phyla are discussed in Part II in

order to resolved scoring conflicts of these

characters between different studies

(4) discussion is restricted to cases of scoring
conflict between different studies, identified

misscorings, or instances of special difficul-

ties of interpretation. No attempt was made

to check every identifiable data matrix entry

Abbreviations and source trees

The following is a list of abbreviations, and of

characters and phylogenies discussed in this paper

and their sources.

AXX: character XX in Ahlrichs (1995) (manual

cladistic analysis, numbered apomorphy sets on his

fig. 92)
AhXX: character XX in Ahlrichs (1997) (manual

cladistic analysis, fig. 6)

BXX: character XX in Brusca & Brusca (1990)

(computer-assisted cladistic analysis, fig. 1, chap-

ter 24)

B1XX: character XX in Brusca & Brusca (2003)

(computer-assisted cladistic analysis, fig. 24.1, strict

'consensus)

CXX: character XX in Christoffersen & Araujo-

de-Ahneida (1994) (manual cladistic analysis, fig.

2)

CaXX: character XX in Carlson (1995) (computer-

assisted cladistic analysis, fig. 3, single MPT)

EXX: character XX in Eernisse etal. (1992) (com-

puter-assisted cladistic analysis, fig. 4, strict con-

sensus, + appendix 2)

EsXX; character XX in Ehlers & Sopott-Ehlers

(1997) (manual cladistic analysis, fig. 1)

GXX: character XX in Garey et al. (1998) (manual

analysis, fig. 6)

HXX: character XX in Haszprunar (1996a) (com-

puter-assisted cladistic analysis, fig. 1.1B, preferred
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MPT after unequally weighting)
HaXX: character XX in Haszprunar (1996b) (manual
cladistic analysis, fig. 2)
K.XX: character XX in Kristensen & Punch (2000)
(manual cladistic analysis, fig. 47)
LXX: character XX in Littlewood et al. (1999a)

(computer-assisted cladistic analysis, fig. 2a, strict

consensus)
MXX: character XX in Meglitsch & Schram (1991)

(computer-assisted cladistic analysis, fig. 38.2, single
MPT)

MeXX: character XX in Melone et al. (1998) (com-

puter-assisted cladistic analysis, fig. 1 single MPT)
NXX: character XX in Nielsen et al. (1996) (com-
puter-assisted cladistic analysis, fig. 2, preferred
MPT)

NIXX: character XX in Nielsen (2001) (computer-
assisted cladistic analysis, fig. 56.1, strict consen-

sus)

PXX: character XX in Peterson & Eernisse (2001)

(computer-assisted cladistic analysis, fig. 1, strict

consensus)

RXX: character XX in Rouse (1999) (computer-
assisted cladistic analysis, fig. 3b, strict consensus

after successive app. weighting)
R1XX: character XX in Rouse & Fauchald (1995)

(computer-assisted cladistic analysis, fig. 3, strict

consensus)

SXX: character XX in Sorensen et al. (2000) (com-

puter-assisted cladistic analysis, fig. 2, preferred
MPT)

WXX: character XX in Wheeler et al. (1993) (com-

puter-assisted cladistic analysis, fig. 5, strict con-

sensus)

WaXX; character XX in Wallace et al. (1996) (com-

puter-assisted cladistic analysis, fig. 1, strict con-

sensus)

ZXX: character XX in Zrzavy et al. (1998) (com-
puter-assisted cladistic analysis, fig. I, strict con-

sensus after successive approximations weighting)
ZIXX: character XX in Zrzavy et al. (2001) (com-
puter-assisted cladistic analysis, fig. la, strict con-

sensus)

ZHXX: character XX in Zrzavy (2003) (computer-
assisted cladistic analysis, fig. 2, strict consensus)

a/p: absence/presence
MPT: most parsimonious tree

TBR: treebisection and reconnection branch swap-

ping (heurstic search)

ACCTRAN: accelerated transformation (favors re-

versals over convergence in optimizing characters

on a cladogram)

The recent morphological cladistic analyses ofGiri-

bet (1999) and Giribet et al. (2000) yielded identi-

cal results, and both studies used the morphologi-
cal data matrix compiled by Zrzavy et al. (1998).

Accordingly, all comments on the morphological
analysis of Zrzavy et al. (1998) are applicable to

these two studies. Similarly, all comments on the

analysis of Meglitsch & Schram (1991) are appli-
cable to the studies that reanalyzed their data ma-

trix: Eemisse et al. (1992), Rouse & Fauchald (1995),

Backeljau et al. (1993), and Wallace et al. (1996).

Higher level taxa and phyla

Although the logic implicit in cladistics does not

suppoit rank equivalence of traditional higher level

Linnaean categories that bear the same label, such

as phyla, classes, and genera, I will continue to use

the term phylum as a general descriptor of higher
level taxa without any Linnaean rank connotations.

The phylogenetic literature of the Metazoa is
strewn with a confusing multitude of taxonomic

names for higher level clades. The lack of agree-
ment on the precise delimitations of these supra-
phyletic groups between authors often defies any
straightforward identification of members in often
used taxa such as Spiralia and Deuterostomia. There-
foie, 1 find there is merit in providing here a syn-
opsis of at least those supraphyletic taxa that are

frequently referred to throughout this paper. The

lollowing list is neither complete, nor do the defi-
nitions adopted here necessarily correspond to those
lavoied by most authors. Because suprafamilial taxa
are not subject to the International Code for Zoo-

logical Nomenclature, and in view of the recent

flux of ideas on the desirability of substituting the
traditional Linnaean nomenclature by a phyloge-
netic nomenclature (Cantino et al., 1999), I have
chosen to design the following supraphyletic taxa
for ease ofuse in the discussions in this paper without
attention to historical source, exact nature of the
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original definitions, or the monophyly of the taxa,

but never departing far from their original and most

familiar meanings. Departures of the membership

of supraphyletic groupings from the adopted defi-

nitions are noted in the appropriate place.

Acrosomata: Ctenophora, Bilateria

Aschelminthes: Cycloneuralia sensu Nielsen, 2001,

Rotifera (incl. Seison), Acanthocephala, Microgna-

thozoa (Limnognathia maerski), Chaetognatha
Bilateria: Protostomia, Deuterostomia

Cephalorhyncha sensu Nielsen, 2001 (=Scalido-

phora sensu Lemburg, 1995): Priapulida, Kino-

rhyncha, Loricifera

Cycloneuralia sensu Nielsen, 2001 (= Nemathel-

minthes sensu Neuhaus, 1994): Gastrotricha, Nema-

toda, Nematomorpha, Kinorhyncha, Loricifera, Pria-

pulida

Deuterostomia; Chordata, Hemiehordata(Entero-

pneusta, Pterobranchia), Echinodermata

Diploblastica (Coelenterata, Radiata): Cnidaria,

Ctenophora

Ecdysozoa: Panarthropoda, Introverta

Eumctazoa (Gastraeozoa, Histozoa): Cnidaria, Cte-

nophora, Bilateria

Euspiralia; Spiralia excluding Plathelminthomorpha
Eutrochozoa: Ncmertea, Mollusca, Sipuncula, Echi-

ura, Annelida

Gastroncuralia; Spiralia, Aschelminthes

Gnathifera: Syndcrmata, Gnathostomulida, Micro-

gnathozoa ((Limnognathia maerski)
Hemichordata: Enteropneusta, Pterobranchia

Introverta: Nematoda, Nematomorpha, Kinorhyn-

cha, Loricifera, Priapulida

Lophophorata (Tentaculata): Phoronida, Brachio-

poda, Ectoprocta

Lophotrochozoa: Spiralia, Gastrotricha, Lopho-

phorata

Nematoida; Nematoda, Nematomorpha
Neotrochozoa: Sipuncula, Echiura, Annelida, Mol-

lusca

Panarthropoda: Arthropoda, Tardigrada, Onycho-

phora

Plathelminthomorpha: Platyhclminthes, Gnatho-

stomulida

Platyzoa: Gnathostomulida, Cycliophora, Synder-

mata, Gastrotricha, Platyhclminthes
Protostomia; Bilateria minus Deuterostomia

Schizocoelia: see Teloblastica

Spiralia: Annelida, Echiura, Sipuncula, Gnatho-

stomulida, Mollusca, Nemertea, Entoprocta, Platy-

helminthes, Panarthropoda

Scalidophora: see Cephalorhyncha.

Syndermata: Rotifera (incl. Seison), Acanthoce-

phala

Teloblastica: Sipuncula, Mollusca, Annelida, Echi-

ura, Onychophora, Arthropoda, Tardigrada

Trochozoa: Sipuncula, Echiura, Annelida, Mol-

lusca, Entoprocta

Part I: Comparing alternative phylogenetic hy-

potheses for the ‘acoelomate’ worms

I have devised a set of explicit criteria that I use as

guidelines in the evaluationof competing sister group

hypotheses:

(1) taxon sampling and fulfillment of domain

of definition of each character. Is the range

of selected terminal taxa broad enough to test

all pertinent alternative hypotheses? I adopt a

slightly modified version of the domain of

definition as proposed by Dayrat & Tillier

Fig. I. Phylogenetic position ofthe platyhelminths and gnatho-

stomulids according to Ahlrichs (1995), Garey et al. (1998),

and Melone et al. (1998).
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(2000): the complete set of terminal taxa for

which an included character is in principle

applicable, irrespective of whether that char-

acter is uniformly present within all terminal

taxa. A failure to fulfdl the domain of defi-

nition of a character, i.e., restrictive taxon

sampling, compromises the reliability of the

phylogenetic significance ascribed to that cha-

racter, so that it may be a symplesiomorphy
or homoplasy rather than a unique synapo-

morphy.
(2) character sampling across studies.

(3) character coding. Are the adopted character

states proper (natural) alternatives that cover

the entire
range of organismic variation, i.e.,

do the character states show a clear comple-
ment relation (Patterson, 1982, 1988)?

(4) quality of primary homology and charac-

ter scoring. Are primary homologies prop-

erly identified, i.e., rooted in careful morpho-

logical analysis? Are the characters scored

appropriately according to the adopted char-

acter definition? Is there consensus on the

interpretation of the characters?

(5) quality of proposed diagnostic synapomor-
phies as secondary homologies. Are the pro-

posed synapomorphies unique or homoplas-
tic, reversals or convergences, losses or gains?

I he combined consideration of the above criteria

will provide an estimate of the relative quality of

proposed hypotheses of metazoan phylogeny. The

first four criteria represent the chief ingredients of

all morphological cladistic analyses, and their com-

bined input will determine the outcome of a cla-

distic analysis. The study of these ingredients will

therefore allow one to infer the cause(s) of con-

II icting phylogenetic hypotheses, and to understand

whether phylogenetic conclusions are the corrobo-

rated results of the balanced treatmentof all perti-
nent information, or whether the results are unjus-
tifiably biased. This information can serve as a basis

for deciding which phylogenies may be dropped
from consideration, and which hypotheses could

profitably be explored in future studies.

1. Alternative phylogenetic hypotheses for Platy-
helminthes

Many different phylogenetic placements have been

proposed for the platyhelminths throughout the last

century (see Tyler, 2001 for brief review), and the

origin of their body plan has attracted recent at-

tention in connection with the emergence of hypo-
theses for their placement on the basis of molecu-

lar sequence data (Balavoine, 1997, 1998; Jenner,
2000). Interestingly, IBS rDNA, myosin heavy chain

type II (myosin II), and some mitochondrial gene

(COI and Cytb) data suggest that Acoela and Ne-

mertodermatida are not in fact platyhelminths, but

the earliest branching crown groupbilaterians (Ruiz-
Trillo et ah, 1999, 2002; Baguna et ah, 2001; Jon-

delius et ah, 2002; Telford et ah, in press). Appar-
ent morphological support for this hypothesis was

initially provided by Haszprunar (1996a, b), but
all comprehensive morphological cladistic analy-
ses with the exception of Zrzavy (2003) instead

supported a position of platyhelminths nested within
the piotostomes either as a sister groupto Nemertea,
Gnathostomulida, or a larger clade of protostomes
of variable membership. Several more restricted
studies instead united the platyhelminths with gnathi-
ferans. The following section evaluates the evidence
for these competing hypotheses.

(Platyhelmiuthes Gnathifera)

Proposed synapomorphies: Ahlrichs (1995) (fol-
lowed by Garey et al„ 1998); Melone et al. (1998).
See figure 1.

Ahlrichs (1995) (A 13)
- internal sperm deposition and internal fertiliza-

tion

- no mitosis in somatic cells

- filiform sperm

lack ol
accessory centriole in sperm

Comments

Internal sperm deposition accompanied by inter-
nal fertilization is not a compelling synapomorphy
of the platyhelminths and gnathiferans. The restricted
taxon sampling of Ahlrichs (1995) does not allow
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the proper assessment of the phylogenetic signifi-

cance of mode of sperm transfer and fertilization

within the Metazoa, because these features (par-

ticularly internal fertilization) have a much wider

distribution within the Bilateria than just the platy-

helminths and gnathiferans. A further complication

is introduced by the manual approach to cladogram

construction adopted by Ah95. Application of the

principle of parsimony leads to ambiguous results

on Ahlrichs’ cladogram. His cladogram is equally

compatible with alternative hypotheses of charac-

ter evolution, either interpreting internal insemi-

nation and fertilization as a gastroneuralian apo-

morphy (and hence a symplesiomorphy for platy-

helminths and gnathiferans), or as a convergence

between Platyhelminthes + Gnathifera and Cyclo-

neuralia. For further details on these characters see

the relevant sections below underReproduction and

sexual condition.

The lack of mitosis in differentiated somatic cells

may be a valid character that shouldbe tested through
the study of a wide range of metazoans. Indeed,

other phyla that are thought to be eutelic or to possess

a fixed number of differentiated somatic cells such

as the nematodes should be closely studied (see
below also under Lack of mitosis in somatic or

epidermal cells [eutely]).

Possession of filiform sperm has also been sug-

gested as an autapomorphy of Plathelminthomorpha

by Ax (1985, 1989, 1995), Eernisse et al. (1992),
and Zrzavy et al. (1998). However, the phyloge-
netic significance of this character in none of these

studies is compelling (see discussion under Fili-

form sperm for details). First, Ahlrichs (1995) did

not perform a numerical cladistic analysis and con-

sequently did not find the globally most parsimo-
nious solution. Filiform sperm can be observed in

various other phyla, where it may represent the

plesiomorphic form of sperm, ora commonly evolv-

ed convergence within different monophyletic taxa

(see discussion under Filiform sperm for further

details). Furthermore, the domain of definition of

filiform sperm is clearly not fulfilled. Various taxa

(hat arc characterized by possession of filiform sperm

such as the cntoprocts (Nielsen, 1971; Mariscal,

1975; Nielsen & Jespersen, 1997) and the cyclio-

phorans (Punch & Kristensen, 1997), are not in-

cluded in the analysis of Ahlrichs (1995). When

one considersthe taxa included in Aldrichs’ analysis,

a form of filiform sperm, which would clearly fall

within his broad definition, is also present in Gastro-

tricha, which may be very closely related to the

plathelminthomorphans and syndermates (Zrzavy

et al., 1998; Giribet et al., 2000).

Likewise, the lack of an accessory centriole in

sperm cells is an equally unconvincing synapo-

morphy. For example, both the gastrotrichs and

kinorhynchs possess ciliated sperm that lack an

accessory centriole (Ahlrichs, 1995). Moreover, lack

of an accessory centriole in sperm is probably cor-

related with the evolution of modified or filiform

sperm, and this does not warrant the coding of an

independent character. For example, the meiobenthic

priapulid genus Tubiluchuspossesses filiformsperm

that probably evolved within the Priapulida (Storch

et ah, 2000), and it too is accompanied by the loss

of an accessory centriole.

In conclusion, in order to approximate a global-

ly most parsimonious solution, the distribution of

Ahlrichs’ characters would have to be re-assessed

through a computer-assisted cladistic study of an

expanded set of taxa.

Melone et al. (1998)

- statocysts present (Me60)

Comments

The use of statocysts as a synapomorphy for Platy-

helminthes and Gnathifera is unconvincing. Curi-

ously, Melone et al. (1998: 107) state that stato-

cysts are primarily absent in Platyhelminthes. How-

ever, they are commonly found in the basal platy-

helminth taxa such as Acoela, Nemertodermatida

and Catenulida (Rieger et al., 1991b). Statocysts

are widespread within the Metazoa, and for a proper

fulfillment of the domain of definition more taxa

have to be included in the analysis. More problem-

atic, however, are the positive scorings of stato-

cysts for the gnathiferans. So far, no unambiguous

statocysts havebeen identifiedin any of these phyla

(see under Statocysts). Expectedly, the sister group

pairing ofplatyhelminths and gnathiferans in Melone

et al. (1998) is a default result given the selection

of platyhelminths as an out-group in a study that
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Fig. 2. Phylogenetic position of the platyhelminths, gnathostomulids, and nemerteans according to (A) Ax (1985 1989 1995) and
Bartolomaeus (1993a); (B) Meglitsch and Schram (1991) and Schram & Ellis (1994); (C) morphological analysis of Peterson &
Eem.sse (2001); (D) Eermsse et al. (1992); (E) morphological analysis of Giribet et al. (2000); (F) morphological analysis of Zrzavv
et al. (1998).

*



Ronald A. Jenner - Towards a phytogeny of the Metazoa16

was primarily aimed at resolving phylogenetic re-

lationships within Rotifera.

(Platyhelminthes Gnathostomulida)

This clade is known as Plathelminthomorpha.

Proposed synapomorphies: Ax (1985, 1989, 1995;

followed by Bartolomaeus, 1993a); Meglitsch and

Schram (1991); Eernisse et al. (1992); Schram and

Ellis (1994); Zrzavy et al. (1998); Giribet et al.

(2000); Peterson & Eernisse (2001). See figure 2.

Ax (1985, 1989, 1995)

- direct sperm transfer and internal fertilization

- filiform sperm

no mitosis in somatic cells (Ax, 1995)

- hermaphroditism

Comments

Interestingly, the first three of these characters are

also used by Aldrichs (1995) to support an alterna-

tive sister group relationship between Platyhelm-

inthes and Gnathifera (see above). This discrep-

ancy in phylogenetic significance attributed to the

same characters in Aldrichs (1995) and Ax (1995)

is easily explained by the observation that the manual

cladistic analyses used in both studies focused on

restricted sets of taxa (differing between the two

studies), a method that tends to favor local over

global parsimony. Consequently, although both stu-

dies use parsimony as their central principle, the

most globally parsimonious solution for the char-

acters in question can only result from a compre-

hensive study that includes all pertinent taxa at the

same time (especially true for the first two widely
distributed characters dealing with reproductive
modes and sperm morphology). This conclusion

also applies to the last synapomorphy proposed by
Ax: hermaphroditism. Hermaphroditism is wide-

spread within the Metazoa (see discussion under

Sexes), and clearly the domain of definition of this

character is not fulfilled in the various manual cla-

distic analyses by Ax. The study of Zrzavy et al.

(1998) suggested multiple cases of convergent evo-

lution of hermaphroditism, even though various taxa

were misscored for the relevant character (Z126;

see discussion below). Moreover, the value of her-

maphroditism as a plathelminthomorphan autapo-

morphy is highly sensitive to cladogram topology.

It may either be a highly homoplastic character

between phyla (already well established within phy-

la, see underSexes), or hermaphroditism may be a

plesiomorphy for the plathelminthomorphans in-

herited from the last common ancestor of the

Bilateria and the hermaphroditic ctenophores (sis-

ter taxa making up a monophyletic Acrosomata in

the scheme of Ax, 1995). Rieger & Tyler (1995),

Haszprunar (1996b), and Kristensen & Punch (2000)

also argued against the plausibility of a monophyl-

etic Plathelminthomorpha, principally by empha-

sizing the likelihoodof convergence orplesiomorphy

of the reproductive apomorphies.

Meglitsch & Schram (1991)

- no anus (Ml6)
- no special muscle cells (M6)
- protonephridia (M31)

Comments

The secondary loss of an anus as a plathelmin-

thomorphan autapomorphy is also foundin Eernisse

et al. (1992), Zrzavy et al. (1998), and Giribet et

al. (2000). In contrast, Peterson & Eernisse (2001)

and Nielsen (2001) performed comprehensive cla-

distic studies that did not find this plathelmintho-

morphan support. Both these analyses considered

an anus to be unambiguously present in gnathosto-

mulids. The presence of a true anus in gnatho-

stomulids homologous to those of other bilaterians

is a contentious issue. Recent ultrastructural data

(Knauss, 1979; Stcrrer et al., 1985; Lammert, 1991)

indicate a functional anus at the posterior end of

the gut that consists ofa tissue connection between

dorsomedial epidermal cells and gut cells without

a separating basal lamina. This morphology has at

least been observed both in some filospermoidean

and bursovaginoidean gnathostomulids. However,

the phylogenetic significance of the singular mor-

phology of this “anal pore” remains undecided.

Recent phylogenetic analyses have divergently sug-

gested that gnathostomulids either I) unambigu-

ously possess a complete, unidirectional gut with
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an anus that is homologous across Bilateria (Hasz-

prunar, 1996b), 2) possess an autapomorphic anus

(Haszprunar( 1996a): HI I; Zrzavyetal., 1998: Z72),

3) lack an anus either primitively (Ax, 1995), or 4)

secondarily (Meglitsch & Schram, 1991: Ml6; Wal-

lace et ah, 1996: Wa21), or 5) are polymorphic or

uncertain for a complete gut (Littlewood et ah,

1999a: L54; Melone et ah, 1998: Me31; Zrzavy,
2003: Z1I50). Interestingly, the recently described

micrognathozoan Limnognathia maerski exhibits

a very similar differentiationof the terminal end

ot the intestine, with interdigitating rectal and epi-
dermal cells without an intervening basal lamina

(Kristensen & Punch, 2000, fig. 33).

The last two of the three characters found by

Meglitsch & Schram (1991) to support a mono-

phyletic Plathelminthomorpha are problematic. The

secondary loss of muscle cells in the platyhelm-
inths and gnathostomulids is a spurious synapo-

morphy based on the misscoring of both taxa (in
addition to gastrotrichs) for the absence of muscle

cells. Furthermore, the character coding of M6 di-

rectly conflicts with the coding of the related char-

acter M13 so that taxa without muscle cells are

nonetheless coded for either ectodermal or subepi-
dermal muscles.

Thepresence of protonephridia is not a convincing
plathelminthomorphan autapomorphy. First, proto-
nephridia are widespread within the Metazoa, and

they behave highly homoplastically in recent com-

prehensive phylogenetic studies (Nielsen et ah, 1996;
Zrzavy et ah, 1998; Sorensen et ah, 2000; Zrzavy,
2003). Moreover, any special similarity in protone-
phridial ultrastructure that could support monophyly
of Plathelminthomorpha is lacking. Rather, the gna-

thostomulids share some similarities of protone-

phridial ultrastructure with several other phyla,
including potentially closely related taxa, such as

monociliate terminal cells with the gastrotrichs and

Micrognathozoa (Ruppert, 1991b; Kristensen &

Punch, 2000). Second, although the presence of

protonephridia in the platyhelminth ground plan is

generally accepted, it should be noted that this

determination hinges upon the phylogenetic posi-
tion of the acoelomorphs (Acoela, Nemertoder-

matida) within Platyhelminthes, and of the Platy-
helminthes within the Metazoa. The usual inter-

pretation of the lack of protonephridia in the acoelo-

morphs as a secondary loss (Rieger et ah, 1991b;

Ax, 1995), is largely dictated by the placement of

the acoelomorphs within a clade of platyhelminths
that otherwise all possess protonephridia. Interest-

ingly, the morphological analysis of Littlewood et

ah (1999a) (their figure 2b) placed acoelomorphs
as the sister group to the remaining platyhelminths,
thus making the interpretation of the evolutionary
significance of the lack of protonephridia in acoelo-

morphs dependent upon out-group comparison. In

striking contrast, the morphological cladistic analy-
ses by Haszprunar (1996a, b) and Zrzavy (2003)
placed the acoelomorphs as the earliest diverging
branch of the bilaterians, consequently implying
the lack of protonephridia as a plesiomorphy. This

hypothesis is also supported by molecular data (Jon-
delius et ah, 2002; Ruiz-Trillo et ah, 2002; Telford
et ah, in press). However, Haszprunar’s results
should be regarded with caution since his phylo-
genetic analyses excluded many of the protostome
phyla and all the deuterostomes.

In conclusion, Meglitsch & Schram (1991) have
not provided unambiguous support for the mono-

Phyly of Plathelminthomorpha, and their placement
of the platyhelminths and gnathostomulids together
within the Metazoa should therefore be regarded
with due caution.

Eernisse et al. (1992)
lack of anus with proctodeum (complete unidi-
rectional alimentary canal) (E96)

- hermaphroditism (El 17)
- filiform

sperm (El 18)
- direct internal fertilization (El 19)

Comments

The computer-assisted analysis of Eernisse et al.
(1992) appears to confirm the relevance of some
of the features that were proposed to be important
plathelminthomorphan autapomorphies by Ax (1985
1989,1995) and Meglitsch & Schram (1991). How-
ever, do the results of Eernisse et al. (1992) really
support plathelminthomorphan monophyly?

The secondary loss of an anus is also supported
as a plathelminthomorphan autapomorphy by Meg-
litsch & Schram (1991), Zrzavy et al. (1998) and
Giribet et al. (2000), and it may indeed be a valid
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apomorphy when plathelminthomorphans are nested

deeply within the Bilateria (see discussion above

for more details). Including the proctodeum into

the character definition is unnecessarily compli-

cating. Gastrotricha and Micrognathozoa, for ex-

ample, also lack a defined hindgut or proctodeum,

although the gastrotrich ground pattern cannot be

identified unambiguously (Ruppert, 1991b; Kris-

tensen & Punch, 2000). Many gastrotrichs and Lim-

nognathia maerski also lack well-defined anuses.

For the last three characters Eernisse et ah (1992)

did not fulfill the domains of definition. These

characters apply to a rangeof excluded taxa as well.

Eernisse et ah (1992) justified the scoring of pres-

ence of hermaphroditism when it was foundin more

than single isolated species. This would necessi-

tate a change in scoring for the phoronids and nema-

todes, certainly when it is observed that Eernisse

et ah (1992) did score the nemerteans and con-

chiferan molluscs polymorphic for hermaphrodit-

ism. The scoring of Solenogastres as gonochoristic
is erroneous, since they are without exception si-

multaneous hermaphrodites (Scheltemaet ah, 1994).

Equally important, apart from various excluded

gonochoristic taxa, several hermaphroditic phyla
that arc either potentially closely related to plathel-

minthomorphans, such as the gastrotrichs and cha-

etognaths, or more distantly related, such as the

ectoprocts and ctenophores, were excluded from

the analysis of Eernisse et ah (1992). Clearly, in-

creased taxon sampling is necessary for a better

estimation of the phylogenetic significance of her-

maphroditism.

As noted earlier, filiform sperm can be scored

for a host of taxa not included in Eernisse et ah

(1992) (see section underFiliform sperm), and sev-

eral of the included taxa shouldbe rescored, among

others Solenogastres (Buckland-Nicks & Scheltema,

1995), pogonophorans including vestimentiferans

(Gardiner & Jones, 1993; Southward, 1993, 2000),

clitellates (Jamieson, 1992; Fernandez et ah, 1992),

and onychophorans (Storch & Ruhberg, 1993).

Several problems are apparent with the charac-

ter direct internal fertilization. It combines two

logically separate variables, namely mode of sperm

transfer, here direct sperm transfer, hence direct

internal fertilization, and mode of fertilization. Ax

(1995) also listed both direct sperm transfer and

internal fertilization as plathelminthomorphan auta-

pomorphies (as did Aldrichs, 1995 for his clade of

Platyhelminthes + Gnathifera). However, mode of

sperm transfer and fertilization exhibit no strict

correlation (although a certain correlation cannot

be altogether denied, see under Mode of sperm trans-

fer and mode of fertilization), and could there-

fore be coded as separate characters. Moreover, the

scoring observed in Eernisse et al. (1992) illustrates

a rather subtle but important misunderstanding of

the relation between mode of sperm transfer and

fertilization, and between different modes of sperm

transfer. The coding of El 19 exhibits no comple-

ment relation, i.e., the alternative character states

do not cover the entire range of organismic varia-

tion, making misscorings inevitable. The coding

assumes that internal fertilization is always accom-

panied by direct sperm transfer. However, in view

of the differencebetween indirect and direct sperm

transfer (sperm deposited on outside of body or

inside, respectively; see discussion under Mode of

sperm deposition and mode of fertilization), vari-

ous taxa have to be rescored, in particular the arthro-

pods, which were subdivided into Crustacea, Uni-

ramia (myriapods and insects), and Chelicerata. At

least uniramians and chelicerates should be reas-

sessed for their scoring of direct internal fertiliza-

tion. External fertilization may be primitive for

chelicerates in viewof the frequently supported basal

positions of pycnogonids and xiphosurans within

the cheliceriform clade (Weygoldt, 1996; Ax, 1999;

Wheeler& Hayashi, 1998; Giribet et ah, 2001,2002;

Waloszek & Dunlop, 2002). However, the exact

phylogenetic placements of these taxa within the

Arthropoda remains a contentious issue (Edgecombe

et ah, 2000; Giribet & Ribera, 1998, 2000; Giribet

et ah, 2001; Schram & Jenner, 2001). Neverthe-

less, indirect sperm transfer is widespread within

the remaining chelicerates, and copulation (direct

sperm transfer) has evolved multiple times con-

vergently (Schaller, 1979; Proctor, 1998). Similarly,

within the uniramians(atelocerates), the myriapods

and apterygote hexapods (insects) chiefly exhibit

indirect sperm transfer, with copulation evolving

at the base of the pterygotes (Wheeler et ah, 2001).

It is therefore likely that indirect sperm transfer is

primitive for the myriapods and hexapods (Ax,

1999). However, a satisfactory understanding of
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the evolutionary changes in modes of sperm trans-

fer within the Arthropoda will have to await the

resolution of the continually perplexing problem
of arthropod relationships (see Fortey & Thomas,

1997; Richter, 2002). Interestingly, [and with im-

mediate importance for the value of direct sperm

transfer in uniting the gnathostomulids with the

platyhelminths (Eernisse et ah, 1992, Ax, 1985,

1989, 1995), or the platyhelminths and the syn-

dermates (Aldrichs, 1995)] currently available evi-

dence on the distribution of reproductive modes

within Gnathostomulida strongly suggests that they

possess indirect sperm transfer through hypoder-
mic impregnation, rather than direct sperm trans-

fer (Sterrer, 1972; Mainitz, 1989) (see under Mode

of sperm deposition and mode of fertilization for a

discussion of these features).

Finally, even ifwe allow a least restrictive charac-

ter definition for El 19 that retains the intended

contrast between internal and external fertilization

without distinguishing between direct and indirect

sperm transfer, several misscorings for El 19 re-

main. These include; Phoronida (characterized by
internal fertilization in contrast to common opin-
ion: Emig, 1990; Zimmer, 1991; 1997); Pogono-

phora (internal fertilization is indicated forpogono-

phorans, and suggested for at least one species of

vestimentiferan: Southward, 1999), Solenogastres

(possess internal fertilization: Buckland-Nicks &

Scheltema, 1995), and Clitellata. Despite the fact

that many clitcllates transfer sperm to their partner
in copulation, in oligochaetes the fertilization nev-

ertheless takes place outside the body in the se-

creted cocoon (Needham, 1989; Westheide, 1996).

Evolutionary changes to internal fertilization have

independently occurred in one family of oligocha-
etes (Eudrilidae, nested deeply withinOligochaeta:
Jamieson, 1988), and in hirudineans (Jamieson,

1992; Fernandez et al., 1992).

Zrzavy et al. (1998)

- filiform sperm (Z117)

- absence epidermal mitosis (Z191)
- lack of coeloblastula (Z11)
- lack of anus (Z72)
- sacular -> asacular gonads (Z110)

- monoflagellate -» biflagellate sperm (Z115)
- lack of compact acrosome (Z120)

- hermaphroditism (Z126)

- rare/absent -> dominant asexual reproduction

(Z128)

- two layered -> simple cuticle (Z193)
- adult locomotion muscular -> ciliary (Z258)

Comments

The phylogenetic analysis of Zrzavy et al. (1998)

yielded 11 apomorphies in supportof a monophylctic

Plathelminthomorpha. However, closer inspection
reveals that none of these are compelling, and most

of the characters are misscored for various taxa.

Although filiform sperm is an unambiguous uni-

que autapomorphy of Plathelminthomorpha in the

morphological analysis of Zrzavy et al. (1998), its

unambiguous orpolymorphic presence can be scored

for the ground patterns of various additional taxa

(see detailed discussions underEernisse et al. (1992)
in this section and under Filiform sperm). Zrzavy
et al. (1998) score this feature in a way (filiform

sperm present only in the platyhelminths and gnatho-

stomulids) that can only be explained by assuming
that they uncritically adopted the scoring of Ax

(1995), a study that aimed for local parsimony in

the context of a restricted sample oftaxa rather than

attempting to document the global distribution of

this character across the entire Metazoa.

The absence of epidermal mitosis was also sug-

gested as a unique plathelminthomorphan auta-

pomorphy. However, it is doubtful whether its value

as a phylogenetic marker has been fully explored.
For example, epidermal mitosis has also never been

observed in the chaetognaths (Shinn, 1997), and

the lack ol mitosis in somatic cells has been scored

for a broader rangeof taxa (Ahlrichs, 1995). Clearly,
detailed study of an expanded set of taxa is needed

(see below under Lack of mitosis in somatic or

epidermal cells [cutely] for further discussion).
The lack of a coeloblastula is unconvincing since

it is scored as “?” for several platyhelminth taxa as

well as for the gnathostomulids.

The secondary lack of an anus may be a valid

apomorphy, as was also suggested by the studies
of Meglitsch & Schram (1991) and Eernisse et al.

(1992) (see discussions above).
The transformation from sacular to asacular go-
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nads is uncompelling since the gnathostomulids and

platyhelminths do not evidently share a common

ground pattern. Gnathostomulids are scored as pos-

sessing males with sacular gonads, while all platy-
helminths except nemertodermatids are scored as

having asacular gonads. Further difficulties with

this character are the conflicting scorings for rhab-

ditophoran platyhelminths in Zrzavy et al. (1998),

Haszprunar (1996a), and the study to which this

character can be traced, namely Rieger et al (1991b).

Although Rieger et al. (1991b) and Rieger (1996a)

report that sacular gonads are typical for virtually

all rhabditophorans, save some prolecithophorans,

Haszprunar (1996a) and Zrzavy et al. (1998) nev-

ertheless incorrectly score rhabditophorans as pos-

sessing asacular gonads.

The change from monoflagellate to biflagellate

sperm is invalid as a plathclminthomorphan autapo-

morphy. Although gnathostomulids were scored “?”

for Z115, they possess either monoflagellate (con-
sidered typical), or aflagellate (atypical) sperm (Ster-

rer, 1972; Lammert, 1991). Biflagellate sperm has

never been reported in the gnathostomulids, and it

is a variable character within the platyhelminths.

The lack of a compact acrosome in sperm is

convergent, and it appears to be associated with

the presence of filiform sperm. Its value as a plathel-

minthomorphan autapomorphy is uncertain, how-

ever, since a compact acrosomal vesicle may be

present in the tip of the filiform sperm of the filo-

spermoid gnathostomulids (Sterrer et al., 1985, fig.

12.4a). Confirmation of this interpretation is needed.

Although hermaphroditism is characteristic of the

plathelminthomorphans, hermaphroditism is also

present in the ground patterns of many other phyla.
The misscorings for this character in the matrix of

Zrzavy et al. (1998) compromise its value as a

phylogenetic marker. Taxa wrongly scored as be-

ing plesiomorphically hermaphroditic include Kino-

rhyncha (Kristensen & Higgins, 1991), Priapulida

(although occasional hermaphroditic individuals are

known, Storch, 1991; Lemburg& Schmidt-Rhaesa,

1999; Storch ct al., 2000), and Nemertea(Turbeville,

1996; Norenburg & Strieker, 2002). Nematomorpha
(scored ‘?’) can also be rescored as being gono-

choristic (Bird & Sommerville, 1989; Bresciani,

1991; Schmidt-Rhaesa, 1999), while Myzostomida
(scored as ‘gonochoristic’) are hermaphrodites with

the exception of a single species (Westheide, 1997;

Grygier, 2000). Although Zrzavy et al. (1998) un-

ambiguously scored the ectoprocts to be gonocho-

ristic, this does not accurately characterize their

sexual system. While all known ectoproct colonies

are hermaphroditic, common gonochoristic zooids

are mostly restricted to the stenolaemates. In light

of this information, it should be noted that the ter-

minal taxon Bryozoa (Ectoprocta) in Zrzavy et al.

(1998) is solely comprised of the gymnolaemates

and phylactolaemates. Zooids are typically hermaph-
roditic in the gymnolaemates and phylactolaemates,

necessitating a rescoring of Z126, but different

sources may give conflicting estimates for the rela-

tive frequency of hermaphroditic versus gonochoris-

tic zooids: Nielsen (1990), Zimmer (1997), and

Mukai et al. (1997) report that most gymnolaemates

possess hermaphroditic zooids, while Reed (1991)

reports that most gymnolaemates exhibit zooid gono-

chorism.

Abundant scoring problems amongothers for the

platyhelminths and gnathostomulids reveal that do-

minant asexual reproduction is certainly not a reli-

able autapomorphy for Plathelminthomorpha. Be-

cause asexual reproduction has not been reported

for any gnathostomulid, they should be rescored

as having rare or absent asexual reproduction (they

were scored’?’). Furthermore, although the nemerto-

dermatids are scored for dominant asexual repro-

duction, without exception they reproduce sexu-

ally (Lundin & Sterrer, 2001). Even though Macro-

stomorpha are unambiguously scored for having

dominant asexual reproduction, their ground pat-

tern state is actually rather uncertain since asexual

reproduction by paratomy is only recorded for two

of the thirteenmajor macrostomorphan taxa (Rieger,

2001), neither of which is the most basal macro-

stomorphan group. Despite Rieger’s (2001) claim

that paratomy was probably part of the macrosto-

morphan ground pattern, or even that of the Platy-

helminthes as a whole (Ehlers, 1985), with four

subsequent losses, it is more parsimonious to ex-

plain the distribution of paratomy in macrosto-

morphans by two cases of convergent evolution

(phylogeny depicted in fig. 4.10 and 4.11 in Rieger,

2001). At the very least, the reconstruction of the

primitive reproductive mode of the macrostomor-

phans is dependent upon out-group comparison.
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Since some of the potential out-groups are, and

others are not characterized by asexual reproduc-

tion, and because recent comprehensive phyloge-
netic analyses (based on morphology, molecules

or combined data) have not yet identified the most

likely out-group for macrostomorphans (Littlewood
et ah, 1999a; Littlewood & Olson, 2001; Joffe &

Kornakova, 2001), uncertainty about their ground

pattern remains. Furthermore, the scoring of Z128

is puzzling for many other taxa as is discussed under

Asexual/sexual reproduction. In conclusion, a thor-

ough re-assessment of asexual/sexual reproduction
is imperative.

The possession of a simple cuticleor glycocalyx

by the plathelminthomorphans is shared with a range

of other taxa, including the nemerteans, syndermates,
and Micrognathozoa (Turbeville, 1991; Clement &

Wurdak, 1991; Dunagan & Miller, 1991; Kristensen

& Punch, 2000), which haveall been either closely
associated with the platyhelminths or the gnatho-
stomulids in other studies. Consequently, the pos-

session of a glycocalyx or simple cuticle cannot

discriminate between thesealternative sister group-

ings. Furthermore, the coding of the alternative

character state of a two-layered cuticle needs to be

re-evaluated. Many of the taxa scored as possess-

ing a two-layered cuticle actually have three or more

layers in the cuticle, and this latter character has

been proposed as an eedysozoan autapomorphy, for

example by Schmidt-Rhaesa et al. (1998) (see also

Jenner, 2002 for a discussion of the coding of this

character). The existence of this problem in the

matrix of Zrzavy et al. (1998) can be explained by
the observation that Z193 uncritically adopted the

same character coding and scoring as HI (Hasz-

prunar, 1996a was used to compile Zrzavy et al.’s

datamatrix), which was applied to a more restricted

set of taxa. Conflict was introduced in Zrzavy et

al. (1998) by including the eedysozoan taxa, which

were not considered in Haszprunar (1996a) (see
also discussion under Cuticle layers).

Finally, ciliary locomotionof adults is widespread.
In addition, there are some problematic scorings
such as for Ctenophora (incorrectly scored for mus-

cular locomotion: Hernandez-Nicaise, 1991), and

monogonontrotifers (scored ?, but they move mainly
by ciliary action: Lorenzen, 1996c), where the scor-

ing of this character is in logical conflict with that

of character Z132 which codes for the absence or

presence of free locomotion in the adult. Taxa that

are scored as lacking free locomotion are at the

same time scored as moving by means of muscular

action (see also discussion under Locomotion).

Peterson & Eernisse (2001)
- loss of acrosome as distinct organelle (P20)
- loss of perforatorium (P21)
- loss of prototroch (P48)

- loss of metatroch (P49)

digestive gut without cilia (P93)

Comments

While Peterson & Eernisse (2001) write that their

finding of the gnathostomulids and platyhelminths
as sister taxa is consistent with the results of Ax

(1995), it should be noted that the analysis of Peter-

son & Eernisse (2001) did not include any of the

potential plathelminthomorphan synapomorphies
proposed by Ax. These studies may thus provide
independent evidence for the monophyly of Plathel-

minthomorpha.

I did not study the scoring of acrosomes or per-
foratoria (P20, P21) across the Metazoa, but a re-

vised unpublished version of the data matrix of

Peterson & Eernisse (2001) rcscored various taxa.

Some pertinent remarks can nevertheless be made

for the scoring of Plathelminthomorpha, Cyclio-
phora, and Rotifera. P20 scored the gnathostomulids
as lacking an acrosome, platyhelminths as possessing
one, and the rotifers and Cycliophora as possess-

ing a distinct acrosomal organelle. These designa-
tions should be considered as tentative. An acrosome

may be present in the tip of the
sperm of filospermoid

gnathostomulids (Sterrer et al., 1985, fig. 12.4a),
and acrosomal vesicles are typically unknown in
the platyhelminths, except for some nemertodcr-
matids (Watson, 1999). Thepresence of a cycliopho-
ran acrosome is unconfirmed (Punch & Kristenscn,
1997; M. V. Sorensen personal communication),

and while the Rotifera are solely scored on the basis
of"Seison, which possesses a distinct acrosome, the
other rotifers lack acrosomes.

,
Moreover, a perforatorium (P21) is defined in

the current literature on the basis of electronmicro-

scopical studies as subacrosomal or periacrosomal
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material (Ehlers, 1993; Ax, 1995; note that in older

literature the perforatorium may refer to the whole

anterior part of the sperm or the entire acrosomal

complex). Perforatoria can have different forms,

ranging from relatively formless subacrosomal ma-

terial to taxon specific morphologies including cork-

and rod-shaped structures (Adiyodi & Adiyodi,

1983). Data from several taxa such as the polycha-

etes and echinoderms have shown that this mate-

rial is likely to be involved in the acrosomal reac-

tion during fertilization (Chia & Bickell, 1983; Rice,

1992). It appears that wherever an acrosome is

developed as a clear organelle or vesicle in the

Bilataria, the perforatorium is also present (outside
the Bilateria acrosomal vesicles havebeen reported

for cnidarians, but no perforatorium; Ehlers, 1993).

This may indicate a logical dependence between

well-developed acrosomes and perforatoria for the

bilaterians. Consequently P21 and character state

2 of P20 (acrosome as a distinct organelle) may

not be independent.

The proposed synapomorphies are predominantly

character losses. The significance of the loss of a

prototroch and metatroch should be regarded with

caution. See under Prototroch and under Metatroch

for arguments that would necessitate a rescoring

of various taxa for P48 and P49.

Although Micrognathozoa was not included in

the analysis, this taxon also completely lacks cilia

in the digestive gut, although they are present in

Fig. 3. Phylogenetic position ofthe platyhelminths, gnathostomulids, and nemerteans according to (A) Nielsen (1995); (B); Sorensen

et al. (2000) (C) Nielsen (2001); (D) Nielsen et al. (1996).
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the pharynx (Kristensen & Punch, 2000), suggest-
ing that this character may be a synapomorphy of

a larger clade including the gnathostomulids. It

should further be noted that several phyla are mis-

scored for P93, and that all morphological cladis-

tic analyses support convergent loss of gut cilia in

various metazoan cladcs (see discussion under In-

testinal cell ciliation).

(Platyhelminthes Nemertca)

This clade is known as Parenchymia. Proposed

synapomorphies: Nielsen (1995); Nielsen et al.

(1996); Nielsen (2001); Sorensen et al. (2000). See

figure 3.

Parenchymia is a rather misleading name for the

clade of the platyhelminths and nemerteans. It re-

fers primarily to the supposed similarity in acoelo-

mate organization of the body, with parenchymal
cells (connective tissue or mesenchymal cells that

are neither muscle nor nerve cells) filling the space

between body wall and organ systems (Nielsen,

1985). Although parenchymal cells have been ob-

served both in the platyhelminths and the nemerte-

ans, they are thought to have evolved convergently
between these phyla and within Platyhelminthes
(Rieger, 1985; Turbeville, 1996) (see also discus-

sions under Body cavities). Accordingly, cellular

architecture of the body space has not been used in

any recent cladistic analysis to unite the paren-

chymians.

Nielsen (1995); Nielsen (2001)
larvae with diminutive hyposphere and no ven-

tral nervous system and anus (see N120)
- adults with only apical nervous system
- no chitin and chitinase

- general shape of larval ciliary bands

Comments

Although figure 11.4 in Nielsen (1995) reports “di-

minutive hyposphere,” the discussion in chapter 25

makes it clear that a “reduced hyposphere” is meant.

This is a phylogenetic assumption not necessarily
supported by the phylogenetic analysis as it refers

to the evolution of platyhelminth Muller’s and

Gotte’s larvae and nemertean pilidium larvae from

more typical trochophore larvae (Nielsen, 1985,

1995). For this character as for that concerned with

the general shape of the larval ciliary bands, it is

important to ascertain that the polyclad larvae and

nemertean pilidium larvae are parts of the platy-
helminth and nemertean ground patterns, respec-

tively. On the basis of current comparative onto-

genetic and phylogenetic data this is very unlikely
(see detailed discussions under Larva with strongly
reduced hyposphere).

The presumed lack or reduction of the ventral

part of the central nervous system is a difficult

character and it cannot be scored independently from

the supposed sole presence of an apical nervous

system. This character is based on the fact that in

coelomate spiralians such as the molluscs and an-

nelids, the two components of the central nervous

system, i.e., the cerebral ganglion and the ventrally
to laterally located longitudinal nerve cords, de-

velop from separate ectodermal anlagen (e.g. Gol-

ding, 1992). A similar situation is found in the

onychophorans (Eriksson et al., 2003). After the

longitudinal nerve cords are formed they second-

aiily connect to the already formed cerebral gan-

glia, thus forming the circumoesophageal connec-

tives. However, the platyhelminths and nemerteans
do not develop such circumoesophageal connectives.
In contrast, their longitudinal nerve cords develop
simply as posterior outgrowths from the cerebral

(apical) ganglia (e.g. Hartenstein & Ehlers, 2000;
Younossi-Hartenstein & Hartenstein, 2000), but in
general the ontogeny of the platyhelminth and nem-

ertean central nervous systems are not well known

(Reuter & Gustafsson, 1995). However, in contrast
to the interpretation of Nielsen (1995, 2001), this
nervous system configuration may not be restricted
to the parenchymians, and

may in fact be a plesio-
morphy or homoplasy. In contrast to the “higher”
molluscs (Ganglioneura or Ganglionata: Cephalopo-
da, Gastropoda, Bivalvia, Scaphopoda; see Hasz-
prunar, 2000) polyplacophorans presumably develop
both the pedal and lateral (pleurovisceral) nerve

cords as posterior outgrowths from the cerebral

ganglia (Hyman, 1967; Ponder & Lindberg, 1997

following Hammersten & Runnstrom, 1925). In-

terestingly, available information on the embryol-
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ogy of the aplacophorans (Solenogastres) suggests

that at least the lateral (pleural) nerve cords de-

velop as outgrowths from the cerebral ganglion as

well (Thompson, I960; Hyman, 1967). Assuming

homology of the tetraneural nervous system across

Mollusca, this indicates that the ontogeny of ven-

tral nerve cords is variable. There is then nothing
that would dispute homology between the main nerve

cords in nemerteans and platyhelminths and mol-

luscs. This might additionally suggest that the sepa-

ration of the embryonic sources of pre- and post-

trochal nervous system elements (cerebral ganglia

and main nerve cords, respectively) that is thought

to be characteristic of taxa such as the molluscs

and the annelids (e.g. Dorresteijn et ah, 1993; Rai-

ned, 2000), may have evolved convergently.

I also fail to perceive the fundamental difference

emphasized by Nielsen (1994, 1995, 2001) between

the parenchymian nervous system and the nervous

system of the remaining protostomes in the absence

or presence of a circumesophageal nervous con-

centration or brain, respectively. Rhabditophoran

platyhelminths, nemerteans and many other proto-

stome phyla share the possession ofan anterodorsally

located cerebral ganglion, which is connected to

the ventral part of the central nervous system by

connectives. Apart from the variable position of

the mouth this construction appears very similar.

Thus the adult nervous system of taxa such as the

aplacophoran and polyplacophoran molluscs, ony-

chophorans, various polychaetes, and nemerteans

all localize the cerebral ganglia principally antero-

dorsal to the digestive canal, with cord-like connec-

tives running caudad through the body (Scheltema

etal., 1994; Eernissc& Reynolds, 1994; Westheide,

1996; Eriksson & Budd, 2000). In other taxa, the

anterior nervous system may become more gangli-

onated resulting in the development of brain-like

(ganglionate) circumesophageal connectives and

subesophageal ganglia, e.g., in the higher molluscs

(a clade composed of the Conchifera minus Mono-

placophora is sometimes termed Ganglioneura or

Ganglionata to reflect the evolution of ganglia),

several polychaetes, tardigrades and arthropods

(Westheide, 1996; Dewel & Dewel, 1996; Dewel

et al., 1999).

However, the current data is unequivocal. Reli-

able comparative embryological studies are scanty,

frequently old, and accounts may be contradictory,

e.g., Kowalevsky (1882) vs. Hammarsten & Runn-

strom (1925) for the ontogeny of the polyplaco-

phoran nervous system. In addition, the uncertain

phylogenetic position of the acoelomorphs, and the

morphological variation in central nervous systems

in taxa such as the molluscs and annelids, makes it

very diffcult to infer primitive character states.

Furthermore, recent studies indicate the sensitivity

of the results to variation in analytical techniques,

such as specificity of the neural markers employed

for visualization of the nervous system (see Rained,

2000). Furthermore, different pictures of nervous

system morphology and neurogenesis may emerge

when different species are used, or different devel-

opmental stages are studied (Friedrich et ah, 2002)

Finally, it is difficult to trace the origin of the el-

ements of the adult nervous system in the earliest

ontogenetic stages in taxa such as the molluscs and

annelids, where larval and adult nervous systems

may be remarkably independent (Lacalli, 1984;

Golding, 1992; Marois & Carew, 1997; Dickinson

et ah, 2000).

The lack of an anus in polyclad and pilidium

larvae might be a unique parenchymian autapo-

morphy, but the validity of this character is again

dependent upon the assumption that these larvae

are included in the ground patterns of platyhelm-

inths and nemerteans. As argued elsewhere in this

paper, current information does not support this

possibility. The same holds true for the character

that deals with the general form of the larval cili-

ary bands. In contrast, lack of an adult anus has

been considered a plathelminthomorphan apomor-

phy.
The lack of the ability to synthesize chitin may

be a synapomorphy (albeit not unique) of the platy-

helminths and nemerteans.

Nielsen et al. (1996)

- larvae or adult with downstream-collecting ciliary

bands of compound cilia on multiciliate cells

(N22)

Comments

N22 is highly homoplastic and is dependent on the

unsupported premise that planktotrophic polyclad
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and pilidium larvae are plesiomorphic features for

the platyhelminths and nemerteans respectively (see
relevant comments under Larva with strongly re-

duced hyposphere). Moreover, although polyclad
Muller’s or Gotte’s larvae possess bands of pro-

nounced cilia, these are not compound, and their

function in planktotrophy remains unattested (Niel-

sen, 1987, 1995, 1998a). Downstream ciliary feeding
is equally undocumented for nemertean pilidium
larvae.

Sorensen et al. (2000)
- larva with strongly reduced hyposphere (S28)

Comments

This is a very weak character (see discussion un-

der Larva with strongly reduced hyposphere).
Although not within the context of a cladistic

analysis, Turbeville & Ruppert (1985) (followed
by Bogitsh & Harrison, 1991) interpreted some

Fig. 4. Phylogenetic position ofthe platyhelminths, gnathostomulids, and nemerteans according to (A) Brusca & Brusca (1990); (B)
Rouse & Fauchald (1995); (C) Brusca & Brusca (2003); (D) morphological analysis of Zrzavy et al. (2001); (E) morphological
analysis of Zrzavy (2003).
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characters as support for a close relationship be-

tween the platyhelminths and nemerteans. These

include completely ciliated epidermis with multi-

ciliate cells with microvilli, without a cuticle; epi-

dermal gland cell necks without apical microvilli;

epidermal gland cell perikarya completely sub-

merged below the epidermal basement membrane;

and similarity of the anterior cirrus of nemertean

larvae with the frontal organ of flatworm larvae.

Nevertheless, in later works (Turbeville, 1991, 1996,

2002), and probably as a result of more rigorous

phylogenetic analysis, the arguments in favor of

using these features were weakened. Turbeville

(1991: 326) wrote “that morphological and embryo-

logical investigations have not revealed synapo-

morphies of nemerteans and platyhelminths. Thus

there is no basis for postulating that nemerteans

and platyhelminths shared a most recent common

ancestor.”

(Platyhelmintbes (clade of protostomes of vari-

able membership and topology))

Proposed synapomorphies: Brusca & Brusca (1990,

2003); Rouse & Fauchald (1995); Haszprunar

(1996a, b); Zrzavy et al. (2001); Zrzavy (2003).

See figure 4.

(Platyhelminthes (Syndermata Cycliophora My-

zostomida Ectoprocta Neotrochozoa Nemertea

Entoprocta Lobatocerebrum))

Zrzavy et al. (2001)
- spiral quartet cleavage (ZII)

lophotrochozoan complement of Hox genes

(ZI59)

Comments

Platyhelmintbes in Zrzavy et al. (2001) represent

Rhabditophora and Catenulida. The presence of

spiral quartet cleavage is a proper putative syna-

pomorphy for the platyhelminths and a clade of

other protostomes. However, this would suggest

convergent evolution of spiral quartet cleavage in

this clade and in the gnathostomulids (see under

Spiral cleavage for comments on this implication).

The phylogenetic significance of the presence

of a lophotrochozoan Hox cluster remains uncer-

tain at this time. This equivocal character can cur-

rently not be used to distinguish between the com-

peting hypotheses involving the placement of the

platyhelminths discussed in this paper (see also under

Lophotrochozoan Hox cluster).

(Catenulida Rhabditophora (Cycliophora Ento-

procta Ectoprocta Nemertea Lobatocerebrum

Myzostomida Jennaria Neotrochozoa))

Zrzavy (2003)

- 4d-mesoderm (ZII7)

- loss of non-ciliated gut (ZII49)
- loss of non-ciliated pharynx (Z1151)

- protonephridial terminal cells monoflagellate -*■

bi- and multiflagellate (Z1I68)

- frontal gland system (ZII105)

Comments

The possession of mesoderm derived from a 4d

mesentoblast may be a synapomorphy for a clade

composed of the catenulids, rhabditophorans, en-

toprocts, cycliophorans, ectoprocts, nemerteans,

Lobatocerebrum, Jennaria, myzostomids, and neo-

trochozoans, despite the fact that the source of the

mesoderm is not known for several of these taxa.

i The evolution of ciliated intestinal cells may be

a convergent synapomorphy of the clade that in-

cludes the non-acoelomorph platyhelminths in

Zrzavy (2003). The nemertodermatidsappear to lack

ciliated intestinal cells primitively, in contrast to

the scoring of a “?” for ZII49 (Lundin & Sterrer,

2001).

The possession of ciliated pharynges is a poten-

tial synapomorphy of the clade in question, how-

ever, the optimization of this character is ambigu-

ous.

The possession ofprotonephridial terminal cells

with more than one cilium is a proper potential

synapomorphy of the clade under consideration.
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However, the scoring of certain taxa, such as the

annelids and nemerteans, could be changed on the

basis of a consideration of ontogenetic changes in

protonephridial morphology. As with many other

characters, protonephridial organization may change

during ontogeny. Consequently, it becomes impor-
tant to justify semaphoront choice when scoring

protonephridial characters. Ontogenetic change in

protonephridial organization may be manifested in

different ways, such as in the number of protone-

phridial cells or their pattern of ciliation. For ex-

ample, both adult loriciferans and their Higgins-

larvae possess a pair of protonephridia, but while

the adult protonephridium comprises 4 terminal cells,

the protonephridium ofthe Higgins-larva comprises
7 terminal cells (Kristensen, 1991a, b). Similarly,

ontogenetic changes may occur from monociliated

terminal cells in larval spiralians to multiciliated

terminal cells in the juveniles and adults as has

been observed, for example, for the nemerteans

and the annelids (Bartolomaeus, 1985, 1995; Tur-

beville, 1991 & refs, therein). This requires rescoring
in Sorensen et al. (2000), Zrzavy et al. (1998,2001),
and Zrzavy (2003), who all adopt a structural

homology criterion, and who solely score the

situation characteristic of later stages of the life

cycle.

The possession of a frontal gland system is an

ambiguous synapomorphy for the clade in ques-

tion, but it should be noted that the Cycliophora
should be rescorcd from a “?” to having frontal

glands (Punch, 1996; Punch & Kristensen, 1997).

This character is further discussed under Frontal

gland complex.

(Platyhelminthes (Nemertea Sipuncula Echiura

Mollusca Annelida Pogonophora Arthropoda))

Brusca & Brusca (1990)
- cerebral ganglion issues pairs of longitudinal

cords connected by transverse commissures (lad-

der-like), with tendency to emphasize ventral

or ventrolateral cords (reduced to a single ven-

tral cord in some taxa) (B64c)

sheets of subepidermal muscles derived, at least

in part, from 4d mesoderm (B58)

- mesoderm arises from mesentoblast (primitively

the 4d cell) (B18)

- typical spiral cleavage (B13b)

Comments

Restrictive taxon sampling is an important short-

coming of the analysis ofBrusca & Brusca (1990).

As a result the four apomorphies listed by Brusca

& Brusca (1990) in support of a sister group rela-

tionship of the platyhelminths and a clade of co-

elomate protostomes are not compelling. For ex-

ample, at least the Entoprocta and Gnathostomulida

should be included in the analysis for a proper

assessment of the last two characters that code the

source of mesoderm and type of cleavage geom-

etry. Inclusion of these two taxa could also test the

second character that codes the source of muscle

tissue, depending upon how one defines a “sheet

of subepidermal muscles.” Furthermore, many ad-

ditional phyla, such as the aschelminths, have to

be considered to assess the phylogenetic signifi-
cance of a central nervous system that consists of

a cerebral ganglion connected to one or more ven-

trally to laterally located longitudinal nerve cords.

Moreover, the interpretation of the anterior central

nervous system in the acoelomorph platyhelminths
is problematic (see discussion of Haszprunar, 1996a,

b below), and various workers have argued that the

acoelomorphs primitively lack a true cerebral gan-

glion or brain that is homologous to the brain of

morphologically more complex bilaterians. Simi-

larly, the acoelomorphs do not possess a true lad-

der-like or orthogonal nervous system, and the in-

terpretation of this feature in other phyla may be

problematic, e.g., molluscs. The significance of the

acoelomorphs for the reconstruction of the platy-
helminth ground pattern should also be understood

when scoring typical spiral cleavage for the platy-
helminths. The acoelomorphs (published informa-

tion is so far restricted to acoels) exhibit a unique
duet cleavage geometry that may or may not be

derived from typical spiral quartet cleavage (Henry
et al.. 2000). Sec below for complete discussions

of spiral cleavage, cerebral ganglia, and mesentoblast

derived mesoderm.
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(Platyhelminthes (Cycloneuralia Euspiralia

Gnathifera Cycliophora))

Brusca & Brusca (2003)

- cleavage pattern fundamentally spiral (BI 18)
- synaptic nervous system concentrated ventrally

or ventrolaterally (BI52)

- entomesoderm derives from a single (mesento-

blast) cell, typically the 4d cell (B174)
- sheets of subepidermal muscle derived at least

in part from 4d mesoderm (BI75)

Comments

Spiral cleavage may be a proper potential synapo-

morphy that unites the platyhelminths with a clade

of other protostomes, but it is doubtful whether spiral

cleavage can serve to distinguish all the protostomes

(except the chaetognaths) from the deuterostomes

and lophophorates as is suggested by the cladogram
in Brusca & Brusca (2003). Several scoring mis-

takes have to be corrected before the true phyloge-
netic significance of spiral cleavage can become

apparent. BI18. incorrectly scored spiral cleavage

Fig. 5. Phylogenetic position of the platyhelminths, gnalhostomulidsl and nemerteans according to (A) Haszprunar (1996a); (13)

morphological analysis ofZrzavy (2003); (C) Haszprunar (1996b).
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as being possessed by the rotifers, acanthoceph-
alans, onychophorans, tardigrades, and arthropods

(see discussion under Spiral cleavage). Rescoring
of BI18 for these taxa may help resolve the proto-
stome polytomy of Brusca & Brusca (2003).

Thepresence ofa ventral nervous system is gen-

erally considered as one of the most reliable char-

acteristics of the protostomes (Nielsen, 1994,2001),
as is reflected in the alternative name Gastroneuralia

(the protostomes minus the lophophorates). Con-

sequently, the possession of a ventral or ventrolat-

eral nervous system appears to be a proper synapo-

morphy of the platyhelminths and the other gastro-
neuralians. However, certain striking differences

m ventral nervous system morphology have nev-

ertheless evolved withinthe gastroneuralians. Brusca

& Brusca (2003) code this diversity by erecting a

separate and autapomorphic character state for the

chaetognath nervous system. Yet, the entoprocts
are simply scored the same as the other gastro-

neuralians, despite the fact that their ventral ner-

vous system departs even more than the chaetog-
nath nervous system from the longitudinal nerve

cords that characterize most gastroneuralians. See

also discussion under Orthogonal nervous system.
The derivation of the endomesoderm from the

4d mesentoblast has been reported for phyla with

spiral cleavage such as the entoprocts, platyhelm-

inths, nemerteans, and the neotrochozoans. How-

ever, in contrast to the scoring for E3174, the 4d

mesentoblast has not been documented as the source

of mesoderm in the panarthropod phyla (sec dis-

cussion under Spiral cleavage). The same conclu-

sion pertains to the scoring of the panarthropods
for BI75.

(Platyhelminthes (Nemertea Mollusca Sipuncula
Echiura Annelida Pogonophora Arthropoda Ony-
chophora))

Rouse & Fauchald (1995)

no synapomorphies

Comments

flic cladistic analysis of Rouse & Fauchald (1995)
yields a similar placement of platyhelminths as found

by Brusca & Brusca (1990), but the work of the

former does not constitute independent support for

the phylogenetic position of the platyhelminths
because synapomorphies are lacking. The choice

of the platyhelminths as an out-group led to a de-

fault position at the base of the cladogram of Rouse

& Fauchald (1995).

Platyhelminthes as a basal bilaterian grade

Proposed synapomorphies: Haszprunar (1996a, b);

Zrzavy (2003). See figure 5.

(Acoelomorpha (Rhabditophora (Catenulida

Gnathostomulida Nemertea Lobatocerebrum

Kamptozoa Mollusca Myzostomida Sipuncula
Echiura Annelida)))

Haszprunar (1996a, b)

Comments

A number of studies subdivided Platyhelminthes
into various different subgroups to test for the mo-

nophyly of the phylum: Eernisse et al. (1992): Aco-

elomorpha, Rhabditophora; Zrzavy et al. (1998),

Littlewood et al. (1999a), Giribet et al. (2000), and

Zrzavy (2003): Acoela, Nemertodermatida, Catenu-

lida, various rhabditophoran subtaxa; Haszprunar
(1996a, b): Acoelomorpha, Rhabditophora, Cate-

nulida; Peterson & Eernisse (2001): Acoela, Ne-

mertodermatida, Catenulida, Rhabditophora; Zrzavy
et al. (2001): Catenulida, Rhabditophora. Of these

studies Haszprunar (1996a, b) found morphologi-
cal support for the paraphyly of Platyhelminthes at

the base of the Bilateria, with the acoelomorphs
branching of first, followed by the rhabditophorans,
and finally the catenulids as the closest relatives to

the remaining bilaterians. The placement of the

acoelomorphs as the earliest branching living bi-

laterians is of considerable interest because it would

bridge significantly the large differences between

the diplo- and triploblastic level of organization”
(Haszprunar, 1996b; 45). The apparent molecular

support for this hypothesis (Ruiz-Trillo et al., 1999,

2002; Baguna et al., 2001; Jondelius et al., 2002;
Telford et al., in press; but see Littlewood et al.,

1999a, Giribet et al., 2000 and Peterson & Eernisse,
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2001 for critical comments on the molecular “sup-

port” for platyhelminth paraphyly) makes this hy-

pothesis especially worthy of consideration. These

results have already lead several zoologists to re-

explore the heuristic value of the acoel level of

organization as a bridge between the non-bilaterian

and bilaterian body architectures (see Rieger &

Ladurner, 2001; Baguna et ah, 2001; see Hyman,

1940, 1959, and Salvini-Plawen, 1978 for a dis-

cussion of kindred views from a generation past).

Most critical for Haszprunar’s hypothesis are

those characters that set the Acoelomorpha apart

from the remaining bilaterians, he., the synapo-

morphies supporting the monophyly of the sister

cladc ofAcoelomorpha. These synapomorphies are:

- septate junctions (H6)
- cerebral ganglion (HI3; Hallla)
- orthogonal nervous system (HI4)

protonephridia (H20; Halllb)
- spiral quartet cleavage (H33)

fixed cell fate during cleavage (H35)

Various molecular phylogenetic analyses that po-

sition the acoelomorphs at the base of the bilaterians

cited several of these morphological traits in sup-

port of their conclusions (Ruiz-Trillo et ah, 1999;

Baguna et ah, 2001; Jondclius et ah, 2002; Telford

et ah, in press). However, we must ask how con-

vincing arc these synapomorphies for uniting all

bilaterians to the exclusion of the acoelomorphs?

Haszprunar (1996a) created a special character

state to code for the supposedly unique ultrastruc-

ture of acoel septate junctions, which are of the

anastomosing type also found in the echinoderms

and hcmichordates (Green & Bergquist, 1982). It

is relatively easy to see a plethora of unique types

of septate junctions across the Metazoa, which are

characteristic for more or less inclusive clades (Green
& Bergquist, 1982). It is simply a matter of em-

phasizing the unique features of the acoelomorph

septate junctions over their similarities with other

types of invertebrate septate junctions that allows

the creation of a special character state, but that

does not negate the fundamental homology of dif-

ferent types of septate junctions.

Haszprunar (1996a, b) argued that the plesio-

morphic state for the acoelomorphs is the presence

of a simple neural plexus that is comparable to that

found in the cnidarians and ctenophores. This im-

plies that the acoelomorphs primitively lack a ce-

rebral ganglion, a conclusion reasonably supported

by available information. However, several higher

acoelomorphs have independently evolved anterior

neural concentrations (‘brains’). This is in agree-

ment with the most recent interpretations of the

acoelomorph central nervous system (Raikova et

ah, 1998,2001). Raikova et ah (1998: 76)conclude

that there appears to be a “deep gap [in nervous

system organization] between the Acoela and the

other Platyhelminths.” Nevertheless, Raikova et ah

(2001) also point out that further research is nec-

essary to reach any definitive conclusions about

the phylogenetic significance of acoelomorph neu-

roanatomy.

The unique structure of the acoelomorph ner-

vous system is also reflected in the organization of

the nerve ‘cords.’ The acoelomorphs do not have

an orthogonal nervous system with a pair ofmajor

longitudinal nerve cords that are regularly connected

by transverse commissures (Rieger et ah, 1991b;

Raikova et ah, 2001). It is therefore not surprising

to find that recent studies on the origin and evolu-

tion of an orthogonal nervous system organization

hardly mention acoelomorphs at all (Reuter & Gus-

tafsson, 1995; Reuter et ah, 1998).

The lack of protonephridia seconds a basal po-

sition of the acoelomorphs in the metazoan phy-

logeny, implying that the acoelomorphs primitively

lack protonephridia. The widespread distribution

of nephridial systems within the remaining bila-

terians led Jondelius et ah (2002) to propose the

jiame Nephrozoa for all Bilateria excluding the

acoels and nemertodermatids. Interestingly, all cla-

distic studies considered in this paper, with the

exception of Haszprunar (1996a, b), suggest that

protonephridia are homoplastic within Bilateria, and

haveevolved not at the base, but within the Bilateria,

usually at the base of a large protostome clade. In

these analyses multiple losses ofprotonephridia are

indicated for taxa such as Panarthropoda, and Nema-

toida (Nielsen et ah, 1996; Nielsen, 2001; Sorensen

et ah, 2000; Zrzavy et ah, 1998,2001; Zrzavy, 2003).

However, the evolution of excretory systems may

be corroborated as a synapomorphy of the nephro-

zoans by mounting evidence for a structural and
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functional continuum of cell types variously part
ofprotonephridial and metanephridial systems across

the Bilateria (see discussion under Podocytes/ter-
minal cells/nephrocytes).

The duet spiral cleavage of the acoels (and pur-

portedly also of the nemertodermatids: Nielsen,

2001) has often been considered as secondarily
derived from spiral quartet cleavage, but this in-

terpretation has obviously been influenced by the

heretofore widely accepted position of the acoelo-

morphs within the Platyhelminthes (see under Spi-
ral cleavage). All comprehensive morphological
cladistic analyses suggest that spiral quartet cleav-

age has evolved at the base of a clade Spiralia, not

at the base of the Bilateria.

New information on early acoel development

(Henry et ah, 2000) clearly contradicts the scoring
of H35 (absence of fixed cell fate during cleav-

age). Although it may be concluded that the acoels

possess what is for spiralians a remarkable capac-

ity for regulative development in early ontogeny,
it is not true that their cell fate determination dur-

ing early development has more in common with

cnidarian embryology than with the embryology
of all other metazoan phyla, as is implied by the

scoring of H35.

As was noted before, various cladistic analyses
(Zrzavy et ah, 1998; Littlewood et ah, 1999a; Giribct

ct ah, 2000, relying on Zrzavy et ah’s data matrix;

Peterson & Eernisse, 2001; Zrzavy, 2003) that were

published subsequent to Haszprunar’s (1996a) study,

split up the platyhelminths sufficiently to allow a

cladistic test of Haszprunar’s hypothesis of platyhel-
minthan paraphyly at the base of the Bilateria. 1

will here explore whether these newer analyses can

be considered as effective tests of Haszprunar’s

proposal.

The comprehensive taxon sampling in Zrzavy et

al. (1998), Peterson & Eernisse (2001), and Zrzavy
(2003) in principle allowed a test of the position of

the acoelomorphs at the base of the Bilateria to be

tested. However, the first two studies supported a

position of the acoelomorphs deeply within the

Bilateria, while Zrzavy (2003) confirmed the posi-
tion of the acoelomorphs basal to the other bila-

terians. However, these analyses differed with re-

spect to testing efficacy. The analysis of Peterson

& Eernisse (2001) did not include all characters

that could serve to separate the acoelomorphs from
the other platyhelminths and bilaterians (see Table

1). Therefore, their study was not a rigorous test of

Haszprunar’s hypothesis.
Peterson & Eernisse (2001) identified the dif-

ferent positions of the acoelomorph platyhelminths
in' their morphological and molecular analyses (deep
within, and at the base of the Bilateria, respectively)

Table I. Comparison of the treatment of potential evidence for platyhelminth paraphyly suggested by Haszprunar (1996a, b) in

different cladistic analyses. The listed characters are diagnostic synapomorphies for a monophyletic clade ofall bilaterians exclusive

of acoelomorphs as suggested by the cladistic analysis of Haszprunar (1996a).

Haszprunar (1996a) Zrzavy et al. (1998) Peterson & Ecrnisse (2001) Littlewood ct al. (1999a)

acoelomorph type no separate character no separate character state for not included in analysis

septate junctions (H6) state for acoelomorphs (Z179) acoelomorphs (P3)

cerebral ganglion (HI3) ok (Z237) not included in analysis combined with orthogonal nervous

system (L55)and scoring assumes

evolutionary polarity for

acoelomorphs

orthogonal nervous

system (HI4)

ok (Z245) not included in analysis combined with cerebral ganglion

(L55) and scoring assumes

evolutionary polarity for

acoelomorphs

protonephridia (H20) ok (Z48) not included in analysis Scoring assumes evolutionary

polarity for acoelomorphs (L56)
spiral quartet cleavage (H33) ok (Z7) ok (P29) Scoring assumes evolutionary

polarity for acoelomorphs (L52)
fixed cell fate during cleavage

(H35)

ok (Z9) not included in analysis not included in analysis
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as an indication of major conflict between these

data sources. However, in view of their restrictive

sampling of morphological characters, this appar-

ent conflict should be reassessed.

In contrast, the analysis by Zrzavy et al. (1998)

included all characters that Haszprunar (1996a)

suggested as supporting a basal position of the

acoelomorphs. However, the coding and scoring
of these characters were not necessarily the same,

but this reflects justifiable differences in character

interpretation (see Table 1). Therefore, this analy-

sis constitutes a test of Haszprunar’s hypothesis of

platyhelminth paraphyly at the base of the Bilateria,

and it is important that they did not confirm Hasz-

prunar’s results.

The analysis of Zrzavy (2003) included most of

the characters that separated the acoelomorphs from

the remaining bilaterians in Haszprunar’s (1996a)

study, with the exception of characters coding for

septate junctions, and cell fate determination dur-

ing early embryogenesis. Of these included char-

acters, Zrzavy (2003) supported the presence of a

cerebral ganglion (ZI192) and an orthogonal ner-

vous system (Z1I97) as synapomorphies of the Bila-

teria to the exclusion of the acoelomorphs. These

features are discussed under Cerebral ganglion,

brain, and Orthogonal nervous system, respectively.

In contrast, spiral quartet cleavage (ZII2) and proto-

nephridia (ZII66) were optimized as synapomorphies
that evolved within the Bilateria in the analysis of

Zrzavy (2003) (see discussion under Spiral cleav-

age and Protonephridia, respectively). In addition,

Zrzavy (2003) identified several novel synapomor-

phies of the Bilateria to the exclusion of the acoelo-

morphs, viz., the presence of a hindgut and anus

(ZII50), and sacular gonads (ZII89). These latter

two features are discussed under Anus and Gonads

asacular or sacular, respectively.
Littlewood et al. (1999a) did not attempt to test

the position of the acoelomorphs at the base of the

Bilateria, but their subdivision of Platyhelminthes
into several subtaxa did allow a test of platyhelm-
inth monophyly. However, the adopted character

selection and character coding and scoring in Little-

wood et al. (1999a) clearly indicate that their re-

sults were biased towards finding support for platy-
helminth monophyly (see Table 1). First, the char-

acters on cell fate and septate junctions were not

included in their analysis, removing two of the six

characters that could conceivably support platyhel-

minth paraphyly (but see comments above for a

reinterpretation of these features). Second, the com-

bination of two characters into a single character

involving the presence of a cerebral ganglion and

an orthogonal nervous system further removed one

more character that could buttress platyhelminth

paraphyly. Third, the scoring of the included char-

acters favored the grouping of the acoelomorphs

with the other platyhelminths by a priori assuming

that the morphology of the acoelomorph nervous

system, their lack of protonephridia, and the na-

ture of acoel embryology could well be modifica-

tions of the ‘normal’ platyhelminth condition (aco-

elomorphs were scored as having cleavage homolo-

gous to spiral quartet cleavage, and *?’ for the other

two characters). We can thus conclude that Lit-

tlewood et al. (1999a) effectively removedany test-

ing power for the hypothesis of platyhelminth para-

phyly.

In conclusion, Haszprunar’s (1996a, b) hypoth-
esis for a paraphyletic Platyhelminthes at the base

of the Bilateria is not supported by most compre-

hensive analyses, with the exception of Zrzavy

(2003). This is perhaps not surprising since the taxon

sampling of Haszprunar (1996a) was restricted to

a selection of protostome taxa only. Consequently,

his conclusion that acoelomorphs are basal bila-

terians, rather than protostomes, is unsupported by

his own data.

Placing Platyhelminthes: comparison of alter-

native hypotheses

With the exception of Haszprunar’s (1996a, b) anal-

yses, the platyhelminths are universally placed with-

in, not at the base of, the (protostomian) bilaterians

on the basis of all other recent morphological cla-

distic analyses. These analyses have identified four

potential sister groups of Platyhelminthes: Gna-

thifera, Gnathostomulida (Plathelminthomorpha hy-

pothesis), Nemertea (Parenchymia hypothesis), and

a larger assemblage of bilaterians that may either

include coelomate spiralians only, or a larger clade

of non-coelomate and coelomatebilaterians. Guided

by the criteria listed at the beginning of this paper,
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is it possible to decide which of these hypotheses
is the most probable?

With the exception of just two characters (lack
of mitosis in somatic cells, lack of anus), none of

the characters advanced in support of a sister group

relationship of the platyhelminths with either the

gnathiferans by Aldrichs (1995) and Melone et al.

(1998), or the gnathostomulids by Ax (1985, 1989,

1995) and Eernisse et al. (1992), fulfilled the do-

main of definition. These characters may thus rep-

resent symplesiomorphies or homoplasies. Simi-

larly, none of the synapomorphies proposed by
Brusca & Brusca (1990) in support of a clade of

platyhelminths and coelomate spiralians satisfied

the domain of definition. Therange of included taxa

in these studies was too limited for a proper evalu-

ation of the phylogenetic significance of the rel-

evant characters.

The placement of the platyhelminths in the analy-
ses ol Nielsen et al. (1996) and Rouse & Fauchald

(1995) is biased by restrictive taxon sampling. Niel-

sen (1995) argued that the gnathostomulids were

most likely derived polychaetes. The resulting ex-

clusion of the gnathostomulids from the analysis
ol Nielsen et al. (1996) therefore did not allow

support for a plathelminthomorphan clade to be

tested. The placement of the platyhelminths as a

sister group to a clade of coelomate spiralians in

Rouse & Fauchald (1995) is not supported by syn-

apomorphies, but instead is a default result given
the choice of platyhelminths as an out-group.

Differences in character selection contribute sub-

stantially to the existence of conflicting hypoth-
eses tor the phylogenetic placement of platyhelm-
inths. For example, with the exception of a few

characters (compact acrosome in sperm, protone-

phridia) neither Nielsen et al. (1996) nor Sorensen

et al. (2000) included any of the characters found

in support of Plathelminthomorpha in the other

studies. Nielsen (2001) excluded the character on

sperm acrosomes from his new data matrix with-

out explicit comment. Furthermore, with the ex-

ception of a character on chitin synthesis, which is

also included in the matrix of Zrzavy et al. (1998)
(Z172), the characters advanced in support of the

monophyly of Parenchymia by Nielsen (1995), Niel-

sen et al. (1996), and Sorensen et al. (2000) are

unique to these studies. Interestingly, while the

morphological matrix of Zrzavy et al. (1998) rep-

resents the most encompassing phylogenetic data

set for the Metazoa compiled to date, it neither

included nor discussed all characters previously

suggested to be relevant for placing the platyhelm-

inths, including mode of sperm transfer, mode of

fertilization, larval similarities between platyhel-
minths and nemerteans, and presence of an acces-

sory centriole in sperm. It should also be noted that

some characters that have been proposed in sup-

port of a particular hypothesis are actually com-

patible with other, sometimes even all, advanced

alternatives. For example, the presence of proto-

nephridia was suggested as a plathelminthomor-

phan autapomorphy by the analysis of Meglitsch
& Schram (1991) (M31). However, the presence

of protonephridia cannot be used to argue against
the unison of the platyhelminths with gnathiferans,

nemerteans, or a larger clade of spiralians, because

protonephridia are uniformly present in all these

taxa. A similar argument can be made for other

characters, such as possession of a lophotrochozoan

complement of Hox genes, lack of prototroch and

metatroch, and spiral quartet cleavage (compatible

with all but Gnathifera as a platyhelminth sister

group).

Two of the characters proposed in support of a

monophyletic Plathelminthomorpha suffer from

problematic character coding: the character on di-

rect internal fertilization (El 19) inappropriately
combines mode of sperm transfer and mode of fer-

tilization; the character on cuticle layers (Z193)
should be adjusted for taxa exhibiting more than

two distinct layers.
Four studies in particular suffer from lapses in

character scoring, namely Meglitsch & Schram

(1991), Eernisse et al. (1992), Zrzavy et al. (1998),
and Brusca & Brusca (2003), One of the three cha-

racters in support of a monophyletic Plathelmin-

thomorpha in Meglitsch & Schram (1991) (M6) was

incorrectly scored for both platyhelminths and gna-
thostomulids. Three of the four synapomorphies in

Eernisse et al. (1992), and eight ofthe 11 synapomor-
phies in Zrzavy et al. (1998) proposed in support
of a clade Plathelminthomorpha contained prob-
lematic and incorrect scorings for several taxa (Table
2). In addition, the scoring ofZ258 (coding for mode
of adult locomotion) is in logical conflict with Z132
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Table 2. Summary ofalternative sister taxa forPlatyhelminthes with diagnostic synapomorphies and comments. See text for discussion

Sister taxon Synapomorphies and source Comments

Gnathifera internal sperm deposition (A 13) domain of definition not fulfilled

internal fertilization (A 13) domain of definitionnot fulfilled

no mitosis in somatic cells (A 13) may be homoplastic or symplesiomorphic (eutelic

taxa)

filiform sperm (A13) domain of definition not fulfilled

lack of accessory
centriole in sperm (A13) domain of definition not fulfilled

statocysts (Me60) domain of definition not fulfilled, gnathiferans

misscored

Gnathostomulida direct sperm transfer (Ax, 1985, 1989, 1995) domain of definitionnot fulfilled

internal fertilization (Ax, 1985, 1989, 1995) domain of definitionnot fulfilled

filiform sperm (Ax, 1985, 1989, 1995; El 18; Z117) domain of definitionnot fulfilled in the analyses of

Ax and Eemisse et al. (1992), and several misscorings

in Eernisse et al. (1992) and Zrzavy et al. (1998)

no mitosis in somatic cells (Ax, 1995) may be homoplastic or symplesiomorphic (eutelic

taxa)

hermaphroditism (Ax, 1985, 1989, 1995; El 17; domain of definition not fulfilled in the analyses of

Z126) Ax and Eernisse et al. (1992), and several phyla

misscored in Eernisse et al. (1992) and Zrzavy et al.

(1998)

lack ofanus (M16, Z72) Ok when plathelminthomorphs are nested within

Bilateria

no special muscle cells (M6) misscored for plathelminthomorphans and

gastrotrichs

protonephridia (M31) symplesiomorphy or homoplasy; platyhelminth

ground pattern uncertain

lack of anus with proctodeum (E96) Ok when plathelminthomorphs are nested within

Bilateria

digestive gut without cilia (P93) homoplastic

direct internal fertilization (El 19) domain ofdefinitionnot fulfilled; various misscorings

and problematic character coding

absence ofepidermal mitosis (Z191) may be characteristic of more taxa

lack of coeloblastula (Z11) scored “?” for gnalhostomulids and several

platyhelminth taxa

sacular -> asacular gonads (Z110) ground patterns of gnalhostomulids and

platyhelminths not similar

monoflagellate -�biflagellate sperm (Z115) gnalhostomulids lack biflagellate sperm

lack ofcompact acrosome (Z120; P20) homoplastic, and gnalhostomulids may possess a

compact acrosome

loss ofperforatorium (P21) not independentfrom P20

rare/absent -> dominant asexual reproduction (Z128) many misscorings and scored “?” for gnalhostomulids

and several platyhelminths

two layered -* simple cuticle (Z193) symplesiomorphy or homoplasy and incorrect

character coding and scoring for several phyla

adult locomotory muscular -> ciliary (Z258) Z258 conflicts with Z132, several taxa are misscored

loss ofprototroch (P48) various misscorings

loss ofmetatroch (P49) scoring Cycliophora problematic

Nemertea larvae with diminutive hyposphere, no ventral based on the unsupported homology ofpresumed

nervous system and anus (Nielsen, 1995, 2001) planktotrophic polyclad and pilidium larvae

adults with apical nervous system only (Nielsen, similar situation encountered in basal molluscs such

1995, 2001) as aplacophorans and polyplacophorans
no chitin and chitinase (Nielsen, 1995, 2001) Ok, but not unique
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(adult ability to move) for all taxa that are typi-

cally sessile as adults. Three of the four synapo-

morphies that placed the platyhelminths as a sister

group to the remaining protostomes in Brusca &

Brusca (2003) are misscorcd for both the synder-
mates and panarthropods (BI18), or the panarthro-
pods only (BI74, 75). While the analyses of

Mcglitsch & Schram (1991), Eernisse et al. (1992),
and Zrzavy et al. (1998) suggested that absence of

an anus may be an autapomorphy of plathclmintho-
morphs, Nielsen (2001) misscored NI32 (mouth and

anus) for the platyhelminths, while interpreting the

gnathostomulids to have an anus. However, experi-
mental rescoring of either the platyhelminths alone,

or together with the gnathostomulids for lack of a

true anus does not change the topology of the strict

consensus of Nielsen (2001). Finally, the validity
of the synapomorphies proposed in support of a

cladc Parenchymia by Nielsen (1995), Nielsen et

al. (1996), and Sorensen et al. (2000), which was

based upon larval similarities of presumed plankto-
trophic polyclad and pilidium larvae, is predicated
upon the assumption that these larval types are parts
of the ground patterns of the respective phyla. As
argued under Larva with strongly reduced hypo-
sphere, this premise is unsupported.

Finally, it may be illuminating to compare the

diagnostic apomorphies of the proposed clades in
terms oi their biological significance. This may yield
additional insights into the quality of the apomor-
phies, either as truly independent phylogenetic mar-

ket s, oi perhaps as (partly) correlated elements of

one or a few adaptive complexes (see Arnold, 1990
and Lee, 1998b for examples of such character
quality assessment). A significant proportion of the
characters proposed to unite the platyhelminths with

Table 2. Continued,

Sister taxon Synapomorphies and source Comments

general shape of larval ciliary bands (Nielsen, based on the unsupported homology of presumed
1995, 2001) planktotrophic polyclad and pilidium larvae

larvae or adult with downstream-collecting ciliary based on the unsupported homology of presumed
bands of compound cilia on multiciliate cells (N22) planktotrophic polyclad and pilidium larvae and

highly homoplastic
larva with strongly reduced hyposphere (S28; N120) based on the unsupportedhomology of presumed

planktotrophic polyclad and pilidium larvae

Various protostomes spiral quartet cleavage (ZI1) ok, convergent with Gnathostomulida

lophotrochozoan complement of Hox genes (ZI59) equivocal

4d-mesoderm (ZI17) ok

loss ofnon-ciliatedgut (Zl 149) ok, but nemertodermatids misscored

loss of non-ciliated pharynx (ZII51) ok, but equivocal

protonephridial terminal cells monociliated -> hi- ok, but different semaphoront choice may result in

and multiciliated (Zl 168) different scoring for some taxa

frontal gland system (Zl 1105) ok, but Cycliophora misscored

cleavage pattern fundamentallyspiral (B118) misscored for syndermates and panarthropods

synaptic nervous system concentrated ventrally

or ventrolatcrally (B152)

ok, but coding may be changed

entomesoderm derives from a single (mesentoblast)

cell, typically the 4d cell (BI74)

misscored for panarthropods

sheets of subepidermal muscle derived at least in

part from 4d mesoderm (BI75)

misscored for panarthropods

Coelomate cerebral ganglion and orthogonal nervous system domain ofdefinition not fulfilled, and uncertainty
protostomes (B64c) over platyhelminth ground pattern

4d- derived subepidermal muscle sheets (B58) domain of definitionnot fulfilled

mesentoblast derived mesoderm (B18) domain of definitionnot fulfilled

typical spiral cleavage (B13b) domain of definitionnot fulfilled
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either the gnathiferans or the gnathostomulids re-

fer to the reproductive system, notably internal sperm

deposition, internal fertilization, and filiform sperm.

Any confidence we might have in the value of these

features as independent synapomorphies should be

tempered by the probability that they are function-

ally correlated with the possession of small body

size (see Olive, 1985 for a review of covariability
of reproductive traits). A change to small body size

may result in the loss of the ability to produce large

quantities of gametes that can be freely discharged

into the environment. Small bodied taxa may shift

towards specialized modes of sperm transfer, in-

ternal fertilization, and the consequent evolution

of modified sperm morphology to ensure fertiliza-

tion success. For example, Ponder & Lindberg

(1997) convincingly showed that the gastropods

frequently evolved direct sperm transfer through

copulation, internal fertilization, and modified fili-

form sperm morphology, and that these correlated

changes constitute one of the major trends of gas-

tropod evolution. The perceived independence of

these correlated characters may thus be mislead-

ing.

In conclusion, current morphological analyses
have yielded very little unambiguous support for

an inarguable placement of platyhelminths within

the Metazoa. None of the six synapomorphies sug-

gested in support of a clade of the platyhelminths
and gnathiferans is compelling. The Plathelmintho-

morpha hypothesis appears to be the most promi-

nently supported hypothesis, as judged by the num-

ber of independent studies that support this group-

ing and the proposed number of diagnostic apomor-

phies (Table 2). However, the only potential unique

synapomorphy of the platyhelminths and the gna-

thostomulids is the loss of an anus if plathelmin-

thomorphans are nested deeply within the Bilateria

(characterized by possession ofa unidirectional gut

with an anus). However, the interpretation of the

presence or absence ofan anus in the gnathostomu-
lids is debatable, and as is shown under Gnatho-

stomulida, clade support for Plathelminthomorpha
is not always robust in the face of experimental

manipulation of the data matrix.

hhc only unique characters marshaled in sup-

port of the Parenchymia hypothesis by Nielsen

(1995), Nielsen et al. (1996), and Sorensen et al.

(2000) are contradicted by the likely derived na-

ture of presumed planktotrophic polyclad and pili-
dium larvae.

This leaves a clade of protostome phyla of un-

known membership as currently the most likely sister

group to the platyhelminths. The prevalence of

scoring errors and differences in character selection

between studies have so far prevented an effective

cladistic test of alternative phylogenetic placements

of the platyhelminths. In order to identify the platy-
helminth sister clade a new analysis has to be per-

formed that includes all pertinent and properly scored

character information. The possession of spiral

cleavage and 4d-mesoderm indicate that the platy-

helminths (excluding the acoelomorphs) are part

of a larger spiral ian clade. Although spiral quartet

cleavage can reasonably be assumed to be in the

ground pattern of the platyhelminths (having been

indeed observed in polyclads, lecithoepitheliates,

and proseriates with hints in the macrostomids;

Galleni & Gremigni, 1989), detailed studies of early

development and cell lineages (including mesoderm

source) are so far limited to the polyclads (Tho-

mas, 1986; Boyer et ah, 1996a; Boyer et ah, 1998).

This leaves the platyhelminth ground pattern as

uncertain.

Placing Platyhelminthcs in molecular and total

evidence analyses

I’hylogenetic analyses of 18S rDNA sequences, or

myosin heavy chain type II sequences (Ruiz-Trillo

et al., 2002) have not led to the identification of a

reliable platyhelminth sister group, but we do see

some consensus about the overall position of the

platyhelminths in the Metazoa. The earliest analy-

ses supported a position of the platyhelminths at

the base of the Bilateria (e.g. Field et ah, 1988),

lending apparent support to the widespread text-

book view ofanimal phylogeny (see Jenner, 2000

for a critique of this view). While this position was

more or less maintained in further analyses with

increased taxon sampling (Eernisse, 1997; Lipscomb

etah, 1998; Winnepenninckx et ah, 1998; Peterson

& Eernisse, 2001), the latest most comprehensive

analyses instead support a lophotrochozoan affin-
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ity for the platyhelminths (Littlewood ct ah, 1998;

Ruiz-Trillo et ah, 1999, 2002; Giribet et ah, 2000;

Baguna et ah, 2001; Littlewood & Olson, 2001;

Zrzavy et ah, 2001; Jondelius et ah, 2002). How-

ever, recent phylogenetic analysis of amino acid

sequences of various nuclear genesalso supports a

basal bilaterian position ofplatyhelminths (Hausdorf,

2000), but these results should be interpreted with

extreme cautionbecause the sampling ofmetazoans

is equally as restricted as the earliest 18S studies

that yielded spurious results. Only the mouse, hu-

man, Drosophila melanogaster, Caenorhabditis

elegans, and the trematodeSchistosoma are included.

The study by Aguinaldo et ah (1997) emphasized
that only platyhelminths with slowly evolving 18S

rDNA
sequences should be included in phyloge-

netic analyses to prevent spurious results caused

by long branch attraction. The lophotrochozoan
placement of the platyhelminths is consistent with

data on the complement of Hox genes present in

rhabditophoran platyhelminths and mitochondrial

gene arrangements (Balavoine, 1997, 1998, Rosa

ctah, 1999; Nickisch-Rosenegk et ah, 2001). How-

ever, this conclusion only holds for Catenulida +

Rhabditophora. It should be noted that the most

comprehensive phylogenetic analysis of 18S se-

quences to date places the platyhelminths with the

acanthocephalans, mesozoans, gastrotrichs and ne-

matomorphs at the base of cladeof non-eedysozoan
bilaterians (Peer et ah, 2000).

The acoels and nemertodermatids may be the

earliest branching crown group bilaterians (Ruiz-

Trillo ct ah, 1999, 2002; Jondelius et ah, 2002;

Telford et ah, in press). This hypothesis is supported

by a variety of molecular data sources, including
18S rDNA, 28S rDNA, and myosin II sequences.

Phylogenetic analysis of amino acid sequences of

elongation factor 1-alpha was reported to contra-

dict the basal position ofAcoela among the Bilateria

by Bcrney et ah (2000). However, reanalysis of

this and new data has led Littlewood et ah (2001)

to the conclusion that, when considered in isola-

tion, elongation factor 1-alpha sequences contain

insufficient signal for a reliable placement of the

acoels. Giribet et ah (2000) and Peterson & Eernisse

(2001) are skeptical about the basal position of the

acoels found by Ruiz-Trillo et ah (1999), pointing
to the possibility of long branch attraction of the

acoel sequences to the long branch separating non-

bilaterians and bilaterians. This criticism is prob-

ably not entirely justified. Ruiz-Trillo et ah (1999)

performed a relative rate test to ascertain that only
taxa with similar substitution rates were included

in the analysis. Consequently, only the acoel Parato-

mella rubra was included in the final analysis. In

contrast, Giribet et ah (2000) used two species that

were not tested for their substitution rates, and

Peterson & Eernisse (2001) included three acoels

that were rejected in the relative rate test by Ruiz-

Trillo et ah (1999). It can thus be concluded that

long branch attraction of acoels to the base of the

Bilateria is a possibility in the analyses of Giribet

et ah (2000) and Peterson & Eernisse (2001), but it

is unwarranted to extend this criticism to the study
of Ruiz-Trillo et ah (1999).

It is interesting to note that metazoan cladists

solely interpret long branches as an indication of

possible trouble. However, it could be argued in-

stead that long branches may be expected to occur

in particular in related taxa. The known distribu-

tion of short and long branch taxa for diverse or-

ganisms with entirely reasonable clusterings of the

latter support this conjecture (Siddall, 1998). How-

ever, given current methods it is virtually impos-
sible to decide beyond reasonable doubt whether a

grouping of long branch taxa is artifactual or not.

The position of nemertodermatids is unreliable

in the analyses of Zrzavy et ah (1998), Littlewood
et ah (1999a, b), and Giribet et ah (2000) because

the included 18S rDNA sequence of Nemertinoides

elongatus turned out to be a sequence artifact (see
also Jondelius et ah, 2002). New nemertodermatid
18S rDNA and mitochondrial sequence data are

reported to support their position as basal crown

group bilaterians branching off immediately after

the acoels as the sister group to the remaining Bila-

teria (Baguna et ah, 2001; Jondelius et ah, 2002;
Telford et ah, in press). New myosin II data also

supports both acoels and nemertodermatids as basal

crown bilaterians, while indicating that Acoelo-

morpha may be monopyletic, and these data are

furthermore free from potential long branch attrac-

tion problems because the analyzed taxa show com-

parable substitution rates (Ruiz-Trillo et ah, 2002).
So far, no clear picture about the sister group of

platyhelminths has emerged from total evidence
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analyses of 18S rDNA sequence data and morphol-

ogy (Fig. 6). Zrzavy et al. (1998) place a paraphyletic

platyhelminth grade at the base of the Bilateria.

Giribet ct al. (2000) and Zrzavy et al. (2001) place
the platyhelminths (acoelomorphs excluded in the

latter analysis) within a platyzoan clade either as

part of the Protostomia (Giribet et ah, 2000) or in

an unresolved position (Zrzavy et al., 2001). Peterson

& Eernisse (2001) determined a lophotrochozoan

affinity of Catenulida + Rhabditophora, with aco-

elomorphs at the base of the Bilateria. The total

evidence analysis of Zrzavy (2003) placed theacoels

and nemertodermatids at the base of the Bilateria.

Both of these taxa were represented by only a single

sequence, and the nemertodermatid sequence (Meara

stichopi ) was labeled as problematic by Zrzavy.

Neither did another Meara sequence pass the rela-

tive rate test in Jondelius et al. (2002). Therefore

Zrzavy’s (2003) results should be considered with

caution. Zrzavy (2003) placed Catenulida + Rhab-

ditophora as a sister clade to a clade including the

nemerteans, neotrochozoans, entoprocts, and Lo-

batocerebrum.

In conclusion, molecular sequence data indicates

the probability of a basal bilaterian position of the

acoelomorphs, with the remaining platyhelminths

as probably lophotrochozoan protostomes. Total

evidence analyses are in broad agreement with these

results, but an exact sister group for Catenulida +

Rhabditophora has not been revealed. A striking
conclusion is that molecular sequence datacurrently
do not clearly support any of the sister group rela-

tionships proposed on the basis of morphological
evidence. The 18S analyses of Giribet et al. (2000)

and Zrzavy ct al. (2001) come closest to the mor-

phological hypothesis proposed by Aldrichs (1995),

who on the basis of a manual cladistic analysis
concluded that the platyhelminths group with the

gnathiferans, although the molecular data addition-

ally suggest a potential close relationship with the

gastrotrichs, myzostomids, and cycliophorans.

2. Alternative Phylogenetic Hypotheses for Nemertea

Two conflicting phylogenetic placements ofnem-

erteans, the ribbon or proboscis worms, that have

recently been defended on the basis of morpho-

logical data merit special attention. The first pos-

tulates a close relationship to the Platyhelminthes,

the second to a larger clade of coelomate spiralians

that may or may not include panarthropods. Sup-

port for these contending hypotheses can largely

be reduced to favoring the importance of either larval

similarities between nemertean pilidium larvae and

polyclad larvae, or the ontogenetic and structural

similarity ofnemertean rhynchocoel and blood ves-

sels, and the coeloms found in coelomate spiralians.

As is argued below, I think that the latter hypoth-
esis is better supported, but difficulties with the

interpretation of characters so far only allow a ten-

tative conclusion.

(Nemertea Platyhelminthes)

See under Platyhelminthes.

(Nemertea Annelida)

Proposed synapomorphies: Cavalier-Smith (1998).

Cavalier-Smith (1998) united these two phyla un-

der the new name Vermizoa.

Cavalier-Smith (1998)

- closed blood vessels

- ciliated larvae without bivalved shells

- two ventrolateral or one primitively paired ven-

tral nerve cord

Comments

Cavalier-Smith (1998) proposed a new taxon Ver-

mizoa comprising Nemertea and Annelida, chiefly

on the basis of the shared possession of “well-de-

veloped closed vascular systems.” Although Cava-

lier-Smith (1998: 242) stated that “...there are no

strong morphological reasons against grouping an-

nelids and nemerteans in the same superphylum,”

we have to conclude that convincing evidence in

favor of this grouping is also lacking. Apart from

the fact that closed blood vascular systems also occur

in a number of bilaterian phyla that can be consid-

ered as closely related to the annelids, current in-

formation on the development, ultrastructure, and
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anatomical location of nemertean circulatory ves-

sels strongly support their interpretation as coeloms.

This forecloses homology with the blood vascular

system of annelids or other bilaterians (Ruppcrt &

Carle, 1983; Turbeville & Ruppert, 1985;Turbevillc,

1986). This information also necessitates a reas-

sessment of characters B60a (Brusca & Brusca,

1990) and H23 (Haszprunar, 1996a) that are based

on the same unfounded homology assumption.
The other two characters proposed by Cavalier-

Fig- 6. Phylogenetic position of the platyhelminths, gnathostomulids, and nemerteans according to total evidence analyses. (A)
Zrzavy ct al. (1998); (U) Peterson & Eernisse (2001); (C) Zrzavy et al, (2001); (D) Zrzavy (2003); (E) Giribet et al. (2000),
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Smith (1998) which refer to ciliated larvae and

ventrolateral or ventral nerve cords, are equally

uncompelling as unique vermizoan synapomorphies.
Both features are widespread within the Metazoa,

and Cavalier-Smith evidently did not attempt to

elucidate the phylogenetic significance of these

features through a careful study of their distribu-

tion.

(Nemertea Entoprocta Lobatocercbromorpha)

Proposed synapomorphies: Zrzavy et al. (2001). See

figure 4.

Zrzavy et al. (2001)
- frontal gland system (ZI56)

Comments

The distribution of this character in Zrzavy et al.

(2001) indicates unambiguous convergenceof fron-

tal glands in the rhabditophorans and the clade

Entoprocta + Lobatocerebrum + Nemertea. Con-

sidering the range ofdifferent morphologies included

within the scoring of ZI56, Cycliophora should be

scored as present as well (all free-swimming stages

have large glands that open at the anterior end of

the animal). See under Frontal gland complex for

references and a discussion of the phylogenetic

significance of this character.

(Nemertea ‘Teloblastica’)

Proposed synapomorphies: Brusca and Brusca

(1990); Meglitsch and Schram (1991); Bartolomaeus

(1993a); Schram and Ellis (1994); Ax (1989, 1995);

Rouse and Fauchald (1995). Sipuncula, Echiura,

Annelida, Mollusca, and Arthropoda form the core

taxa of a sister clade to Nemertea in these studies.

The clade may additionally include Entoprocta,

Onychophora, and Tardigrada depending on which

analysis is consulted. See figures 2 and 4,

(Nemertea Teloblastica minus Tardigrada plus

Entoprocta)

Ax (1989, 1995)

- gut with anus (also in Bartolomaeus, 1993a)

- multiciliated epidermal cells (Ax, 1995)

Comments

Ax (1989) discussed two alternative schemes for

the basic phylogenetic relationships within the Bi-

lateria, with different implications for the signifi-

cance of a one-way intestine with an anus. Either

a one-way gut with an anus is a synapomorphy of

Nemerteaand Bilateria minusPlathelminthomorpha,

or it is an autapomorphy of a clade Euspiralia,

implying convergent evolution of a one-way gut

with an anus in the remaining bilaterians. Ax (1995)

favored the latter option, despite the fact that the

failure to fulfill the domain of definition of this

character in the analysis did not allow Ax to test

his assumption. However, none of the comprehen-
sive studies that include a character on the pres-

ence ofan anus, such as Zrzavy et al. (1998), Giribet

et al. (2000), Meglitsch & Schram (1991), Nielsen

(2001), Peterson & Eernisse (2001), and Zrzavy

(2003), support the assumption that the presence

of an anus is phylogenetically informative for group-

ing the nemerteans with the spiralians, i.e., that the

anus evolved convergently within Bilateria.

Ax (1995) argued for multiciliate epidermal cells

to be an additional synapomorphy of Nemertea and

i the clade of spiralians, convergently evolved in

Platyhelminthes. However, the presence of multi-

ciliate epidermal cells is not informative in distin-

guishing between the different alternative hypoth-

eses for placing nemerteans summarized in Table

3. Multiciliate epidermal cells are widespread within

the Metazoa and they occur in both adults, and

especially larvae, where they often make up the

larval locomotory and feeding ciliary bands (Nielsen,

1987, 1995), in particular in the protostome phyla

that are commonly hypothesized to be closely re-

lated to the nemerteans.
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(Nemertea Teloblastica minus Tardigrada and

Onychophora)

Brusca & Brusca (1990) (also Sundberg et al., 1998)
- complete gut with mouth arising from blast-

opore (BlOb)
- body cavity (coelom) arises by schizocoely (B19)

- mesoderm (from mesentoblast) gives rise in part
to closed circulatory system of vessels only

(B60a)

Comments

The postulation of a complete gut with anus as a

synapomorphy (albeit convergent with the remaining

bilaterians) uniting the nemerteans with a clade of

spiralians is shared with Ax (1989, 1995). How-

ever, since Brusca & Brusca (1990) did not include

all taxa with an anus in their cladistic analysis, the

domain of definition for this feature was not ful-

filled. In addition, as already discussed above, all

comprehensive morphological cladistic analyses

support a gut with anus as a synapomorphy for all

bilaterians, which demands that this is a plesio-

morphy at the level of the Nemertea in all phylog-
enies. If we focus instead on the fate of the blasto-

pore, we must conclude that protostomy is also

present in other phyla such as the platyhelminths

(just as in many nemerteans the mouth forms as a

new opening close to the point of blastopore clo-

sure), and the phoronids. In the onychophorans the

blastopore may contribute both to the mouth and

the anus (Nielsen, 2001). This character therefore

cannot be considered a robust synapomorphy of

the nemerteans and neotrochozoans + arthropods.
The possession of a schizocoelous coelom is

commonly proposed as a synapomorphy of the

nemerteans and a clade of coelomate protostomes
oi diverse inclusion (Brusca & Brusca, 1990;

Hernisse et ah, 1992; Rouse & Fauchald, 1995).

This hypothesis is supported by the interpretation
of the nemertean rhynchocoel and lateral vessels

as coeloms. However, there is no universal agree-

ment on this point. Some authors, while conceding
the general coelomic histological organization of

nemertean blood vessels and rhynchocoel never-

theless argue a priori for the autapomorphic na-

ture of the nemertean coeloms (Bartolomaeus,

1993a; Nielsen, 1995; Ax, 1995; Haszprunar,

1996a). These different opinions chiefly hinge upon

the adoption of different homology criteria. When

a structural or developmental homology criterion

is adopted, there is no reason not to propose poten-

tial homology of the nemertean coeloms with those

of other schizocoelous coelomates. However, the

issue becomes more complicated when functional

considerations are introduced.The homology of the

nemerteanrhynchocoel and blood vessels with the

body coeloms of, for example, echiurans, sipun-

culans, and annelids can be denied when the co-

eloms are compared as organs with a particular

function. The coeloms in the latter three phyla typi-

cally function as hydrostatic skeletons used in lo-

comotion, in contrast to the coeloms of nemerte-

ans. Furthermore, various authors cited as support

for the non-homology ofcoeloms in the protostomes

and the nemerteans the fact that in the latter there

is no association between the coelom and somatic

musculature (Bartolomaeus, 1994; Nielsen, 1995).

However, new investigations on nemerteans show

that in certain species there may be at least a par-

tial connection between the coelomic lining and

body wall musculature (Turbeville, 2002). More-

over, Ax (1995) argued that it is impossible to

imagine an ancestor with a coelomic system so gen-

eralized in structure and function that it could give
rise to both the nemertean coeloms, and the more

spacious coeloms of other coelomates (see also

Slewing, 1964 for this type of reasoning).
The phylogenetic significance of the third char-

acter (B60a) is contradicted by the lack of homol-

ogy between the nemertean lateral circulatory ves-

sels, which are coelomic, and the blood vascular

system common in other coelomate spiralians (see
also above).

(Nemertea Teloblastica)

Meglitsch & Schram (1991)
- segmented or serial structures derived from

mesoderm (M43)

Nemerteans are primitively unsegmented animals.

The only ground pattern mesodermal structures that

are serially repeated are the gonads (Goodrich, 1895;
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gonads were interpreted as coeloms by Turbeville

& Ruppert, 1985; see also discussion in Bartolo-

maeus, 1999). The serially repeated transverse

connectives between the lateral coelomic “blood

vessels” in some nemertean species are without

counterpart in other phyla and therefore phyloge-

netically uninformative. Consequently, the only

shared similarity of serially repeated mesodermal

structures in the nemerteans and annelids are the

gonads. However, it is far from obvious how such

a comparison could be extrapolated to other proto-

stomes. For a meaningful phylogenetic character,

it is essential to specify what mesodermal deriva-

tives (muscles, gonads) are compared (see also Budd,

2001 for a discussion of seriality and segmenta-

tion in protostomes). Just as it is not likely that all

mesodermal structures within a single organism are

homologous, so too is it not straightforward to

suggest homology ofserially repeated mesodermal

structures in different species regardless of which

organs are compared. Because gonads are the only

serially repeated mesodermal organs in the nem-

ertean ground pattern we have to limit our com-

parison to gonads in the sister clade of the nem-

erteans proposed in Meglitsch & Schram (1991).
The first three taxa that branch off within the sister

clade of the Nemertea in Meglitsch & Schram (1991)

arc Mollusca, Echiura, and Sipuncula. Within the

molluscs serially repeated gonads (two to four pairs)

can be found only in the monoplacophorans. How-

ever, their derived phylogenetic position within the

molluscs indicates that monoplacophorans are not

particularly informative for the molluscan ground

pattern. Serially repeated gonads can be excluded

from the ground patterns of the echiurans and

sipunculans. Consequently, M43 is not a compel-

ling synapomorphy of nemerteans and Teloblastica.

(Nemertea Teloblastica minus Tardigrada)

Rouse & Fauchald (1995)
- schizococl (R12)
-

anus (RI5)

The interpretation of aschizocoel as a synapomorphy
ot Nemertea and a clade of coelomate protostomes

is justified on the basis of current information, and

is in agreement with the results of other studies

(Brusca & Brusca, 1990; Eernisse et ah, 1992).

Although the domain of definition for the pres-

ence of an anus is not fulfilled in this study, simi-

lar to the situation observed in Ax (1989, 1995)

and Brusca & Brusca (1990), the interpretation of

an anus as a synapomorphy of the nemerteans and

a clade of teloblasticans would imply convergent

evolution of the anus in aschelminths and deuteros-

tomes. This is contradicted by all cladistic analy-

ses with a comprehensive phylum sampling.

(Nemertea ‘Neotrochozoa’)

Proposed synapomorphies: Eernisse et al. (1992);

Haszprunar (1996a); Zrzavy et al. (1998); Giribet

et al. (2000); Peterson & Eernisse (2001); Zrzavy

(2003). Sipuncula, Mollusca, Echiura, Annelidaform

the core taxa ofa sister clade to Nemertea in these

studies. This clade may also include as separate

taxa Pogonophora, Myzostomida, and Entoprocta.

See figures 2, 4, and 5.

Neotrochozoa (plus Pogonophora)

Eernisse et al. (1992)
- entomesoblast proliferation contributing to meso-

derm (E7)
- schizocoelous formation of body cavity lined

with mesodermal peritoneum (El7)

- swimming/feeding band(s) of cilia in larvae with

compound cilia (E39)

pelagic larvae with apical ciliary tuft and plate

(E41)

- cerebral rhabdomeric larval ocelli or integumen-

tary pigment cups (E43)

- dermal circular (or external transverse) muscu-

lar fibers (E131)

Comments

The presence of mesoderm derived from an

entomesoblast (4d-mesentoblast) is certainly shared

between the nemerteans and neotrochozoans

(Biggelaar et al., 1996; Biggelaar et ah, 1997), but

problems ofcharacter coding and scoring mask the

plesiomorphic nature of E7. It is misscored for the
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rhabditophoran platyhelminths, which do possess

a 4d-mesentoblast (data mostly based on polyclads:

Thomas, 1986; Boyer, 1997: Henry & Martindale,

1997; Boyer et al, 1998). Recent findings on cell

lineage in the acoel Neochildia fusca did allow the

determination of endomesoderm, but did not indi-

cate the presence of a 4d-mesentoblast (Henry et

al., 2000). Phylogenetic information for resolving

relationships between spiralians may reside in the

mode and. timing of mesentoblast formation

(Biggelaar et al„ 1996, 1997; Guralnick & Lindberg,
2001), and it has been suggested on the basis of

such data that the nemerteans are more closely
related to the molluscs and annelids than any of

these phyla is to platyhelminths (Loon & Biggelaar,
1998). However, a rigorous cladistic evaluation of

mesentoblast timing in different phyla is still wanting
(Nielsen & Meier, 2002; but see Guralnick &

Lindberg, 2002). Interestingly, the scoring of E5

(entomesoblast cell 4d), and E7 (entomesoblast

proliferation contributing to mesoderm) should be

identical for taxa with an entomesoblast. Instead,
the scoring is in conflict for the rhabditophoran
platyhelminths, crustaceans, uniramians, cheli-

cerates, and tardigrades. For these taxa the ento-

mesoblast is scored as being present (incorrectly
so for the arthropods and tardigrades; the ground
patterns of these taxa lack spiral cleavage and a

4d-mesentoblast; Anderson, 1973; Scholtz, 1997;

see discussion under Secondary body cavity, co-

elom, ontogenetic source), but mesoderm derived

from that cell as being absent. Additionally,
Entoprocta was not included in Eernisse et al.’s

study despite the presence of mesentoblast derived

mesoderm in this phylum (Nielsen, 1995, 2001).

The presence of a schizocoel lined by a meso-

dermal peritoneum may indeed unite the nemerte-

ans and coelomate protostomes, exclusive ofplaty-
helminths (see also Brusca & Brusca, 1990; Rouse

& Fauchald, 1995). However, the scoring for sev-

eral taxa such as the arthropods and onychophorans
should be reconsidered (scored as lacking a

schizocoel or ‘?’ respectively), and the inclusion

ot a peritoneum (non-contractile epithelium over-

lying myoepithelial or muscle cells) in the charac-

ter definition is unnecessarily complicated and

potentially misleading, since it may have evolved

convergently within various monophyletic phyla,

e.g., the Annelida: Bartolomaeus(1994). The reader

is referred to the section below on Secondary body

cavity, coelom, for a justification of these conclu-

sions, and a complete discussion of the scoring of

coelom characters across the Metazoa.

The value ofthe larval characters E39, E41, and

E43 for placing the nemerteans among the spiralians
is dependent on the postulation of pilidium larvae

in the ground pattern of the phylum. Current infor-

mation suggests this is unlikely. In particular, a

recent molecular phylogeny of the nemerteans based

upon four different genes (the nuclear genes for

28S rRNA and histone H3, and the mitochondrial

genes for I6S rRNA and cytochrome c oxidase

subunit I) strongly supports the evolution of the

pilidium larva within the phylum Nemertea (Thol-

lesson & Norenburg, 2003). The palaeonemerteans,
which lack pilidium larvae, form a basal paraphyletic

stem lineage to the rest of the nemerteans. The only

palaeonemertean with a pilidium larva in the life

cycle (Hubrechtella dubia) now forms the sister

group to the monophyletic heteronemerteans. Thol-

lesson & Norenburg (2003) name this new clade

Pilidiophora based upon the unique shared posses-

sion of pilidium larvae.

It should be noted that an apical organ (E41) also

appears to be routinely present in the ‘larvae’ (ju-
veniles) of direct developing nemerteans (Hyman,
1951a;Iwata, 1968; Cantell, 1989; Turbeville, 1996;

Henry & Martindale, 1997), and may therefore be

plesiomorphic for the nemerteans. 1 could only find

support for the presence of‘larval’ ocelli (E43) in

directly developing nemerteans and in post-meta-

morphic juveniles of indirectly developing nem-

erteans, which leads to the conclusion that ocelli

are not a larval nemertean trait.

The phylogenetic significance of circular der-

mal (body wall) muscles (E131) needs to be reas-

sessed for two reasons. First, various taxa were

dubiously or incorrectly scored, including the

acoelomorphs, rhabditophorans, and gnathosto-
mulids. Despite the scoring of E131, these taxa do

possess circular body wall muscles, although they
may be rather weakly developed and present only
locally as in gnathostomulids (Hyman, 1951a;
Lammert, 1991; Rieger et al„ 1991b; Ladurner &

Rieger, 2000; Rieger & Ladurner, 2001; Tyler, 2001;



RonaldA. Jenner
- Towards a phytogeny of the Metazoa44

Tyler & Hooge, 2001). Polyplacophorans and

conchiferans were also scored as lacking circular

components in the body wall musculature, in con-

trast to the aplacophorans which may represent the

plesiomorphic condition for Mollusca (Haszprunar

& Wanninger, 2000). In fact, within the molluscs

only the aplacophorans (Scheltema et al., 1994)

possess all components ofa typical orthogonal mus-

cle grid that is characteristic of both coelomate and

non-coelomate vermiform metazoans (including

outer circular and inner longitudinal muscles; see

Rieger & Ladurner, 2001). However, it should be

noted that recent studies on the embryology of

molluscan muscle systems have shown that circu-

lar or ring-like muscle components arc discernable

in the body wall of developing gastropods, scapho-

pods, and polyplacophorans (Wanninger et al., 1999;

Haszprunar & Wanninger, 2000; Wanninger &

Haszprunar, 2002; P. Damcn, pers. comm.). Nev-

ertheless, the evolution of these muscles is currently

far from clear, and a resolution of this problem is

complicated by the fact that larval and adult mol-

luscan muscle systems may be remarkably inde-

pendent. Data on the early ontogeny of muscle

systems in different phyla may yield as yet unex-

plored but promising sources of phylogenetic in-

formation that may help resolve the relationships

of spiralians. For example, the relative timing of

the development of circular and longitudinal muscle

fibers may differ between phyla, with the acoel

Convoluta pulchra first forming circular fibers

followed by the development of longitudinal fibers,

while the polychaete Capitella sp. first forms lon-

gitudinal fibers (Ladurner & Rieger, 2000; Hill &

Boyer, 2001). The degree of association between

larval and adult muscle systems might also pro-

vide valuable phylogenetic data. For example, the

high degree of independence between larval and

adult muscle systems in the molluscs (Wanninger

et al, 1999; Haszprunar & Wanninger, 2000) ap-

pears to be contrasted by the close association of

these systems in the recently investigated acoels

and polychactes, where the larval muscle system

appears to forms a grid for the development of the

adult muscles (Ladurner & Rieger, 2000; Hill &

Boyer, 2001).

Second, various taxa that also possess more or

less clearly defined circular body wall muscles,

which are sometimes restricted to particular body

regions such as the pharynx or proboscis, were not

included in the analysis of Eernisse et al. (1992).

The result is that the domain of definition for this

character was not fulfilled (e.g. gastrotrichs, hemi-

chordates, chaetognaths, rotifers: Hyman, 1959;

Clement & Wurdak, 1991; Ruppert, 1991b; Loren-

zen, 1996c; Shinn, 1997; Hochberg & Litvaitis,

2001b).

Neotrochozoa (plus Myzostomida)

Haszprunar (1996a)

- compound cilia (H5)

- blood pigments (H24)
- only testis sacular -> both testis and ovarium

sacular (H31)

Comments

Since compound cilia are only reported for pilidium

larvae (Nielsen, 1987), which are not plesiomorphic

for the nemerteans, this is a weak character for

resolving the phylogenetic position of Nemertea.

Because most alternative phylogenies (see Table

3) place the nemerteans at the base of a clade that

is likely characterized by compound cilia, this trait

will not be very helpful in arbitrating between avail-

able alternative phylogenetic hypotheses.

Haszprunar’s character on respiratory pigments

should be recoded and rescored for several taxa.

'First, it unites non-homologous oxygen-transport-

ing proteins (see discussion under Respiratory pig-

ments). Second, the entoprocts appear to be mis-

scored because so far no respiratory proteins are

known in that phylum (Terwilliger, 1998; C. Nielsen,

pers. comm.). Third, the domain of definition is

not fulfilled. Even when H24 is recoded to create

separate characters for arguably homologous mol-

ecules, such as hemoglobin and hemerythrin, a

number of taxa that possess either of these proteins
is not included in the data matrix, e.g., Priapulida,

Brachiopoda, Echinodermata, and Chordata(Terwil-

liger, 1998). We must conclude that the phyloge-

netic significance of this character needs to be re-

assessed.
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The transformation of H31, from the presence

ofsacular testes only, to the presence of both sacular

testes and ovaries is ambiguods. More importantly,
the rhabditophorans were incorrectly scored as

possessing asacular gonads, and the domain of

definition of this character is clearly not fulfilled

for H31. A
proper evaluation of Haszprunar’s hypo-

thesis that sacular gonads (both testes and ovaries)
characterize “in a very broad sense” (Haszprunar,
1996a: 17) a coelomate condition necessitates the

inclusion of many bilaterian phyla not included in

his analysis (see under Gonads asacular or sacular

for further discussion of this character in other cla-

distic analyses).

Neotrochozoa (plus Myzostomida and

Pogonophora)

Zrzavy et al. (1998)
coelom as defined histologically (Z30)

- gonocoel (Z31)
~ coelomocytes (Z33)
- podocytes (Z43)

respiratory pigments (Z44)
adult brain derived from/associated with larval

apical organ/apical pole (Z145)

serial repetition in nerve collaterals (Z236)

Comments

The presence of a histologically defined coelom

may be a proper (albeit convergent) synapomorphy
of the nemerteans and other coelomateprotostomes.
It should be noted that in contrast to Z30 there is

no support for the scoring of a histologically de-

fined coelom in the ground patterns of Urochordata,

Triapulida, and Tardigrada (see under Secondary
body cavity, coelom for justification of this con-

clusion).
As is discussed under Gonocoel, the scoring and

phylogenetic significance of such a cavity should

be thoroughly reevaluated. The current scoring of

Z31 is a poor reflection of the comparative mor-

phology of metazoan gonads.
The scoring of Z33 does not reflect the wide-

spread distribution of coelomocytes in almost all

of the coelomate Metazoa. As is discussed below

underCoelomocytes, the phylogenetic significance

of these cells remains to be determined.

Podocytes could be a synapomorphy of the nem-

erteans and other coelomate protostomes, but con-

vergence is likely, and even plesiomorphy of this

character on this phylogenetic level cannot be ruled

out. However, in order to reconstruct the proper

pattern ofpodocyte distribution in the Metazoa, Z43

needs to be rescored for a number of phyla that are

misscored as lacking podocytes (see under Podo-

cytes/terminal cells/nephrocytes for discussion).
The phylogenetic significance of respiratory pig-

ments has not been properly assessed in Zrzavy et

al. (1998), nor in any of the other recent cladistic

analyses that included a character on their pres-

ence, and Z44 suffers both from character coding
and scoring errors (see under Respiratory pigments
for discussion). Consequently, the support of this

character for a monophyletic clade of nemerteans

and other coelomate protostomes is dubious.

The brain ofadult nemerteans develops close to

the apical organ only in direct developing nemerte-

ans, whereas the apical organ in pilidium larvae

takes no part in the development of the adult cen-

tral nervous system. This could justify the scoring
of Z145, but it depends on the interpretation that

developmental stages that are part of the life cycle
with direct development, which is presumed primi-

tive for the phylum (Ax, 1995; Haszprunar et al.,

1995; this paper), are in fact comparable to larvae.

Z145 is misscored for several terminal taxa, and

the observed scoring does not accurately reflect the

adopted character definition. See under Adultbrain

derived from or associated with larval apical or-

gan for a complete discussion.

As is taken up under Serial repetition of nerve

collaterals, the phylogenetic significance of Z236

remains uncertain. Furthermore, various taxa have

been misscored, and the character scoring covers a

broad range of different morphologies, which cre-

ates doubt about the primary homology of this

character.
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1 The exact composition ofthis clade varies around a core of Sipuncula, Echiura, Annelida, Mollusca, and Arthropoda. See discussions
ofindividual studies for details.

The exact composition ofthis clade varies around a core of Sipuncula, Echiura, Annelida,and Mollusca. See discussions ofindividual
studies for details.

Table J. Summary ofalternative sister taxa for Nemertea with diagnostic synapomorphies and comments. See text for discussion

Sister taxon Synapomorphies and source Comments

Platyhelminthes see Table 2

Annelida closed blood vessels (Cavalier-Smith, 1998) not homologous
ciliated larvae without bivalved shells domain ofdefinition not fulfilled:

(Cavalier-Smith, 1998) widespread in Metazoa

two ventrolateral or one primitively paired ventral nerve domain ofdefinition not fulfilled:

cord (Cavalier-Smith, 1998) widespread in protostomes

Entoprocta Lobatocerebro- frontal gland system (Z156) Shouldalso be scored as present for

morpha Cycliophora

‘Teloblastica” gut with anus (Ax, 1989, 1995; BlOb; RI5) domain of definition not fulfilled,

convergent

multiciliatedepidermal cells (Ax, 1995) domain of definitionnot fulfilled:

widespread in Metazoa

schizocoel (BI9; R12) ok

mesoderm (from mesentoblast) gives rise in part to nemertean blood vessels are not

closed circulatory system of vessels only (B60a) homologouswith those ofother

bilaterians

segmented or serial structures derived from mesoderm (M43) homology not supported
ventral longitudinal nerve cord (ZII96) many phyla are misscored

gliointerstitial system (ZII98) various rescorings possible

‘Neotrochozoa’2 entomesoblast proliferation contributing to mesoderm (E7) ok, but in conflict with improperly
scored E5

4d endomesoderm (P38) ok but convergent
mesodermal germ bands derived from 4d (P39) ok (unique)
lateral coelom derived from mesodermal bands (P40) ok (unique), but status as independ

ent character from P38 questionable
ventral nervous system (PI03) spurious character coding and

scoring

gliointerstitial cell system (PI 10) various rescorings possible
schizocoelous formation ofbody cavity lined with various rescorings possible, and

mesodermal peritoneum (El7) character definition is overly
restrictive

swimming/feeding band(s) of cilia in larvae with dependent upon unsupported

compound cilia (E39; H5) presence ofpilidium larvae in

nemertean ground pattern

pelagic larvae with apical ciliary tuft and plate (E41) ok

cerebral rhabdomeric larval ocelli or integumentary not a genuine larval character in

pigment cups (E43)

\
nemerteans: only present in

juveniles of direct developing
nemerteans and post-metamorphic

stages of indirect developers
dermal circular (or external transverse) muscular fibers various misscorings and domain of

(E131) definition not fulfilled

blood pigments (H24; Z44) unjustified character coding and

various scoring problems

only testis sacular -> both testis and ovarium sacular (H31) domain ofdefinition not fulfilledand

scoring error for rhabditophorans
coelom as defined histologically (Z30) various misscorings

gonocoel (Z31) problematic scoring

coelomocytes (Z33) problematic scoring

podocytes (Z43) possibly ok, but various misscorings
adult brain derived from/associated with larval apical

organ/apical pole (Z145)

problematic scoring

serial repetition in nerve collaterals (Z236) various misscorings and uncertainty
about primary homology
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Neotrochozoa (plus Myzostomida,

Lobatocerebrum, and Jennaria)

Zrzavy (2003)
- ventral longitudinal nerve cord (ZII96)
- gliointerstitial system (Z1I98)

Comments

The possession of a ventral longitudinal nerve cord

is an ambiguous synapomorphy ofthe nemerteans,

neotrochozoans, myzostomids, Lobatocerebrum
,
and

Jennaria. However, there are several problems with

the scoring of this character. Sorensen et al. (2000)

(S54) and Nielsen (2001) (NI46) are cited as sources

for this character, and the three studies exhibit iden-

tical character scorings for taxa sharedbetween them.

However, the character definition adopted in

Sorensen et al. (2000) and Nielsen (2001) differs

from the one adopted in Zrzavy (2003). Sorensen

et al. (2000) and Nielsen (2001) present a more

restricted character definition, namely ventral nerve

cords that are paired or secondarily fused during

ontogeny. Consequently, the less restrictive defi-

nition used in Zrzavy (2003) should be reflected in

a revised scoring. This is not the case. Many phyla
are misscored as lacking ventral nerve cords. These

include the hemichordates (based upon enteropneust

anatomy which is considered representative of the

hemichordate ground pattern in Zrzavy’s analysis),

cycliophorans (all motile stages of the life cycle
have ventral nerve cords, Punch, 1996; Punch &

Kristensen, 1997; Obst & Punch, in press), and mi-

crognathozoans (Kristensen & Punch, 2000).

Moreover, it is unclear why taxa such as the

gnathostomulds, rotifers, platyhelminths, and nem-

erteans are scored as These taxa do possess
ventral or ventrolateral nerve cords (Clement &

Wurdak, 1991; Lammert, 1991; Rieger et al., 1991b;
T urbeville, 1991). Although Zrzavy (2003) did not

supply any justification for his scoring, the fact that

Nielsen (2001) is cited as a source may indicate

that Zrzavy (2003) accepts Nielsen’s conclusion

that at least the platyhelminths and nemerteans lack

a ventral nervous system. However, the basis for

this reasoning is highly questionable (see discus-

sion underAlternative phylogenetic hypotheses for

Platyhelminthes). Similarly, phyla such as Nema-

toda, Nematomorpha and Priapulida with unpaired

ventral nerve cords should be rescored for the re-

strictive characters in Sorensen et al. (2000)(S54)

and Nielsen (2001) (N146).

The possession of a gliointerstitial cell system

is optimized as an unambiguous autapomorphy of

the clade in question. However, the distribution of

this character should be carefully reassessed as

available evidence indicates the presence of this

feature in taxa typically scored as lacking it (see

discussion under Gliointerstitial cell system).

Neotrochozoa

Peterson & Eernisse (2001)

- 4d endomesoderm (P38)
- mesodermal germ bands derived from 4d (P39)
- lateral coelom derived from mesodermal bands

(P40)

- ventral nervous system (PI03)

- gliointerstitial cell system (PI 10)

Comments

The interpretation of 4d endomesoderm as a

synapomorphy of the nemerteans and the neotro-

chozoans could in this case imply convergence with

the rhabditophoran platyhelminths. However, it

should be noted that for most of the taxa interposed

between rhabditophorans and Nemertea + Neotro-

chozoa the cellular source of themesoderm remains

unknown (Cycliophora, Gnathostomulida, Ectoproc-

ta). Thus,, the overall homology of 4d mesoderm

cannot yet be discounted completely, which would

remove this character as a synapomorphy of Ne-

mertea + Neotrochozoa. Current information, how-

ever, supports P38 as a convergent synapomorphy
of Nemertea + Neotrochozoa.

The presence of mesodermal bandlets derived

from 4d (P39) may be a genuine synapomorphy of

the nemerteans (Henry & Martindale, 1998a) and

neotrochozoans. Mesoderm bands
appear to be

absent in Platyhelminthes, as is also suggested by
a recent cell tracing study of the polyclad Hoploplana

inquilina (Boyer et al., 1998). The value of P40 as

an independent character from P39 is questionable,
because thesebands of mesoderm later develop into
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schizococls. Because P40 does not refer to the

cellular source of the mesodermal bands, however,

the onychophorans and arthropods could be scored

as well in contrast to the scoring of P40, but fresh

investigations on the embryology of these latter phyla

are needed.

The analysis of Peterson & Eemisse (2001) un-

equivocally (ACCTRAN optimization) suggests

three independent origins of a ventral nervous sys-

tem (PI 03): at the baseofa clade (Nemertea Neotro-

chozoa), at the base ofa clade (Rotifera Gnathosto-

mulida Cycliophora Platyhelminthes), and at the

base of a clade (Gastrotricha Chaetognatha Ecdyso-

zoa). It is very doubtful whether this pattern of

character transformations is a reliable reflection of

nervous system evolution. The character scoring

falsely suggests that the nervous system configu-

rations observed in all other taxa, ranging from the

poriferans and placozoans to the chordates and

phoronids, are representative of a clear alternative

character state, namely the lack of a ventral ner-

vous system. Clearly, this is not the case. To unite

the morphology of the placozoans (lacking a ner-

vous system) and chordates (with a complex nervous

system) in a common character state that contrasts

with the ventral nervous system of the gastron-

euralians is obviously not straightforward (see

Jenner, 2002 for a general discussion of coding

problems in metazoan cladistics). Furthermore, the

hypothesis of three independent origins of a ven-

tral nervous system is based on the distribution of

the phoronids, brachiopods, ectoprocts, and ento-

procts among the taxa with a ventral nervous sys-

tem. Disregarding the ventral location of the ento-

proct central ganglion, which could justify a re-

vised scoring for PI03, it is at least equally likely
that these taxa have modified their nervous sys-

tems concomitant with their adult sessility, which

is consistent with the single origin of a ventral

nervous system as supported by Nielsen (2001:

NI46), and Zrzavy et al. (1998: Z234).

As is argued under Gliointerstitial cell system,

the phylogenetic significance of this feature remains

to be carefully assessed, as it may either be a ho-

moplasy or a symplesiomorphy at this phylogenetic
level.

Placing Nemertea: comparison of alternative

hypotheses

The hypothesis that Nemerteaand Annelida are sister

groups proposed by Cavalier-Smith (1998) can be

rejected. Noneof the three proposed synapomorphies

can be upheld. Closed blood vessels are not ho-

mologous between the nemerteans and the anne-

lids, and ciliated larvae and ventral or ventrolateral

nerve cords are widespread among metazoans, and

most likely plesiomorphic on this level. Although

none of the included analyses yielded support of a

sister group relationship between nemerteans and

molluscs, the matrices ofboth Meglitsch & Schram

(1991) and Zrzavy et al. (1998) included a poten-

tial synapomorphy of this grouping. This character

is discussed under Prototrochal lobes.

As is discussed under Platyhelminthes, the char-

acter support for a sister group relationship between

the nemerteans and platyhelminths is mainly de-

pendent upon the unsupported postulation of a life

cycle with pilidium larvae in the ground pattern of

Nemertea. The most extreme illustration of char-

acter selection differences between studies can be

found, as discussed before, for the analyses of Niel-

sen (1995,2001), Nielsen et al. (1996) and Sorensen

et al. (2000), for which with the exception ofa single

character, all synapomorphies of a clade Paren-

chymia (Platyhelminthes and Nemertea) are unique

to these studies. While not all studies include the

same set of characters, it can nevertheless be con-

cluded that most studies include one or several

characters for source of mesoderm and mode of

coelom formation, which generally support a close

relationship of the nemerteans with the neotrocho-

zoans, with or without the panarthropods. Turbeville

(2002) showed that adding two new characters

(schizocoel and gliointerstitial cell system) to the

datamatrix ofNielsen (2001) led to the collapse of

the sister group relationship between the platyhel-

minths and the nemerteans, and to the placement

of the latter as a sister phylum to the coelomate

protostomes.

So far the most convincing synapomorphies that

may be unique for the nemerteans and ncotrocho-

zoans or teloblasticans (plus or minus panarthropods)

are the presence of mesodermal bands derived from

4d, and a schizocoel. Various other features may
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strengthen the nexus of the nemerteans and neo-

trochozoans or teloblasticans (schizocoelians) such

as the presence of a coelom, 4d-mesoderm (not in

panarthropods), and podocytes, but so far these

features have been indicated to be convergent. Some

of the most problematic characters that supposedly
unite nemerteanswith other phyla are the presence

of respiratory pigments (Haszprunar, 1996a; Zrzavy
ct al., 1998) and a gonocoel (Zrzavy et al., 1998),
the coding and scoring of which should be thor-

oughly reassessed before they can profitably be used

again in a cladistic analysis.
The sister grouprelationship suggested by Zrzavy

et al. (2001) is supported by one convergent char-

acter that could also be scored for Cycliophora.
However, because the clade (Nemertca Entoprocta

Lobatocerebrum) is placed as a sister group to a

clade Neotrochozoa, this hypothesis is closely simi-

lar to the two remaining hypotheses that propose a

sister group relationship with either a clade mini-

mally composed of Neotrochozoa + (Pan)Arthro-

poda, known as Teloblastica or Schizocoelia, or

Neotrochozoa alone. Whether nemerteans are strictly
closely related to neotrochozoans or teloblasticans

is dependent upon the resolution of the phyloge-
netic significance of characters that will not directly
influence the placement of nemerteans, e.g., those

uniting annelids and arthropods (see Nielsen, 2001

and Wiigele & Misof, 2001 for a discussion of these

characteristics). The discussion of these features is

outside the scope of this paper, but it must be noted

that
many of the characters that are marshaled in

support of either the Teloblastica or Neotrochozoa

hypothesis arc in fact unableto distinguish between

these two alternatives because these features are

present in at least some panarthropods as well. This

can be concluded, for example, for a gut with anus,
a sc hizocoel, a histologically defined coelom, lat-

cial coeloms, segmented mesodermal organs, ven-

tial nervous system, gonad organization, podocytes,
dermal circular muscles, and serially repeated nerve

collaterals. The characters uniquely supporting a

close affinity of Nemertea with Neotrochozoa (ex-
cluding panarthropods) are mainly those related to

the
presence of an entomesoblast and derived me-

sodermal structures (including coeloms), and vari-

ous larval characters, such as an adult brain de-

rived from, or associated with a larval apical organ

(see discussion in Part II). However, as is discussed

elsewhere in this paper, the phylogenetic value of

most larval characters hinges on the unsupported

assumption that pilidium larvae are part of the ne-

mertean ground pattern.

Irrespective of the placement of the panarthropods,

nemerteansgroup together with the neotrochozoans.

This leads to an encouraging conclusion: the close

relationship between the nemerteans and at least

the neotrochozoans is currently the best defended

hypothesis despite the
many identified scoring prob-

lems, and it represents a consensus among all com-

prehensive morphological cladistic analyses.

Placing Nemertea in molecularand totalevidence

analyses

Analyses of 18S rDNA sequences, intermediate

filament proteins, and recently also myosin II se-

quences have not unambiguously identified a nem-

ertean sister taxon (uncertain affinities to different

neotrochozoans, entoprocts, brachiopods, cyclio-

phorans, or rotifers are suggested), but their proto-

stomian and lophotrochozoan affinity is generally

supported (Eernisse, 1997; Erberetal., 1998; Ruiz-

Trillo et al., 1999, 2002; Giribet et al., 2000; Zrzavy

etal., 1998,2001; Peterson & Eernisse, 2001; Jon-

delius et al., 2002). Until recently, monophyly of

the phylum has been difficult to support in some

studies (Winnepenninckx et al., 1998; Giribet et

al., 2000), and even with a broader species sam-

pling and the use of a restricted number of out-

group taxa, 18S rDNA data only weakly support

the monophyly ofNemertea(Sundberg et al., 2001).

Thollesson & Norenburg (2003) provided the first

robust molecular evidence for nemertean mono-

phyly.
Total evidence analyses of morphological and

18S rDNA data yield a clearer signal: nemerteans

are either the sister group to the neotrochozoans,

together comprising a clade Eutrochozoa (Zrzavy

et al., 1998; Giribet et al., 2000; Peterson & Eernisse,

2001), or they are closely related to the neotro-

chozoans plus Cycliophora, Entoprocta, and Lobato-

cerebrum (Zrzavy, 2003). In apparent conflict with

these findings is the sister group relationship of

the nemerteans and sipunculans purported in the
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total evidence analyses of Zrzavy et al. (2001), a

topology that also receives some support from mole-

cular data alone, but not from morphological data

alone.

In conclusion, molecular data does not unam-

biguously support any of the sister group hypoth-

eses based on morphological data, a situation that

we already encountered with Platyhelminthes. On

the other hand, most total evidence analyses pro-

vide support for a close relationship between Ne-

mertea and Neotrochozoa, which is also suggested

by most comprehensive morphological studies

(Eernisse et ah, 1992; Peterson & Eernisse, 2001;

Haszprunar, 1996a). However, in view of the am-

biguous phylogenetic signal inherent in 18S data

alone, it is likely that this topology in total evi-

dence analyses is mainly the result of the morpho-

logical signal. Morphological data matrices that

instead support the monophyly of Teloblastica

(Neotrochozoa + Panarthropoda) (Nielsen et ah,

1996; Nielsen, 2001; Sorensen et ah, 2000) have

not yet been combined with 18S sequence data.

3. Alternative Phylogenetic Hypotheses for

Gnathostomulida

The history of initial phylogenetic speculations about

Gnathostomulida are reviewed elsewhere (Sterrer

et ah, 1985; Kristcnsen & Punch, 2000; Sorensen,

2002). Sorensen (2001) performed the first cladis-

tic analysis of gnathostomulid genera. During the

last decade at least five different sister group hy-

potheses have been defended on the basis of mor-

phological cladistic analyses. Most prominent among

these are the Plathelminthomorpha Hypothesis and

the Gnathifera Hypothesis. According to the Plathel-

minthomorpha Hypothesis, Gnathostomulida and

Platyhelminthes are sister taxa, while the Gnathifera

Hypothesis supports a sister group relationship be-

tween Gnathostomulidaand Syndermata (+ Micro-

gnathozoa: Kristensen & Punch 2000; Sorensen et

ah, 2000; Sorensen, 2001). The Plathelminthomor-

pha Hypothesis merits special consideration, first

because it was forcefully championed by Ax (1985,

1989, 1995) who described the group in the mid

1950s, and second because it is supported by most

comprehensive morphological cladistic analyses

published to date. The Gnathifera Hypothesis war-

rants special attention because despite the appar-

ently superior quality of its supporting characters

(relative to the plathelminthomorphan apomorphies),

just two computer-assisted cladistic analyses (Soren-

sen et ah, 2000 and Nielsen, 2001) support gnathi-

feran monophyly.

(Gnathostomulida Platyhelminthes)

See under Platyhelminthes.

(Gnathostomulida Gastrotricha)

Zrzavy et ah (1998) named this clade found in their

total evidence analysis Neotrichozoa, and Cava-

lier-Smith (1998) named it Monokonta, in both

cases based upon the secondary acquisition of par-

tially or completely monociliary epithelia. Because

Cavalier-Smith (1998) did not attempt to base his

classification on the phylogenetic distribution of

characters, his conclusions will not be discussed

further here. Proposed synapomorphies: Zrzavy et

ah (2001). See figure 4.

Zrzavy et al. (2001)
- loss of multiple protonephridial terminal cells

(ZI30)

- protonephridial filter formed by weir-like

fenestrations of the terminal cell’s wall (ZI32)

serial protonephridia (ZI34)

Comments

Bartolomaeus & Ax (1992) and Ax (1995) postu-

late the
presence ofa single protonephridial termi-

nal cell in the ground pattern of the Bilateria, a

conclusion not necessarily supported by the phy-

logenetic distribution of protonephridial types. For

example, the analysis by Zrzavy et al. (2001) sug-

gests that multiple terminal cells (ZI30) are plesio-

morphic and that single terminal cells have evolved

independently four times: in Gastrotricha + Gnatho-

stomulida, Entoprocta + Lobatocerebrum, Mollusca,

and Cycliophora. All other taxa either lack proto-

nephridia or possess more than one protonephridial
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terminal cell. Several comments on character scor-

ing are in order.

First, for a logically consistent character scor-

ing it is critical to determine the comparable sema-

phoronts. The observed scoring suggests that both

adults and larvae are used, but not consistently. For

example, for the Mollusca and the Cycliophora the

larval ground patterns are scored (single terminal

cells; adult ground patterns lack protonephridia).
However, for the Annelida only the adult morphol-
ogy is scored (multiple terminal cells), despite the

proposal ofprotonephridia with single terminal cells

(head kidneys) in the ground pattern of annelid

tiochophore larvae (Bartolomaeus, 1993b, 1995,
1998; there is variation in the number of terminal

protonephridial cells in different annelid larvae).

Also, the Rhabditophora is scored as having mul-

tiple protonephridial terminal cells despite the dem-

onstration of protonephridia with single terminal

cells in polyclad Gotte’s larvae (Rohde, 2001), but

this scoring is justified because Gotte’s larvae are

not likely to be informative for the rhabditophoran
ground pattern. Because ultrastructural studies of

larval nephridia are not available for all taxa, char-

acter scoring is likely to change in future cladistic

analyses.

Second, the scoring of single terminal cells for

Entoprocta is based
upon old data (Bartolomaeus

& Ax, 1992). Newer studies indicate the presence
°t two terminal cells in the adult protonephridia
(Fianke, 1993; Nielsen & Jespersen, 1997).

Third, although gastrotrich protonephridia are

generally considered to be representative of the ar-

chetypal bilaterian type (Bartolomaeus & Ax, 1992;
Ax, 1995), and are scored accordingly for ZI30,

protonephridia with more than one terminal cell

are not rare within the phylum (Ruppert, 1991b).

Therefore, pending further studies, the current scor-

lng ma y be retained, but the exact phylogenetic
rhsti ibution of different protonephridial types within

Gastrotricha will eventually have to show whether

this is justified or not.

Mapping the distribution of protonephridial types
on the morphological trees of four recent cladistic
a nalyses (Sorensen et al., 2000; Nielsen, 2001;
Peterson & Eernisse, 2001; Zrzavy et ah, 2001)
eaves the plesiomorphic numberof protonephridial

terminal cells uncertain. In contrast, the analysis

ofZrzavy (2003) supports monociliate terminal cells

as the plesiomorphic design for the Bilateria. It

should be noted that protonephridia with single
terminal cells appear to be restricted to small ani-

mals, such as larval molluscs, annelids, and cyclio-

phorans. Smith & Ruppert (1988) pointed out that

within Annelida, large bodied adults appear to have

multiple terminal cells while interstitial forms have

single terminal cells (see also Westheide, 1986 for

hints for a correlationof body size and nephridial
architecture in polychaetes). Although it is very

difficult to assess the value of such functional con-

siderations for the phylogenetic significance of

characters, the existence of these possible correla-

tions may help to rationalize inferred character trans-

formations.

Zrzavy et al. (2001) (ZI32) scored the presence

of terminal cell fenestrations (pores or slits) that

form a protonephridial filter in five taxa: Gastrotri-

cha, Gnathostomulida, Seison, Catenulida, and

Myzostomida. A careful study of protonephridial
ultrastructure shows that this scoring is inaccurate.

Terminal cell fenestrations are additionally known

from monogonont and bdelloid rotifers (in addi-

tion to seisonids), Phoronida, Platyhelminths (in
addition to catenulids), Nemertea, Mollusca (lar-

vae), Annelida (larvae, but they have also been

reported from several adult interstitial polychaetes),

Entoprocta, Kinorhyncha, Echiura (male Bonellia),
and probably Acanthocephala (Bartolomaeus, 1985,

1989b, 1995, 1998; Bartolomaeus & Ax, 1992; Schu-

chert, 1990; Clement & Wurdak, 1991; Dunagan
& Miller, 1991; Rieger et al., 1991b; Turbeville,
1991; Bartolomaeus& Ax, 1992; Smith, 1992; Ald-

richs, 1993a, 1995; Haszprunar & Ruthensteiner,
2000; Rohde, 2001; Ruthensteiner et al., 2001).

It is clear that preciously little morphological study
underlies the scoring of this character in Zrzavy et

al. (2001) (and the identical scoring of Z1169 in

Zrzavy, 2003, see below). Bartolomaeus & Ax

(1992) and Bartolomaeus (1995) hypothesized that

terminal cell fenestrations, which may occur in

different arrangements, are part of the plesiomorphic
design of protonephridia. Accordingly, rescoring
of ZI32 is necessary for any proper interpretation
of the phylogenetic significance of fenestrated

protonephridial terminal cells. At present, indepen-
dent evolution of at least some ol these instances
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appear probable, for example, the protonephridium

in the dwarfmale of the echiuran Bonellia (adult

echiurans typically have metanephridia). However,

an electronmicroscopical study of larval protone-

phridia in the echiurans is needed to exclude the

possibility that the male of Bonellia has retained

the larval protonephridia.

The presence ofserially repeated protonephridia

(ZI34) is not a compelling synapomorphy for Gna-

thostomulida + Gastrotricha because the latter is

scored as *?.’ Serial protonephridia are furthermore

scored as present in the Annelida, Myzostomida,
and Lobatocerebrum. The presence of serial proto-

nephridia in the ground pattern of the Annelida is

doubtful. A single pair of larval head kidneys may

be assumed primitive for the annelids (Bartolomaeus,

1998, 1999), but the presence ofserial protonephridia
in adult polychaetes is uncertain. Bartolomaeus

(1999) revised his earlier conclusion that segmen-

tal protonephridia are an annelid ground pattern

feature (Bartolomaeus & Ax, 1992), and concluded

instead that their occurrence in certain taxa is sec-

ondary (in agreement with the cladistic analysis of

polychaete relationships by Rouse & Fauchald,

1997). Although the Micrognathozoa was not in-

cluded in the analysis they possess two pairs of

protonephridia (Kristensen & Punch, 2000).

Taken together, these three characters do not

unambiguously support the monophyly of a clade

Gnathostomulida + Gastrotricha. Even accepting

the scoring of these characters in Zrzavy et al. (2001),

this sister group hypothesis is sensitive to the cod-

ing of one particular complex character, ZI21, which

codes for the presence of a molted cuticle with

cpicuticle, exocuticle, and endocuticle, with scle-

rotization. I performed a character coding experi-

ment in which this complex character was parti-

tioned into several arguably independent charac-

ters (Jenner, 2002). This character decomposition

allows cuticular similarities uniquely shared between

the gastrotrichs and the introvertans or eedysozoans,
but not the gnathostomulids, to attain potential phy-

logenetic significance that would otherwise remain

hidden in the larger character complex. This recoding

also resulted in the collapse ofthe clade (Gastrotricha

+ Gnathostomulida).

Because the analysis ofZrzavy et al. (2001) places

the clade of Gastrotricha and Gnathostomulida as

a sister group to all the remaining protostomes,

except the phoronids and brachiopods, it is instruc-

tive to evaluate whether the characters that sup-

port this clade compellingly separate the gnathosto-

mulids and gastrotrichs from all other protostomes.

The pertinent characters are presence of multiciliate

cells (ZI16), multiciliate protonephridial terminal

cells (Z131), and adult brain derived from/associ-

ated with larval apical organ (ZI45). The large

protostome sister clade to the Gnathostomulida +

Gastrotricha is composed of two sister clades:

Ecdysozoa + Chaetognatha (for convenience called

clade A), and a clade of the remaining protostomes

(clade B) (see figure 4d). I will argue that none of

these characters is convincing in separating

Gnathostomulida + Gastrotricha from the remain-

ing protostomes.

It is not immediately clear whether ZI16 is only

scored for ectodermal cells (as is hinted by Zrzavy

et al’s defense for the scoring of chaetognaths), or

also for other parts of the body. Zl 16 is scored as

*?’ for all members of clade A, except Onychophora,

which is scored as possessing multiciliate cells based

on their presence in the metanephridia. If only
ectodermal cells are to be scored thenOnychophora

should be scored as possessing monociliate cells

only, because Bartolomaeus & Ruhberg (1999)

clearly indicated the presence of monociliate epi-
dermal cells (albeit rudimentary) in the develop-

ing embryo. This would shift the transformation of

ZI 16 towards the branch supporting clade B. In

contrast, ifmulticiliation is scored across other tis-

sues, e.g., generally for epithelia, than the ony-

chophorans should be rescored as polymorphic since

their developing coeloms are lined by cells with

single rudimentary cilia (Bartolomaeus & Ruhberg,

1999). Although the deuterostomes are unequivo-

cally scored as lacking multiciliate cells, these are

also found in the enteropneusts and chordates, and

additionally in the chaetognaths (Shinn, 1997;

Nielsen, 2001). Moreover, the evolutionary origin
of multiciliate cells within the Metazoa cannot

be properly assessed when the non-bilaterians are

excluded from the analysis, with multiciliate

cells being typical for the ctenophores. These

amendments increase the likelihood of the origin

ofmulticiliate cells at the base of Acrosomata, and

thus their plesiomorphy on the level of clade A and
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B. This is in agreement with all comprehensive

morphological cladistic analyses that included a

character on cell ciliation in their matrices: Nielsen

et al. (1996), Nielsen (2001), Sorensen et al. (2000),

Peterson & Eernisse (2001),' and Zrzavy (2003)

(characters N8, Nil 1, SI2, PI3, ZII25). We should

finally note that the gastrotrichs are scored as ‘?’

for ZI16. Two recent cladistic analyses of internal

gastrotrich relationships could be interpreted to

support this scoring, because monociliate epider-
mal cells are present in the basal-most clades while

multiciliate epidermal cells are prevalent in the other

taxa (all chaetonotids except Neodasys and many

macrodasyiids) (Hochberg & Litvaitis, 2000,2001a).

See also the discussion under Multiciliate epider-
mal cells.

ZI31 is scored as ‘inapplicable’ for clade A be-

cause protonephridia are lacking in these phyla.
Hence the support of Z131 for monophyly of clade

A + B is equivocal.
ZI45 is scored as ‘?’ for all members of clade A

except Arthropoda. As is argued under Adultbrain

derived from or associated with larval apical or-

gan, this scoring cannot be defended, and this char-

acter therefore represents a potential apomorphy

only of clade B. In conclusion, the characters that

separate a clade Gnathostomulida + Gastrotricha

from the remaining protostomes are not compel-
ling, which in turn creates serious doubtabout the

reliability of both the gnathostomulid sister group

as well as their overall position within the Meta-

zoa in the analysis of Zrzavy et al. (2001).

(Gnathostomulida Syndermata)

This clade is known as Gnathifera. Proposed

synapomorphies: Ahlrichs (1995, 1997; followed

by Garey et al., 1998); Haszprunar( 1996b); Melone

et al. (1998); Kristensen & Punch (2000); Sorensen

al. (2000); Sorensen (2001); Herlyn & Ehlers

(1997); Nielsen (2001); Zrzavy (2003). When

Kristensen & Punch (2000) described Limnognathia
maerski (Micrognathozoa), they proposed a pos-
sible sister group relationship between (Syndermata
plus Micrognathozoa) and the gnathostomulids. The

computer-assisted cladistic analyses of Sorensen

et al. (2000), and Zrzavy (2003) supported this

grouping. See figures 1, 3, 4, and 5.

Ahlrichs (1995) (A 15)

- z-elements of muscles present as isolated z-dots

- cross-striated jaw or mastax muscles

- protonephridial canal cell surrounds lumen com-

pletely
- buccal ganglion (integrated into pharynx?)
- nervus pharyngeus

- pair of caudal ganglia
- pharynx as ventral evagination of foregut
- pharyngeal cuticular hard parts secreted by

pharynx epithelium
- cuticular hard parts connected across secreting

epithelium by cross-striated muscles

- esophagus present

- gland characters: frontal glands, buccal or sali-

vary glands

Comments

The Z-elemepts of striated muscles indicate the

position where one sarcomere separates from the

next. These elements come in a variety of forms,

including discs, dots and lines, and their morphol-

ogy may vary within phyla and between different

muscles within a single individual, e.g., Gnatho-

stomulida, Lammert (1991), and the gastropods,

Voltzow (1994). Although the presence of Z-dots

may be a synapomorphy of Gnathifera, it should

be noted that similar structures are widespread within

the Metazoa, including possibly closely related taxa,

such as the kinorhynchs and gastrotrichs (Kristensen

& Higgins, 1991; Ruppert, 1991b). A comprehen-

sive cladistic analysis including this character is

necessary to evaluate its overall phylogenetic sig-
nificance across the Metazoa.

Protonephridia with an intracellular canal lumen

could be a genuine synapomorphy of the rotifers

and gnathostomulids, but the only two computer-

assisted cladistic analyses that included this char-

acter (Zrzavy et al., 1998: Z52; Peterson & Eernisse,

2001: P68) do not support this interpretation (see

also under Protonephridia with channel cell com-

pletely surrounding lumen).

Ahlrichs (1995) proposed that the mastax gan-

glion found in Rotifera and the buccal ganglion of

Gnathostomulidamay be homologous and serve as

a synapomorphy for Gnathifera. Haszprunar (1996b)

and Melone et al. (1998) (characters HaVilla and
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Mel 1, respectively), as well as Nielsen (2001: 310)

followed this reasoning, but a recent investigation

by Herlyn & Ehlers (1997) removed the basis for

these conclusions. They could not confirm the pres-

ence ofa buccal ganglion in Gnathostomulida, and

they concluded after reinterpreting earlier studies

that “the Gnathostomulida lack any buccal ganglion”

(Herlyn & Ehlers, 1997: 144). This removes one

potential autapomorphy of Gnathifera(it also weak-

ens the support for Nielsen’s expanded Gnathifera

that includes chaetognaths). This same holds true

for the nervus pharyngeus or buccal nerves that

connect the cerebral ganglion and mastax ganglion

in rotifers. Herlyn & Ehlers (1997) could not con-

firm the presence ofcomparable nerves in Gnatho-

stomulida. Interestingly, a pair of buccal nerves,

but not a buccal ganglion was observed for the

probably closely related Limnognathia by Kristensen

& Punch (2000).

The presence of caudal ganglia is unconvincing

as a synapomorphy for the Gnathostomulida and

Syndermata because caudal ganglia are distributed

more widely throughout the Metazoa (not found in

Limnognathia), including the potentially closely

related cephalorhynchs and nematodes (Kristensen,

1991a; Kristensen & Higgins, 1991; Storch, 1991;

Wright, 1991). Consequently, a wider consideration

of caudal ganglia across the Metazoa is required

for a proper assessment of their phylogenetic value.

Two phylogenetic analyses by Zrzavy et al. (1998,

2001) included this character and a comprehensive

sampling of phyla, but they scored Rotifera only

(1998), or Rotifera and Gnathostomulida (2001).

Without providing a clear definition of a caudal

ganglion that strictly applies to these taxa, this

scoring is merely arbitrary. Information on the organs

or tissues that are innervated from the caudal gan-

glia may be a first step in the construction of a

meaningful character.

A broader set of taxa has to be considered to

assess the phylogenetic value of an esophagus as

well as the gland characters used to unite the

gnathostomulids and the syndermates.

The remaining characters are also variously in-

cluded in later computer-assisted cladistic analy-

ses, and because they are part ofone structural and

functional complex, the muscular pharynx with its

hard parts, they will be discussed together here.

The two principal characters that merit discussion

are:

1) the presence ofjaw elements with tube-like sup-

port rods composed of electron lucent material

surrounding an electron-dense core (Ah I, HaVIIIa,

Mel8, Kl, S42, N134, G7, P90, L57, Z66, ZI26,

Wa25, Z1152)

2) the presence of cross-striated pharyngeal muscles

that attach to the jaw elements through epithelial
cells (S43, NI35, ZII52)

The study of the trophi of the rotifer Seison by Rieger

& Tyler (1995) has refocused the attention upon

the structural similarities of rotifer trophi and

gnathostomulid jaw elements to which potential

phylogenetic relevance had already been assigned

in earlier studies (see Rieger & Tyler, 1995 for lit-

erature). More recent transmission electron micro-

scopical studies of gnathiferan (including micro-

gnathozoan) jaw elements have confirmed their

unique morphology found nowhere else within the

Metazoa (Herlyn & Ehlers, 1997; Kristensen &

Punch, 2000; Sorensen, 2000). Interestingly, the

discovery of Micrognathozoa has been one of the

main motivations for reconsidering the similarities

in jaw structure between the rotifers and gnatho-
stomulids (Kristensen & Punch, 2000). Before the

complete description of Limnognathia was reported

in the literature, it already started to play an im-

portant role in the phylogenetic discussions about

gi|athiferans (Kristensen, 1995: he called Limnogna-

thia New group 1”; Ahlrichs, 1997; he called Lim-

nognathia “New group A” followed by Herlyn &

Ehlers, 1997). On the basis of scanning electron

microscopy, Sorensen (2000) and Sorensen & Sterrer

(2002) suggested additional unique similarities

between rotifer and gnathostomulid jaw elements,
and Kristensen & Punch (2000) proposed further

homologies between jaw elements in rotifers, gna-

thostomulids, andLimnognathia, but these proposals
have not yet been included in cladistic data matri-

ces.

Despite the unique ultrastructural similarities of

gnathiferan jaw elements, the inclusion of this char-

acter in a computer-assisted cladistic analysis does

not guarantee a monophyletic Gnathifera, as is il-
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lustrated by Wallace et al. (1996), Zrzavy et al.

(1998, 2001), Giribet et al. (2000), and Peterson &

Eernisse (2001). Interestingly, the only cladistic

analyses with a sufficiently broad taxon sampling
that found a monophyletic Gnathifera supported by
the presence of this character are Sorensen et al.

(2000) and Nielsen (2001). These studies inciden-

tally are also the only ones that include a separate

character on the mode of pharyngeal muscle at-

tachment [ZII52 in Zrzavy (2003) combines the

presence of pharyngeal hard parts and the type of

pharyngeal muscle attachment]. Whether this cod-

ing of two separate characters rather thanone causes

this difference in topology is difficult to assess

intuitively because the data matrices of Sorensen

et al. (2000) and Nielsen (2001) are very similar,

while they differ greatly from the data matrices of

the other studies. 1 therefore performed two experi-

ments.

In the first experiment, 1 analyzed the original
data matrix of Nielsen (2001) (heuristic search, 100

random addition replicates, TBR branch swapping,

excluding character 64 as Nielsen did for his strict

consensus), and then I re-analyzed the matrix while

excluding character NI35 that codes for the mode

°l pharyngeal muscle attachment. These two analy-
ses yielded exactly the same strict consensus of the

same four MPTs with a monophyletic Gnathifera,

a situation identical to the analysis and results (fig.
56.1) of Nielsen (2001). The tree statistics changed
so little between the analyses that they are not

considered here.

In the second experiment, I re-analyzed the origi-
nal data matrix of Peterson & Eernisse (2001) [same
analysis parameters as in the first experiment], and

subsequently I introduced an extra character into

their matrix coding for the pharyngeal muscle at-

tachment type found in gnathiferans and scored

accordingly. The first analysis yielded the 20 MPTs

and well-resolved strict consensus found by Peterson

& Eernisse (2001; fig. I). In sharp contrast, the re-

analysis with the second potential gnathiferan

autapomorphy resulted in a dramatic collapse of

the strict consensus tree, leaving one huge polytomy
lor Bilateria. The only clades that were retained

are Ecdysozoa, Eutrochozoa, Deuterostomia, Bra-

chiopoda + Phoronida and Platyhelminthes. The

relationships between these and all other bilaterian

phyla remained totally unresolved. In view of the

low bootstrap supports for large portions of Peterson

& Eernisse’s strict consensus, this result is not

entirely surprising. Furthermore, Gnathostomulida

no longer formed the sister group of Platyhelm-

inthes, and its position and that of Rotifera remained

entirely unresolved.

These experiments illustrate that the same change

for two taxa in two different matrices can have en-

tirely different effects, depending upon the differ-

ential presence or absence of conflicting phyloge-

netic signals and noise in these matrices. It also

underlines the importance of character selection for

determining the outcome ofa cladistic analysis. Just

adding one additionalpotential gnathiferan autapo-

morphy to the matrix of Peterson & Eernisse col-

lapses the Plathelminthomorpha together with most

of the remaining Bilateria in an unexpected way.

In this context,’ it becomes important to ask whether

the separate coding of a character on the attachment

of muscles to pharyngeal hard parts is justified, as

is done in the matrices of Sorensen et al. (2000)

and Nielsen (2001), but not in the other studies.

Cross-striated pharynx muscles that attach to the

cuticular jaw elements are also found in the Micro-

gnathozoa (Kristensen & Punch, 2000). Naturally,

when comparable pharyngeal hard parts are lack-

ing in other taxa, they should logically be scored

as ‘inapplicable’ for mode of pharyngeal muscle

attachment, but neither Sorensen et al. (2000) nor

Nielsen (2001) adopt this scoring. Sorensen et al.

(2000) and Nielsen (2001) also score this feature

as present in the Annelida. However, it is only found

in the eunicid polychaetes, which are unlikely to

be representative of the annelidan ground pattern

(Rouse & Fauchald, 1997). However, ifwe, never-

theless, choose to accept this scoring, we have to

confront an interesting issue. Cross-striated body
muscles (as opposed to cross-striated pharyngeal

muscles) in taxa such as kinorhynchs, loriciferans,

cycliophorans, and possibly nematodes (Wright,

1991, fig. 28) also do notattach directly to the cuticle,

but through the intermediate of an epidermal cell

(Kristensen & Higgins, 1991; Punch & Kristensen,

1997; Neuhaus et ah, 1997b). Similarly, somatic

muscles of the Micrognathozoa always attach

through epidermal cells to the, in this case intrac-

ellular, skeletal plates that are located in the lateral
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and dorsal body regions (Kristensen & Punch, 2000).

In fact, a survey of muscle attachment types through-

out the Metazoa reveals that the attachment of

muscles to the cuticle through intermediate epithe-

lial cells is much more widespread. It has, for ex-

ample, been reported for arthropod muscles, tardi-

grade stylet muscles, cephalorhynch introvert retrac-

tor muscles (through tanycytes), the beak muscles

in cephalopods (through beccublasts), gastrotrich

muscles, cycliophoran muscles, ectoproct muscles

(attachment to ectocyst), and chaetognath head mus-

cles (Kristensen & Higgins, 1991; Ruppert, 1991b;

Mellon, 1992; Dcwel et ah, 1993; Budelmann et

ah, 1997; Punch & Kristensen, 1997; Mukai et ah,

1997; Shinn, 1997; Nielsen, 2001).

Recognizing the widespread distribution of this

mode of muscle attachment is important for prop-

erly evaluating the phylogenetic significance of

cross-striated muscle attachment to pharyngeal hard

parts in gnathiferans, as it lessens the probability

that this type of muscle attachment is a novel

autapomorphy of Gnathifera independent from the

presence of pharyngeal hard parts. This informa-

tion can thus be used as an argument against cod-

ing a separate character for this mode of muscle

attachment with a scoring restricted to gnathiferans

(S43, N135). This mode of muscle attachment may

cither be plesiomorphic at this level, or perhaps

convcrgently evolved in different taxa, but further

comparative ultrastructural studies are needed to

elucidate this interesting issue.

Aldrichs (1997)

- plates ofparallel-layered cuticular rods building

pharyngeal hard parts, jaws, which are embed-

ded in a cuticular matrix (Ahl)

Comments

This character is discussed above.

Haszprunar (1996b)
buccal apparatus with specific jaw, cross-stri-

ated muscles and buccal ganglion (HaVIIIa)

caudal ganglion (HaVIlIb)

protonephridial canal cell surrounds lumen com-

pletely (HaVlIIc)

frontal (=praepharyngeal glands)? (HaVI I Id )

Comments

These characters are discussed above.

Melone et ah (1998)

- pharyngeal ganglion (unpaired) present (Mel 1)

- masticatory apparatus: substructure tubular rods

(Mel8)

- photoreceptive eyespots absent (Me58)

Comments

The phylogenetic value of the absence of photore-

ceptive eyespots in the gnathostomulids and acan-

thocephalans as a gnathiferan autapomorphy needs

to be carefully assessed through a comprehensive

cladistic analysis that includes all applicable taxa.

Furthermore, based on out-group comparison it must

be concluded that the absence of eyespots is actu-

ally a plesiomorphy in the analysis of Melone et

ah (1998), and thus phylogenetically uninforma-

tive at this level. The other two characters are dis-

cussed above.

Nielsen (2001)
- jaw-like structures with tubes composed of lu-

cent material surrounding an electron-dense core

(NI34)

- pharynx with cross-striated muscles, attached

to jaws by epithelial cells (NOS)

- mouth region with chitinous membrane (NI63)

Comments

Nielsen (1995) tentatively regarded gnathostomulids

as highly derived annelids, but Nielsen (2001) re-

garded them as a distinct taxon more closely asso-

ciated with syndermates. NI63 is a modified ver-

sion ofN12 which coded for thepresence of a mouth/

esophagus with a spiny/toothed membraneconsisting

of crystalline chitin, and both characters are scored

present for Rotifera and Chaetognatha. Sorensen

et al. (2000) argued against the scoring of N12

claiming that crystalline chitin has not been found

in rotifers. In view of the adjusted character cod-

ing, the scoring of NI63 now appears to be justi-

fied, but a different problem is introduced. If all

taxa with just a chitinous membrane (cuticle) in
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the mouth region are to be scored, several more

taxa thanjust the rotifers and chaetognaths needto

be scored as present, includilig the panarthropods
and various cycloneuralians (Kleinow, 1993;

Neuhausetal. 1996; Neuhaus et ah, 1997a; Lemburg,

1998; Schmidt-Rhaesa et ah, 1998). Furthermore,
as long as the presence ofchitin has not been dem-

onstrated in the gnathostomulids this character is

not a convincing gnathiferan autapomorphy. The

other two characters are considered above.

Syndermata plus Micrognathozoa

Kristensen & Punch (2000)
~ cuticular jaws with tubes composed of lucent

material surrounding an electron-dense core (Kl)

Comments

This character is discussed above.

Sorensen et al. (2000), Sorensen (2003)

jaws of tubes composed of lucent material sur-

rounding an electron-dense core (S42)

pharynx with cross-striated muscles, attached

to jaw elements by epithelial cells (S43)

jaws with pincers caudally articulating into

unpaired pedicle

Comments

S42 and S43 are discussed above. It should be noted

that both S42 and S43 were scored as present for

Chaetognatha and absent for Seisonida, but this is

obviously a typing error in the text matrix (Table 1

in Sorensen et al., 2000; M. V. Sorensen, pers.

comm,).

Based upon detailed comparative studies of the

jaw apparatuses of the rotifers, gnathostomulids,
und Limnognathia maerski Sorensen (2003) pro-
posed a novel synapomorphy for gnathiferans based

on the morphological similarities between the main

jaws in L. maerski, the gnathostomulid lamellae

symphysae, and the rotiferan rami.

Zrzavy (2003)

- jaws with tube-like support rods, attached to

cross-striated pharyngeal muscles by epithelial

cells (Z1I52)
- extended non-contractile regions of the pharyn-

geal musculature (ZII59)

- mouth region with chitinous membrane (ZI160)
- protonephridial fdter formed by weirlike fene-

strations of the terminal cell wall (ZII69)
- protonephridial canal cell cilia absent (Z1I70)

-
loss of sperm acrosome (Z1I79)

- sperm lacking accessory centriole (ZI183)

Comments

Character ZII52 is properly scored for the gnathi-
ferans and Micrognathozoa. This character is fur-

ther discussed above.

Character ZII59 is a potential synapomorphy for

a clade of the gnathiferans and Micrognathozoa,

although this feature has not been observed in the

latter.

Character Z1I60 is scored as present for the cha-

etognaths and rotifers only, and is therefore no

convincing synapomorphy of the clade in question.

Furthermore, as is discussed above for character

NI63, several additional phyla also possess a chiti-

nous membrane in the mouth region, notably the

panarthropods and various cycloneuralians. Accord-

ingly, these phyla need to be rescored.

Although character ZII69 is optimized as an un-

ambiguous synapomorphy for the clade in ques-

tion, it is misscored for many phyla and should be

thoroughly restudied. The scoring of this character

is discussed above for character Z132.

The lack of protonephridial canal cell cilia is an

ambiguous synapomorphy of the clade in question,

and ZII70 is scored only for the gnathostomulids
and rotifers. At least one case of convergent loss

of protonephridial canal cell cilia is known, viz. in

the scaphopod molluscs (Ruthensteiner et al., 2001).

The loss of a sperm acrosome is an unambigu-
ous (albeit convergent) synapomorphy of the clade

in question. Althought I did not attempt to study
the distribution of sperm acrosomes across the Meta-

zoa, several comments on character scoring may

nevertheless be made.Although the gnathostomulids
are scored as lacking a sperm acrosome, one may
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be present in the tip of the sperm of filospermoid

gnathostomulids (Sterrcr et al., 1985, fig. 12.4a).

The cycliophorans are scored as possessing a sperm

acrosome, but this data is unconfirmed (Punch &

Kristensen, 1997; M. V. Sorensen personal com-

munication).

Zrzavy (2003) scored the myzostomids, mono-

gonont rotifers, Seison, and the acanthocephalans

as having sperm without an accessory centriole.

However, this scoring is inaccurate. Although 1

did not comprehensively study the distribution of

this character across the Metazoa, sperm accessory

centrioles are also lacking in the gastrotrichs, kino-

rhynchs, and nematomorphs (Ahlrichs, 1995;

Schmidt-Rhaesa, 1999). Moreover, lack of an ac-

cessory centriole in sperm is probably correlated

with the evolution of modified or filiform sperm,

and this does not warrant the coding of an inde-

pendent character. For example, the meiobenthic

priapulid genus Tubiluchus possesses filiform

sperm that probably evolved within the Priapulida

(Storch et al., 2000), and it too is accompanied by
the absence of an accessory centriole (see also dis-

cussion under Sperm without accessory centriole).

(Gnathostomulida Cycloneuralia)

Proposed synapomorphies: Wallace et al. (1996).

See figure 7.

Wallace et al. (1996)
- smooth muscles absent (Wall)

- pharynx shape triangular or star-shaped (Wa23)

Comments

The absence of smooth muscles may unite the

gnathostomulids with the cycloneuralians, but the

restrictive taxon sampling in the analysis of Wallace

et al, (1996) did not allow the domain ofdefinition

of Wal 1 to be fulfilled. For example, the poten-

tially closely related and recently discovered Mi-

crognathozoa (Kristensen & Punch, 2000), and prob-

ably also the Cycliophora (Punch & Kristensen,

1997) lack smooth muscles. A survey of muscle

ultrastructure across the Metazoa is necessary to

fulfill the domain of definition of this character,

but this will not be attempted here. Additionally, it

is noted that the observed scoring for Wal 1 is not

logically consistent. Gastrotricha is scored as poly-

morphic because striated muscles are known in this

phylum, but this logic also demands a similar scoring

of other taxa with polymorphic muscle cytology

such as the Polychaeta and Rotifera.

A triangular or star-shaped pharynx lumen is not

a compelling synapomorphy of the gnathostomulids

cycloneuralians. First, the pharynx of the gnatho-

stbmulids does not show a clearly triangular or star-

shaped lumen, and is therefore not particularly remi-

niscent of those of the cycloneuralians (Herlyn &

Fillers, 1997). Second, the scoring of such a phar-

ynx for the Priapulida (Wa23) is also not supported

(Neuhaus, 1994; Nielsen, 2001). Moreover, trira-

diatepharynges are also found in various other taxa,

including the pycnogonids, ectoprocts, onychopho-

rans, and tardigrades (Ruppert, 1982; Schmidt-

Rhaesa et al., 1998; Nielsen, 2001), taxa which were

not included in the analysis ofWallace et al. (1996).

However, Ruppert (1982) and Nielsen (2001) con-

clude that an overall homology of this pharynx shape

is not likely. At least, the analysis ofWallace et al.

(1996) has not includedenough taxa (and misscored

Fig. 7, Phylogenetic position ofGnathostomulidaaccording to

Wallace et al. (1996).
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the Gnathostomulida and Priapulida) to properly
evaluate the phylogenetic support of this character

for placing the gnathostomulids.

Interestingly, when Wall is rescored for the

Gastrotricha as simply possessing smooth muscles

(no polymorphism, in agreement with the other

scored terminals), and when Wa23 is rescored for

the priapulids and gnathostomulids, the position of

the gnathostomulids remains unresolved (strict

consensus after exhaustive search).

(Gnathostomulida Lobatocerebrum Nemertea

‘Trochozoa’)

Proposed synapomorphies: Haszprunar (1996a)
(based on tree B2 in his fig. 1.1).

Haszprunar (1996a)
“ frontal gland present -> absent (HI7)

Comments

This character does not support the proposed sister

grouping unequivocally because the first two taxa

diverging after the Gnathostomulida (Lobatocere-

brum and Nemertea) are scored as possessing frontal

glands.

Placing Gnathostomulida: comparison of alter-

native hypotheses

Which of the five discussed competing sister group

hypotheses for Gnathostomulida is most firmly
groundedin available morphological evidence? One

proposed sister group, namely (Lobatocerebrum
Nemertea Trochozoa Myzostomida) can be rejected
outright. The sole character supposedly support-
lng sister group hypothesis is equivocal and

may thus be optimized on a different node in the

cladogram. Moreover, restrictive taxon sampling
did not allow Haszprunar’s (1996a) analysis to test

this hypothesis against any other alternative except
the Plathelminthomorpha Hypothesis (but see be-

low). The remaining hypotheses will be analyzed
according to the set of criteria outlined at the be-

ginning of this paper.

The two characters proposed to support a cyclo-
neuralianaffinity are either more widespread among

metazoans and therefore potentially plesiomorphic
on this level (smooth muscle absent), or invalid

because the gnathostomulids lack this feature (tri-

angular or star-shaped pharynx). Moreover, experi-
mental rescoring of these features leaves the posi-
tion of gnathostomulids unresolved.

Restrictive taxon sampling in the studies of Ax

(1985, 1989, 1995), Ahlrichs (1995), Haszprunar

(1996a, b), Kristensen & Punch (2000), Melone et

al. (1998), and Eernisse et al. (1992) compromises
their testing power for the placement ofthe gnatho-
stomulids. This is also reflected in the failure to

fulfill the domain of definition for many of the

characters in these studies. It must be concluded

that these studies are a priori biased so that certain

sister group relationships could in principle not

be found. This is of course obvious for the manual

cladistic analyses that do not allow a globally most

parsimonious solution across all taxa. The consider-

ation of restricted sets of taxa at any one time guar-

antees that the range of possible tree topologies is

always heavily predetermined by taxon selection.

However, even though the analysis of Wallace et

al. (1996) included all taxa that have so far been

proposed as sister groupsto Gnathostomulida, taxon

selection is restrictive because not all potential sister

groups of the other taxa are included, e.g., nem-

erteans.

Differences in the proposed cladistic placements
of the gnathostomulids may partly be reduced to

differences in character sampling between the dif-

ferent cladistic analyses. For example, Sorensen et

al. (2000) and Nielsen (2001) supported the Gnathi-

fera hypothesis, but these studies excluded many

of the characters that were suggested as being di-

agnostic apomorphies ofa monophyletic Plathelmin-

thomorpha in other studies. Conversely, Meglitsch

& Schram (1991) and Eernisse et al. (1992) sup-

ported the monophyly of Plathelminthomorpha, but

neither of these analyses included a character on

the similarities in jaw ultrastructure in the gnathosto-
mulids and rotifers. It can therefore be concluded

that the placement of the gnathostomulids in these

latter two studies is no longer reliable. Naturally,
this conclusion is only possible in retrospect, but it

remains true that the results of these analyses are
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currently superseded by the accumulation of new

information. Similarly, the characters supporting

the sister group relationship of the ghathostomulids
and gastrotrichs in the analysis ofZrzavy et al. (2001)

arc uniquely included only in this study.
The potential effect of character coding is clearly

illustrated by the experiment reported above for

coding the gnathiferan jaw elements and the asso-

ciated muscles as either one or two separate char-

acters in the analyses of Peterson & Eernisse (2001)

and Nielsen (2001). Depending upon the nature of

the data matrix under consideration, the decision

to code this variation as one or two characters may

have a rather dramatic impact or no noticeable impact

at all (considering strict consensus trees) (Peterson

& Eernisse, 2001 and Nielsen, 2001, respectively).

Table 4. Summary ofalternative sister taxa for Gnathostomulida with diagnostic synapomorphies and comments. See text for discussion.

Sister taxon Synapomorphics and source Comments

Platyhelminthes see Table 2

Gastrotricha loss of multiple protonephridial terminal cells (Z130) convergent, and contentious scorings related to

semaphoront choice

protonephridial filter formed by weir-like

fenestrations ofthe terminal cell’s wall (ZI32)

several misscorings

serial protonephridia (Z134) scored'?’ forGastrotricha, and problematic scoring

for Annelida

Syndermata z-elements of muscles present as isolated z-dots (A 15) domain of definition not fulfilled

protonephridial canal cell surrounds lumencompletely

(A 15; 1 la VI lie)

buccal ganglion (integrated into pharynx?) (A 15);

ok

pharyngeal ganglion (unpaired) (Mel 1); HaVIlIa absent in Gnathostomulida

nervus pharyngeus (A 15) absent in Gnathostomulida

pair of caudal ganglia (A 15); caudal ganglion

(HaVlIlb)

domain ofdefinition not fulfilled

cuticular hard parts connected across secreting status as independent character is weak, and this

epithelium by cross-striated muscles (A 15); pharynx mode of muscle attachment (irrespective of body

with cross-striated muscles, attached to jaw elements region ) is more widespread than indicated by

by epithelial cells (S43; NI35; ZII52) scorings

esophagus present (A 15) domain of definition not fulfilled

gland characters (A15; HaVIIId) domain of definition not fulfilled

jaw elements with tube-like support rods composed

of electron lucent material surrounding an electron-

dense core (Ah 1, HaVIlIa, Mel8, Kl, S42, NI34, G7)

ok

photoreceptive eyespots absent (Me58) plesiomorphy in phytogeny ofMelone et al. (1998)

mouth region with chitinous membrane (N163; ZI160) various misscorings

extended non-contractile regions of pharyngeal

musculature (ZII59)

ok

protonephridial filter formed by weir-like fenestrations

of the terminal cell wall (ZI169)

misscored for many phyla

protonephridial canal cell cilia absent (ZII70) Ok

loss of sperm acrosome (ZI179) equivocal and Cycliophora misscored

Cycloncuralia smooth muscles absent (Wal 1) \ possibly ok, but domain ofdefinition not fulfilled

pharynx shape triangular or star-shaped (Wa23) misscorings for Gnathostomulida and Priapulida

sperm lacking accessory centriole (ZII83) several misscorings

Lobatocerebrum frontal glandpresent -> absent (H17) equivocal support and character coding and scoring
Ncmertea Trochozoa

(plus Myzostomida)

is contentious
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Character scoring problems are especially wide-

spread among the proposed apomorphies for the

Plathelminthomorpha (see under Platyhelminthes),
but also for the sister groupings with Gastrotricha

and Cycloneuralia. Scrutiny of the many synapo-

morphies proposed by Ahlrichs (1995) in support
ofa monophyletic Gnathiferarevealed that two char-

acters are no longer valid because these are lack-

ing in the gnathostomulids (caudal ganglion and

pharyngeal nerve). However, it should be clear that

it is
very difficult to assess the precise effects of

the
many scoring errors on the outcomes of the

cladistic analyses. On the basis of the present dis-

cussion it is impossible to conclusively reject any
of the proposed sister group hypotheses, except the

one proposed by Haszprunar (1996a). The choice

among the remaining alternatives requires the com-

plete correction of all identified scoring errors, the

removal of all taxon and/or character selection bi-

ases, and a reanalysis of the emended data set(s),
which can only then function as a maximally ef-

fective cladistic test of available competing phylo-

genetic hypotheses. The current discussion is merely
a first

necessary step towards this ultimate goal.
On the basis of character quality, a sister group

relationship of the gnathostomulids and syndermates
appears, for now, to be the best supported.

An interesting problem remains to be resolved.

Despite the acknowledged weakness of the char-

acters originally proposed in support of a mono-

phyletic Plathelminthomorpha (widespread charac-

ters, probably convergent or plesiomorphic on this

level) this clade is nevertheless supported in the

majority of comprehensive cladistic studies. Intu-

itively, it could be expected that introduction of

characters on the uniquely shared pharyngeal simi-

larities with ultrastructurally identical jaw elements

'■i the gnathostomulids and rotifers would imme-

diately lead to the collapse of Plathelminthomorpha
and a recovery of a clade Gnathifera. This, obvious-

ly, did not happen. Despite the fact that the data

sets of Wallace et al. (1996), Zrzavy et al. (1998),
and Peterson & Eernisse (2001) included this in-

formation, their morphological analyses preserved
a monophyletic Plathelminthomorpha. Do these re-

sults therefore signify a strong and reliable phylo-
genetic signal for the Plathelminthomorpha?

As is discussed above, the character support for

•lie Plathelminthomorpha in the analysis of Peterson

& Eernisse (2001) is very weak, and may be influ-

enced by several coding and scoring difficulties.

Also, rotifers, platyhelminths, and gnathostomulids

together with Cycliophora form a clade. As an ex-

periment, I left P21 (presence of perforatorium) out

of the analysis because its status as a character inde-

pendent from P20 is problematic. This resulted

(heuristic search, 100 random addition replicates,
TBR branch swapping) in the collapse of the whole

bilaterian clade, exactly similar to the change in

topology when a novel character on muscle-jaw at-

tachment was introduced into the data set (see

above). This result left the relationships between

the platyhelminths, gnathostomulids and rotifers

totally unresolved. It must be concluded that the

instability of the results in the face of small changes
in the data matrix of Peterson & Eernisse (2001)
indicates that there is no significant support for the

Plathelminthomorpha Hypothesis. A rescoring ex-

periment reported above for the data set of Wallace

et al. (1996) leads to the same conclusion.

Although I have not performed any experimen-
tal reanalyses of the large matrix of Zrzavy et al.

(1998), the secondary loss of an anus is the sole

unique synapomorphy for the platyhelminths and

gnathostomulids. The remaining characters exhibit

a variety of problems that need to be resolved before

the true character support for Plathelminthomorpha

can be estimated.

Monophyly of the Gnathifera is not well sup-

ported in terms of sheer numbers of apomorphies.

However, the quality of the unique similarities in

pharyngeal morphology and the discovery of the

Micrognathozoa that exhibits identical pharynx

morphology to the rotifers and gnathostomulids lead

to the conclusion that Gnathifera is the most robust-

ly supported clade. Other featuresof Micrognathozoa
such as the intracellular skeletal lamina similar to

those in syndermates (but not a syncytial epider-

mis) further strengthens the gnathiferan nexus

(Kristensen & Punch, 2000; Sorensen et al., 2000).

Placing Gnathostomulida in molecular and total

evidence analyses

On the basis of 18S rDNA sequence dataLittlewood

et al. (1998) found evidence for a sister group re-

lationship between the gnathostomulids (one se-
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quence) and the chaetognaths forming a sister clade

to a clade of nematodes. However, forcing a cla-

dogram topology congruent with either the Plathel-

minthomorpha or GnathiferaHypotheses, Littlewood

et al. (1998) found trees six and two steps longer
than the original 3081 steps. These three solutions

were not statistically significant from one another.

Unfortunately, the gnathostomulids, chaetognaths,

and nematodes included in Littlewoodet al’s analysis

were among the taxa with the longest branches,

which could have caused them to group on the basis

of chance similarities (long branch attraction). In-

deed, a later study by Ruiz-Trillo et al. (1999) sup-

ported the conclusion that the gnathostomulid se-

quence and one of the chaetognath sequences used

in the analysis of Littlewood et al. have signifi-

cantly higher substitution rates then mostother taxa.

In contrast, the molecular analysis of Zrzavy et

al. (1998) suggested a sister group relationship of

the gnathostomulids [the same sequence as in

Littlewood et ah, 1998] and the gastrotrichs posi-

tioned low within the Bilateria, but in the absence

of any measures ofsupport, or information on branch

lengths, it is virtually impossible to assess the ro-

bustness of this topology.

Giribet et al. (2000) added two new gnathosto-
mulid sequences to theiranalysis and foundsupport

for a clade of Gnathostomulida + Cycliophora (the

latter was not included in the previous two stud-

ies). This clade was part of a larger protostomian

clade, Platyzoa, that also included the syndermates,

platyhelminths, and gastrotrichs.

The results of the analysis by Zrzavy et al. (2001)

are comparable to those of Giribet et al. (2000).

Gnathostomulida is placed as a sister group to

Gastrotricha as part of a clade Platyzoa with the

difference that this clade additionally includes the

newly sequenced myzostomids.

Peterson & Eernisse (2001) positioned the gna-

thostomulids at the base of the Bilateria as a sister

group to acoels, but they conclude that the long
branches of these taxa could cause them to be ar-

tificially attracted to the non-bilaterians which are

separated from the bilaterians by a long branch.

The results of a relative rate test performed by
Ruiz-Trillo et al. (1999) suggest that the gnathosto-

mulid sequence used in Littlewood et al. (1998),

Zrzavy et al. (1998,2001), and Peterson & Eernisse

(2001), and at least one of the three sequences used

in Giribet et al. (2000), exhibit a relatively high

substitution rate, which introduces the danger of

long branch attraction. This possibly also explains
the position ofgnathostomulids basal in the Bilateria

in the trees of Zrzavy et al. (1998) and Peterson &

Eernisse (2001) as due to an artifact of long branch

attraction between the gnathostomulid sequence and

the long branch separating the bilaterians from the

non-bilaterians. Interestingly, Jondelius et al. (2002)

provided the first molecular support for a sister group

relationship of the gnathostomulids and syndermates

as part ofa basal bilaterian clade that diverges after

the split of acoels and nemertodermatids and the

other bilaterians. However, although these are the

first molecular results fully congruentwith morpho-

logical support for a monophyletic Gnathifera (mo-

lecular data for Micrognathozoa is currently lack-

ing), they should be interpreted with caution. The

single gnathostomulid sequence used in Jondelius

et al. (2002) does not pass their relative rate test,

and it is the same sequence that is rejected on the

basis of the relative rate test in Ruiz-Trillo et al.

(1999). Instead, Jondelius et al. (2002) tried to cir-

cumvent potential long branch attraction problems

by reducing the amount of homoplasy in their data

set by recoding their data as nucleotide triplets.

Nevertheless, in their maximum parsimony analy-

sis the gnathostomulids group with syndermates and

a nematomorph at the base of the Bilateria (minus

acoels and nemertodermatids). None of the se-

quences of these taxa passed the relative rate test,

\Vhich led to their exclusion from the maximum

likelihood analysis in Jondelius et al. (2002). Thus,

on the basis of current molecular information, we

cannot decide whether the gnathostomulids are

platyzoan lophotrochozoans or basal bilaterians, i.e.,

part of a clade that diverges from the remaining

Bilateria after acoels and nemertodermatids have

split off.

The total evidence analysis of Zrzavy et al. (1998)

supported a sister grouprelationship ofGnathosto-

mulida and Gastrotricha that was also apparent in

the molecular analysis, and this clade was main-

tained even when a weighting ratio of 7/1 was ap-

plied to morphological/molecular data sets.

The total evidence analysis of Giribet et al. (2000),

which included the same morphological data set as
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Zrzavy et al. (1998) with the exception that they
excluded several taxa, supported Gnathostomulida

as a sister taxon to a clade of Cycliophora +

Syndermata.

The total evidence analysis of Zrzavy (2003)

supported a close relationship between Gnatho-

stomulida and the syndermates (including Micro-

gnathozoa).

When the total evidence analyses of Zrzavy et

al. (1998) and Giribet et al. (2000) (their figs. 3 +

7, and 4 + 5, respectively) are compared a striking
conclusion presents itself. Despite some topologi-
cal congruence, the degree of incongruence is re-

markable, which can be illustrated by considering
the overall position of gnathostomulids in the trees.

Zrzavy et al. (1998) place gnathostomulids at the

base of their clade Ecdysozoa. In contrast, Giribet

et al. (2000) place them far removed from ecdyso-
zoans in a clade Platyzoa, which as a whole consti-

tutes the sister group to a clade of the remaining

non-ecdysozoan protostomes. Because the morpho-
logical data of these analyses were identical, this

topological discrepancy must chiefly reside in dif-

ferent molecular phylogenetic signals. The two

analyses differ mainly in two respects, one empiri-
cal, and one relating to methods of sequence com-

parison. First, Giribet et al. (2000) included 37 ad-

ditional metazoan sequences (19 of these were

molluscan and arthropodan), while excluding all

non-bilaterians included in Zrzavy et al. (1998).
Because the non-bilaterians are separated from the

bilaterians by a long branch (see Giribet et al., 2000

and Peterson & Eernisse, 2001), this may have an

effect on the placement of the long branch gnatho-
stomulid

sequence. Second, and perhaps more im-

portantly, Zrzavy et al. (1998) employed a tradi-

tional
sequence alignment procedure, whereas

Giribet et al. (2000) used direct optimization (see
their

paper for details). This probably explains most

°f the incongruence between these two total evi-

dence studies, especially since both used the same

analysis parameters, i.e., equal weighting of both

molecules and morphology, and transversions and

transitions.

The totalevidence analysis of Zrzavy et al. (2001)

unsurprisingly yielded a sister group relationship
between Gnathostomulida and Gastrotricha, which

18 a^so supported by the molecular and morpho-
logical data sets separately.

The totalevidence analysis ofPeterson & Eemisse

(2001) supported gnathostomulids as the sister taxon

to all Bilateria except acoelomorphs.

It is to be expected that the total evidence place-

ment of gnathostomulids is equally adversely af-

fected by the potential long branch attraction as

the strictly molecularplacements. The problematic

molecular data combined with the difficulties in

character scoring and selection in the morphologi-
cal data sets currently prevent any unambiguous
conclusion to be drawn concerning the phyloge-
netic placement of the gnathostomulids in total

evidence analyses.

Part II: Character evaluations

The previous section discussed the character sup-

port for competing phylogenetic hypotheses for

placing Platyhelminthes, Nemertea, and Gnatho-

stomulida within the Metazoa. This part puts these

character discussions into a broader context by ex-

tending them beyond the ‘acoelomate’ worms. This

part will also provide the necessary justifications
for several of the conclusions of Part I. The overall

phylogenetic significance of the characters across

the Metazoa is evaluated by focusing on how dif-

ferent cladistic analyses employ the same charac-

ters.

The character discussions follow a general lay-

out. First, the character will be defined. Second,

all observed character codings of the character across

different studies will be listed. Third, character

scoring conflicts between different phylogenetic
studies will be tabulated and discussed. Note that

the tables of observed scoring conflicts do not nec-

essarily include all characters listed under Charac-

ter coding because not all taxa are included in each

study, some studies did not provide an explicit data

matrix, and in some instances the codings differ

too much for a straightforward comparison of their

scorings. Fourth, the phylogenetic significance of

the character will be evaluated. It should be noted

that the following character discussions offer no

definitive comparative treatments. The main aim

of this section is to identify and shed some light on

controversial character interpretations, and to iden-

tify the limits of our understanding of the phyloge-
netic significance of the characters.
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This section focuses primarily on character scor-

ing issues. Special problems with character coding

are in some cases discussed, but I have not attempted

to do so comprehensively. For example, it may not

be obvious in some instances how many character

states should be used to encompass a particular

spectrum of organismic variation. In addition, the

treatmentof inapplicable characters (necessary when

different characters are coded for the absence/pres-

ence ofa feature, and for the different forms of the

feature when it is present) varies widely between

studies. For a general discussion of these issues

the reader may consult Jenner (2002). That paper

specifically addresses pitfalls ofcurrently adopted

character coding strategies in metazoan cladistics

for all characters included in five of the most re-

cent cladistic analyses of the Bilateria or Metazoa

incorporating morphological data (Giribet et ah,

2000; Sorensen et ah, 2000; Nielsen, 2001; Peterson

& Ecrnisse, 2001; Zrzavy et ah, 2001). The analy-

ses of Zrzavy (2003) and Brusca & Brusca (2003)

were not available for that study.

The following is a list of all discussed characters.

Those marked with an asterisk have been discussed

above in connection with the relevant studies,

whereas the unmarked characters are discussed in

this section.

Epidermis and cuticle

Multiciliate epidermal cells

Cuticle layers

Reproduction and sexual condition

Sexes

Asexual/sexual reproduction

Modeof sperm deposition and modeof fertilization

Filiform sperm

Spermatozoa without accessory centriole

Spermatozoa with compact acrosome* (see under

Alternative phylogenetic hypotheses for Platy-

helminthes)

Spermatozoa with perforatorium

Sperm flagella

Gonads asacular or sacular

Gonocoel

Development

Spiral cleavage

Blastula

Fixed cell fate during cleavage* (see under Alter-

native phylogenetic hypotheses for Platyhelm-

inthes)

Mesodermal germ bands derived from 4d* (see

under Alternative phylogenetic hypotheses for

Nemertea)

Larval characters

Prototroch

Metatroch

Larvae or adults with downstream-collecting cili-

ary system

Larva with strongly reduced hyposphere

Prototrochal lobes

General shape of ciliary bands in platyhelminths

and nemerteans* (see under Alternative phylo-

genetic hypotheses for Platyhelminthes)

Ciliated larvae without bivalved shells* (see under

Alternative phylogenetic hypotheses for Nemer-

tea)

Pelagic larvae with apical ciliary tuft and plate*

(see under Alternative phylogenetic hypotheses

for Nemertea)

Cerebral rhabdomeric larval ocelli or integumen-

tary pigment cups* (see under Alternative phy-

logenetic hypotheses for Nemertea)

Body cavities

Secondary body cavity, coelom

Histological (ultrastructural), morphological, struc-

tural definition

Ontogenetic source

Developmental or morphogenetic mode

Coelomocytes

Lateral coelom derived from mesodermal bands*

(see underAlternative phylogenetic hypotheses

for Nemertea)

Nervous system and sensory organs

Statocysts
Adults with apical nervous system only* (see un-
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der Alternative phylogenetic hypotheses for

Platyhelminthes)

Cerebral ganglion, brain

Adult brain derived from or associated with larval

apical organ

Serial repetition of nerve collaterals

Orthogonal nervous system (see also under Alter-

native phylogenetic hypotheses for Platyhelm-
inthes and below under Serialrepetition of nerve

collaterals)
Two ventrolateral or one primitively paired ven-

tral nerve cord* (see under Alternative phylo-

genetic hypotheses for Nemertea)

Ventral nervous system* (see under Alternative

phylogenetic hypotheses for Platyhelminthes and

Alternative phylogenetic hypotheses for Nemer-

tea)

Buccal (pharyngeal) ganglion* (see under Alter-

native phylogenetic hypotheses for Gnathosto-

mulida)

Pharyngeal nerves* (see under Alternative phylo-

genetic hypotheses for Gnathostomulida)
Caudal ganglion* (see under Alternative phyloge-

netic hypotheses for Gnathostomulida)

Nephridial characters

Protonephridia

Podocytes/terminal cells/nephrocytes
Multiple protonephridial terminal cells* (see under

Alternative phylogenetic
hypotheses for Gnathostomulida)

Protonephridial terminal cell fenestrations* (see

under Alternative phylogenetic hypotheses for

Gnathostomulida)
Serial protonephridia* (see under Alternative phy-

logenetic hypotheses for Gnathostomulida)
Protonephridia with channel cell completely sur-

rounding lumen

Muscles

Muscle cells

Subepidermal muscle sheet derived from 4d-

mesentoblast* (see under Alternative phyloge-
netic hypotheses for Platyhelminthes)

Dermal circular (or external transverse) muscular

fibers* (see under Alternative phylogenetic hy-

potheses for Nemertea)

Z-elements present as Z-dots* (see under Alterna-

tive phylogenetic hypotheses for Gnathostomu-

lida)

Cross-striated pharynx muscles connected to jaw

elements through epithelial cells* (see underAl-

ternativephylogenetic hypotheses for Gnathosto-

mulida)

Smooth muscles* (see under Alternative phyloge-
netic hypotheses for Gnathostomulida)

Digestive system

Intestinal cell ciliation

Anus

Complete gut with mouth arising from blastopore*

(see under Alternative phylogenetic hypotheses
for Nemertea)

Jaw elements with tube-like support rods composed

ofelectron lucent material surrounding an elec-

tron-dense core* (see under Alternative phylo-

genetic hypotheses for Gnathostomulida)
Mouth region with chitinous membrane* (see un-

der Alternative phylogenetic hypotheses for

Gnathostomulida)

Pharynx shape triangular or star-shaped* (see un-

der Alternative phylogenetic hypotheses for

Gnathostomulida)

Miscellaneous characters

Frontal gland complex
Locomotion

Lack of mitosis in somatic or epidermal cells (eutely)
Chitin and chitinase* (see under Alternative phy-

logenetic hypotheses for Platyhelminthes)

Lophotrochozoan complement of Hox genes

Septate junctions
Closed blood vessels

Segmented or serial mesodermal structures* (see

under Alternative phylogenetic hypotheses for

Nemertea)

Compound cilia

Respiratory pigments

Gliointerstitial cell system
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Epidermis and cuticle

Multiciliate epidermal cells

Multiciliate epidermal cells may have multiple

separate cilia or compound cilia.

Character coding

S12: ciliation of epidermal cells monociliate/multi-

ciliate/no cilia

P13: ciliated epidermis a/p with monociliated cells/

p with multi- or mono- and multiciliated cells

P14: densely multiciliated epidermis a/p

H4; Wa7; ZII25: epidermis with monociliatedcells/

polyciliated cells

E31: multiciliary epidermis with ciliated rootlets

a/p

Character scoring and phylogenetic significance

Epidermal cells in the phoronids are typically mo-

nociliate (Herrmann, 1997). The presence of mul-

ticiliated epidermal cells as is scored for S12 is

doubtful. Although Gilmour (1978) reported the

presence of multiciliated cells on the tentacles of

actinotroch larvae, subsequent studies have not

confirmed their presence (Nielsen, 1987; Pardos et

al., 1991; Nielsen & Riisgard, 1998). Only mono-

and sparse biciliate cells were reported.
A similar situation pertains to the reports ofmul-

ticiliated epidermal cells in Brachiopoda. Whereas

Gilmour (1981) reported the presence of multi-

ciliated tentacular epidermal cells, their presence

was not confirmed by later studies (Nielsen, 1987;

Nielsen & Riisgard, 1998; Nielsen, 2001).
The presence of multiciliate epidermal cells in

the ground pattern of Chordata (PI3) is unlikely

given the predominance of non-ciliated epidermal

cells in chordates and the presence of scattered

monociliated cells in the epidermis of cephalochor-

dates (Ruppert, 1997; Nielsen, 2001).

The distribution of multiciliate epidermal cells

recorded in the analyses of Sorensen et al. (2000)
and Peterson & Eernisse (2001) is consistent with

their interpretation as a autapomorphy ofAcrosomata

(equivocal in Sorensen et al., 2000). However, con-

vergence ofmulticiliate cells is likely, for example,

as is indicated by their sporadic occurrence in the

cnidarians (Nielsen, 2001) and the likelihood of

their evolution within Gastrotricha (Hochberg &

Litvaitis, 2000). In a recent study Zrzavy (2003:

73) concluded in contrast to traditional ideas (see

Hochberg & Litvaitis, 2000) that “ancestral gas-

trotrichs were originally multiciliate regardless of

their final phylogenetic position,” and that “primi-

tive monociliation [traditional view] is less parsi-

monious.” However, this conclusion cannot be

upheld.

The hypothesis of relationships within the gas-

trotrichs proposed by Zrzavy (2003: fig. 5) sug-

gests that the monociliate Dactylopodolida are the

sister group to the remaining, chiefly multiciliate,

gastrotrichs. This leaves the gastrotrich ground pat-

tern of epidermal cell ciliation uncertain. Conse-

quently, the primitive form of ciliation is depen-

dent upon the state found in out-groups, in con-

trast to Zrzavy’s claim that the ancestral pattern of

ciliation for the gastrotrichs can be determined

“regardless of their final phylogenetic position”

(£rzavy, 2003: 73).

The analysis of Zrzavy (2003) suggests that the

gastrotrichs are the sister phylum to the Ecdysozoa.

Zrzavy (2003: 73) concluded that “Ecdysozoa were

probably multiciliate originally.” However, because

epidermal cilia are generally lacking in the ecdyso-

zoans, these phyla were all scored as “?s”, with the

exception of the onychophorans, which were scored

as possessing multiciliate cells. The presence of

multiciliate cells in the metanephridia of the ony-

chophorans is the basis of this scoring in Zrzavy

(2003: 73). However, because this character (ZI125)

supposedly codes for the ciliation of epidermal cells,

the onychophorans should be rescored. Bartoloma-

eus & Ruhberg (1999) identified monociliate epi-

dermal cells in the developing embryo. A recent

Table 5. Scoring conflicts ofmulticiliated epidermal cells.

Absent Present (also ?

polymorphic)

Proposed

scoring

Phoronida P13; E31;

ZII25

SI2 Absent

Brachiopoda PI3; E31;

ZII25

S12 Absent

Chordata E31 PI 3 ZII25 Absent



Contributions to Zoology, 73 (1-2) — 2004 67

study by Eriksson et al. (2003: fig. 51) confirmed

thepresence of monociliate cells in the hypocerebral

organ of the onychophorans. This
organ develops

from invaginated ectodermal cells. When the ony-

chophorans are rescored accordingly, the ground

pattern of the gastrotrichs remains uncertain when

the character is mapped on Zrzavy’s morphologi-
cal phylogeny. When epidermal cell ciliation is

optimized on Zrzavy’s (2003) preferred total evi-

dence phylogeny, monociliate cells are inferred to

be the primitive condition for the ecdysozoans, with

a reversal to multiciliate cells within the gastrot-

richs.

Cuticle layers

Cuticles that cover the body surface of the meta-

zoans come in many guises, from a simple, thin

glycocalyx interspersed between epidermal mi-

crovilli to thick, multilayered ‘true’ cuticles that

may even form adorning structures such as spines,
scales and hooks, and that may overlay epidermal
cells lacking microvilli (Rieger, 1984). Different

types of cuticle are generally distinguished on the

basis of differences in the number of layers, their

ultrastructural appearance, e.g., granular, fibrillar,

laminate, and theirchemical composition (containing
collagen or chitin). A general terminology for cu-

ticle layers applicable across different phyla dis-

tinguishes an outermostepicuticle (often laminate),
a middle exocuticle (often proteinaceous), and a

innermost endocuticle (often fibrillar) (see Lemburg,
1998 and Schmidt-Rhaesa et ah, 1998 for useful

reviews).

Character coding

Hi; Z193: cuticle simple/two-layered

ZI21: molted cuticle with epicuticle, exocuticle, and

endocuticle, with sclerotization a/p
ZH35: cuticle with epicuticle and basal layer a/p
ZH36: molted sclcrotized cuticle with the basal layer
differentiated as exocuticle and endocuticle a/p
Eh3: stratified cuticle with epicuticle and basal layer
a/p

Character scoring and phylogenetic significance

Although no attempt is made here to present a com-

plete discussion of cuticular organization through-

out the Metazoa, some comments on the adopted

coding and scoring of HI and Z193 are in order.

Haszprunar (1996a) introduced a character (HI)

involving layering of the cuticle into a cladistic

analysis of the spiralians. Haszprunar (1996a) based

his character coding primarily upon earlier work

by Rieger (1980, 1981, 1984). The two character

states of H1 distinguish a simple cuticle, which is

equivalent to a glycocalyx, from a more complex

cuticle, which is composed of an outer thin epicu-
ticle and a thicker basal layer. The latter character

state was proposed as a synapomorphy of the

Trochozoa, Nemertea and Lobatocerebrum (with

one reversal to a glycocalyx covered epidermis in

Nemertea). However, the phylogenetic significance
of a layered cuticle could not be fully appreciated
within the context of the limited sample of proto-

stome phyla included in Haszprunar’s study.

Subsequently, Zrzavy et al. (1998) introduced

the same character (Z193) with identical coding
for the first time into a cladistic analysis of all

metazoan phyla. However, the scoring ofZ193 does

not accurately reflect the cuticular organization of

many phyla. Although all phyla also included in

the analysis of Haszprunar (1996a) were scored

identically (and correctly) for Z193, the scoring for

many other bilaterian phyla presents problems. First,
all the lophophorate and deuterostomian phyla were

scored as having a simple cuticle (glycocalyx only).
This scoring ignores the (bi- or multi-) layered
cuticles that are present in a number of these taxa,

including the echinoderms, brachiopods, ectoprocts,

possibly urochordates (often containing cells; fig.

8A in Burighel & Cloney, 1997), and even the cni-

darians (Rieger, 1980, 1984; Byrne, 1994; Cavey
& Miirkel, 1994; Chia & Koss, 1994; Heinzeller &

Welsch, 1994; Smiley, 1994; Mukai et ah, 1997;

Williams, 1997). The cuticles of these phyla ex-

hibit varying degrees of similarity to those found

in non-ecdysozoan protostomes, and are certainly
not simple glycocalices.

Second, the bilaterian phyla that were scored as

*?’ for cuticle organization such as the chaetog-

naths, echiurans, and cycliophorans, also exhibit a
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cuticle ultrastructure that closely resembles the

cuticle found in taxa that were scored as possess-

ing a layered cuticle (Pilger, 1993; Punch, 1996;

Punch & Kristensen, 1997; Shinn, 1997).

Third, the panarthropods and cycloneuralians were

scored as possessing two-layered cuticles, similar

to those observed in the trochozoansand Lobatocerebrum.

Interestingly, recent studies have yielded more

detailed information on cuticle structure in these

taxa that clearly shows their distinct organization,

and which has been used to help resolve their rela-

tionships (Neuhaus, 1994; Neuhaus et ah, 1996;

Lemburg, 1995, 1998; Schmidt-Rhaesaet ah, 1998,

2002). In particular, a bilayered cuticlewith (tri)la-

minate epicuticle and proteinaceous basal layer is

considered as a synapomorphy of the cycloneuralians

(see also Eh3). A trilayered cuticle with a (tri)la-
minatc epicuticle, a proteinaceous median layer

(exocuticle) and a fibrillar basal layer (endocuticle)

with chitin is considered a synapomorphy ofeither

the introvertans or the ecdysozoans (Ehlers et ah,

1996; Neuhauset ah, 1996, 1997b; Lemburg, 1998;

Schmidt-Rhaesa et ah, 1998; see Jenner, 2002 for

a coding experiment of cuticles).

It should be noted that a considerable degree of

ultrastructural variation may be observed between

different phyla, as well as within single phyla ac-

cording to the body region or the ontogenetic stage

that is being considered. For example, Nematoida

lack chitin in the basalmost cuticle layer, adult

nematomorphans lack the trilaminate epicuticle, and

the cycloneuralian pharyngeal and epidermal cuti-

cle may show variation in both organization and

composition (for example in spines and scalids),

c.g., Ruppert (1982, 1991b), Neuhaus et ah (1997a),

and Lemburg (1998). Wagele et ah (1999) and

Wagele & Misof (2001) recently criticized the phy-

logenetic value ofa complex cuticle character, such

as a trilayered cuticle with trilaminate epicuticle

and chitinous endocuticle, and proposed to decom-

pose it into smaller traits that show less than per-

fect congruence in their distribution. I agree with

Zrzavy (2001) that such reductionism is of limited

value when pushed too far, but it raises the inter-

esting issue of how to demarcate characters. If it

can be ascertained that different components of a

complex character have independent evolutionary

histories, then it is worthwhile to explore the phy-

logenetic significance of the different parts of a

complex character (see Jenner, 2002 for a charac-

ter coding experiment of cuticle layers).

The exact pattern of cuticle evolution remains

to be determined. Nevertheless, Rieger’s (1984) sug-

gestion of the likelihood of convergent specializa-

tions in cuticle structure in different lines of meta-

zoans appears to be supported to a certain degree

by recent ultrastructural studies. For example, an

epicuticular organization similar to the trilaminate

epicuticle proposed for the introvertan orecdysozoan

ground patterns has also been observed for the Cy-

cliophora, some molluscs, and brachiopods. How-

ever, in the molluscs and brachiopods the mode of

formation of the epicuticle appears to differ from

that of the introvertans and panarthropods. In these

latter groups the epicuticle is secreted by the tips
of epidermal microvilli (Schmidt-Rhaesa et ah,

1998). Finally, considerable variation in cuticular

layering within monophyletic phyla further indi-

cates the existence of at least a certain amount of

convergent evolution (Ruppert, 1982; Wright, 1991).

Reproduction and sexual condition

Sexes

A numberof cladistic analyses have coded charac-

ters with alternative character states for the pres-

ence of separate sexes (gonochorism, dioecious

sexual system), or hermaphroditism (monoecious

sexual system). These studies did not attempt to

distinguish different types of hermaphroditism, such

as simultaneousor sequential hermaphrodites (pro-

tandry, protogyny), or whether the male and fe-

male gonads are separate or part of the same (her-

maphroditic) organ.

Character coding

Z126; El 17: sex condition gonochoristic/herma-

phroditic

Ca6: sexes not always separate/always separate

C22: animals dioecious/monoecious/dioecious(dio-
ecious system in vertebrates is coded separately)
Me40: reproduction monoecious/dioecious

Wa28: hermaphroditism a/p
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Character scoring and phylogenetic significance

The scoring conflicts reveal that there is substan-

tial disagreement about the nature of the plesiomor-
phic sexual condition in various phyla.

It is beyond doubt that hermaphroditism is ple-

siomorphic for the urochordates as it is character-

istic of almost all ascidians, all appendicularians,

except the ‘model system’ Oikopleura dioica which

has
separate sexes, and all thaliaceans (Cloney, 1990;

Godeaux, 1990; Galt & Fenaux, 1990; Burighel &

Cloney, 1997; Fenaux, 1998). Consequently, the

scoring of Z126 must be changed. The scoring of

gonochorism for Chordata in Eernisse et al. (1992)
is ambiguous because the urochordates are typi-
cally hermaphroditic whereas the cephalochordates
and vertebrates are typically gonochoristic.

The unambiguous scoring of gonochorism for

pterobranch hemichordates for Z126 and C22 is

Wrong. Although the rhabdopleurids are gonocho-
ustic, the cephalodiscids can also be hermaphro-
ditic (Goldschmid, 1996b; Benito & Pardos, 1997)

This justifies the scoring of a polymorphism as is

done for Ca6 (Christoffersen & Araujo-de-Almeida,
1994, included the cephalodiscids and rhabdopleu-

1 ids as separate terminal taxa).
The unambiguous scoring of gonochorism for

the phoronids (Z126, C22) should be adjusted be-

cause both gonochoristic and hermaphroditic spe-

cies are known (Zimmer, 1991; Herrmann, 1997),
and the plesiomorphic state appears uncertain at

present.

The scoring of gonochorism for the ectoprocts

(Z126, C22) should be adjusted. While all known

ectoproct colonies are hermaphroditic, common

gonochoristic zooids are mostly restricted to the

stenolaemates, while zooids are typically hermaph-
roditic in gymnolaemates and phylactolaemates.

Although the phylogenetic relationships of the major

groups of ectoprocts remains in dispute (Woollacott

& Harrison, 1997; Nielsen, 2001), a recent morpho-

logical cladistic analysis indicates that the stenolae-

mates are not likely to be representatives of the

plesiomorphic ectoproct (Todd, 2000). Moreover,

it should be noted that the terminal taxon Bryozoa

(Ectoprocta) in Zrzavy et al. (1998) is solely com-

prised of gymnolaemates and phylactolaemates, and

should thus be rescored.

The scoring of Z126 and Wa28 for the kino-

rhynchs is wrong. All known kinorhynchs have sep-

arate sexes (Needham, 1989; Kristensen & Higgins,

1991; Lorenzen, 1996g).

Priapulids are plesiomorphically gonochoristic

(although occasional hermaphroditic individuals are

known), in contrast to the scoring for Z126 and

Wa28 (Storch, 1991; Lemburg & Schmidt-Rhaesa,

1999; Storch et al., 2000).

Nematoda typically have separate sexes (Bird &

Sommerville, 1989; Wright, 1991; Lorenzen, 1994),

w'ith occasional hermaphrodites, in contrast to the

scoring for Wa28.

Nematomorphs are also gonochoristic (Bird &

Sommerville, 1989; Bresciani, 1991; Schmidt-

Rhaesa, 1999) in contrast to the scoring for Z126.

Table 6. Scoring conflicts of sexual system (gonochoristic [dioeciousj/hermaphroditic [monoecious]).

Gonochoristic Hermaphroditic
9

Polymorphic Proposed scoring

Urochordata El 17 (Chordata) C22 Z126 Hermaphroditic

Pterobranchia Z126; C22 Ca6 Polymorphic
Phoronida El 17; C22 Z126 Ca6 Polymorphic

Ectoprocta ZI26; C22 Ca6 Hermaphroditic or polymorphic

Kinorhyncha El 17 Z126; Wa28 Gonochoristic

Priapulida El 17 Z126, Wa28 Gonochoristic

Nematoda Z126; El 17 Wa28 Gonochoristic

Nematomorpha Wa28 Z126 Gonochoristic

Polychaeta Z126 Wa28 Gonochoristic

Sipuncula Z126 Ca6 Gonochoristic

Molliisca El 17 (based on Z126 Gonochoristic

aculiferans)
Ncmertca Z126 El 17 Gonochoristic

Cnidaria El 17 Z126 7
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The unambiguous scoring of hermaphroditism

for the polychaetes in Wallace et al. (1996) is mis-

leading. Polychaetes are typically gonochoristic, but

hermaphroditism has evolved multiple times inde-

pendently within different polychaete families

(Schroeder & Hermans, 1975; Westheide, 1996;

Fischer, 1999).

The polymorphic scoring of Ca6 for the sipun-

culans is overly cautious. Sipunculans are gonocho-
ristic with the exception of one species (Golfingia

minuta) (Rice, 1989, 1993).

Although Z126 records a ‘?’ for the sexual sys-

tem of Mollusca, it is very likely that possession
of separate sexes is the plesiomorphic state for the

phylum. With the exception of hermaphroditic so-

lenogasters, for which hermaphroditism may be

an autapomorphy within the Mollusca, all basal mol-

luscan taxa such as the caudofoveates, polyplaco-

phorans, and monoplacophorans typically have

separate sexes. Gonochorism is also the primitive

state for the gastropods, bivalves, cephalopods and

scaphopods (Salvini-Plawen, 1990; Haszprunar,

1992; Eernisse & Reynolds, 1994; Getting, 1996;

Salvini-Plawen & Steiner, 1996; Haszprunar &

Schaefer, 1997; Shimck & Steiner, 1997; Ponder

& Lindberg, 1997).

Although hermaphroditic nemerteans are known,

these typically are derived freshwater and terres-

trial forms, and are mostly restricted to the mono-

stiliferan hoplonemerteans, which are not represen-

tative of the ncmertean ground pattern (Turbeville,

1991, 1996; Norenburg & Strieker, 2002; Thollcsson

& Norenburg, 2003). Separate sexes are more com-

mon in the phylum, and representative of the more

basal taxa. Therefore gonochorism can be regarded

as the plesiomorphic sexual condition.

Both gonochorism and hermaphroditism occur

within Cnidaria, and the plesiomorphic state is

uncertain (Schafer, 1996).
Placozoa is scored ‘?’ with regard to the sexual

condition, but both sperm and oocytes have been

observed within a single individual (Grell & Ruth-

mann, 1991; Ruthmann, 1996). This may indicate

that the animals are hermaphroditic. In contrast,

this may indicate that the placozoans have internal

fertilization. Lobatocerebrum is a hermaphrodite

(Rieger, 1980), and orthonectid mesozoans are

gonochoristic with only one exception (Ax, 1995;

Haszprunar, 1996c).

The prevalence of scoring problems necessitates

a re-analysis of the phylogenetic significance of

the nature of the sexual system in the Metazoa.

However, what is clear is that this character is quite

variable, both between and within phyla, and for

several phyla the ground pattern remains uncertain,

e.g., cnidarians, and phoronids. Convergent changes

in the sexual system are documentedwithin many

established monophyla such as the brachiopods

(Long & Strieker, 1991), nemerteans (Norenburg

& Strieker, 2002), molluscs (Eernisse & Reynolds,

1994), annelids (Schroeder & Hermans, 1975;

Glasby et al., 2000), tardigrades (Dewel & Dewel,

1997), and nematodes (Lorenzen, 1994).

An interesting question that remains to be ad-

dressed is what polarity of evolutionary change

is more common: from gonochorism to hermaph-

roditism, or vice versa? In order to arrive at a de-

finitive answer a robust phylogenetic framework

is needed, but as a first estimate on the basis of a

review of the published literature I think that there

is a bias towards the evolution of hermaphroditism

from gonochorism. Even in highly speciose taxa

that are plesiomorphically hermaphroditic such as

the clitellates, platyhelminths or urochordates,

changes from hermaphroditism to separate sexes

appear to be very rare. This picture is consistent

with the situation found in less speciose, and primi-

tively hermaphroditic, phyla such as the gnatho-

stomulids, ctenophores, and chaetognaths, where

changes to separate sexes are unknown. Interest-

ingly, in the one primitively hermaphroditic phy-
lum where a significant number of species did

Change their sexual system, the Gastrotricha, the

change has not been towards gonochorism but rather

to a unique life cycle of parthenogenetic reproduc-

tion followed by simultaneous hermaphroditism

during the life of a single individual (chaetonotid

gastrotrichs: Weiss, 2001). In contrast, many in-

stances of the evolution of hermaphroditism are

know in primitively gonochoristic phyla (see dis-

cussion above and Ghiselin, 1969). Obviously, this

problem needs to be approached on a much finer

scale as well, because gonochoristic and hermophro-
ditic individuals may even occur within the same

species.
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Asexual/sexual reproduction

Asexual (vegetative) reproduction may be effected

through a diversity of means such as budding, fis-

sion, or development from an unfertilized ovum

(parthenogenesis). Asexual reproduction is the sole

means by which many phyla form their distinctive

colonies. However, it seems hardly possible to find

sufficient similarities between the diverse modes

of asexual reproduction in different phyla to pro-

pose primary homology of all these processes

throughout the entire Metazoa.

Character coding

H30; Z128: asexual (vegetative) reproduction domi-

nant/rare, absent

Wa33: agamic reproduction (fission or budding)
a/p

Wa27: parthenogenesis a/p

Character scoring andphylogenetic significance

First, it should be notedthat the alternative charac-

ter states for H30 and Z128 are not unambiguously
determined as long as no explicit cut-off point is

defined that separates rare from dominant occur-

rence of asexual reproduction. The relative frequency
°1 a trait within a higher taxon is less relevant for

reconstructing a ground pattern than is the distri-

bution of that trait within that group. The scored

ground patterns are thus inherently uncertain for

H30 and Z128.

Asexual reproduction by parthenogenesis and

budding (paratomy) is the dominant reproductive
mode in the catenulidplatyhelminths (Rieger, 1986b;

Rieger et al., 1991b), contra the scoring of H30.

Asexual reproduction is unknown in the gnatho-
stomulids, justifying the scoring of H30.

Asexual reproduction by diverse means is found

m various polychaetes and clitellates (Schroeder
& Hermans, 1975; Needham, 1990), but whether

the ability for asexual reproduction is primitive for

these taxa appears uncertain.

Dominant asexual reproduction is an imprecisely
defined character that is certainly not a reliable

autapomorphy for Plathelminthomorpha (scored “?”

for several platyhelminths and gnathostomulids).

The scoring of this character in Zrzavy et al. (1998)

is puzzling. For example, dominant asexual repro-

duction is scored for taxa where: 1) the normal life

cycle consists of an asexual and sexual part such

as in Cycliophora (Punch & Kristensen, 1997), 2)

where asexual species are known but whereasexual

reproduction is neither the only reproductive mode,

nor present in the majority of species, such as in

Echinodennata (Holland, 1991; Chia & Walker,

1991; Hendler, 1991; Smiley et ah, 1991), 3) where

the scoring is simply incorrect, such as in Nemerto-

dermatida (Lundin & Sterrer, 2001), Enteropneusta

(Hadfield, 1975), Cephalochordata (Ruppert, 1997;

Whittaker, 1997), scalidophorans and nematoidans

(Lorenzen, 1996b). In contrast, the urochordates,

which frequently exhibit asexual reproduction, are

unambiguously scored as showing rare orno asexual

reproduction. The unambiguous scoring of rare or

absent asexual reproduction in the entirely parthe-

nogenetic bdelloid rotifers seems to indicate that

only asexual reproduction through budding or fis-

sion processes are scored for Z128. Furthermore, a

certain extent of convergent evolution of asexual

reproduction appears undeniable in taxa where

sexual reproduction is the dominant and arguably

primitive mode, such as in Sipuncula (Rice, 1975),

Pogonophora (according to Southward, 1975 asexual

reproduction is only present in Sclerolinum spe-

cies; see Halanych et al., 2001 and Rouse, 2001

for molecular and morphological estimates of its

phylogenetic position within the pogonophores), and

Tardigrada (Pollock, 1975; Dewel et al., 1993). It

is clear that a thorough re-assessment of asexual

reproduction for future cladistic analyses is impera-
tive.

,Wa33 scored agamic reproduction present for

priapulids, but all known priapulids reproduce solely

sexually (Lemburg & Schmidt-Rhaesa, 1999; Storch

et al., 2000).

Table 7. Scoring conflicts for relative frequency of asexual

reproduction.

Dominant Rare or

absent

9 Proposed

scoring

Catenulida Z128 H30 Dominant

Gnathostoniulida H30 Z128 Absent

Polychacta H30 Z128 ?

Clitellata H30 Z128 7
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Wa27 codes for the presenceof parthenogenesis,
and the gastrotrichs, nematodes, and rotifers are

unambiguously scored as possessing parthenogen-

esis. Although the presence of parthenogenetic

reproduction in bdelloid(obligate) and monogonont

(facultative) rotifers provides some certainty about

the ground pattern state (not conclusive since Seison

reproduces sexually), it is far from obvious that

parthenogenesis is part of the nematode ground

pattern (Lorenzen, 1996a) The phylogenetic distri-

bution ofparthenogenesis in gastrotrichs clearly sug-

gests that it evolved within that phylum (Hochberg

& Litvaitis, 2000; Weiss, 2001). These findings

support convergent evolution of parthenogenesis

in these phyla.

The evolutionary significance of asexual modes

of reproduction has fascinated zoologists through-

out the history of zoology. Interestingly, from

Huxley (1859) to Buss (1983, 1987) research on a-

sexual reproduction can be regarded as taking place

within the same broader context: to arrive at a sat-

isfactory explanation of the nature and origin of

individuality. In a first attempt at classifying the

divergent modes of asexual reproduction found

throughout the animal kingdom, Huxley (1859; 219)

wrote that “all these modes of development pass

into one another.” [See Desmond, 1994for the fas-

cinating context of Thomas Huxley’s work on par-

thenogenesis, and the role of this research in fuel-

ing his own ascent in the scientific community by

polarizing his views opposite to those of the zoo-

logical doyen of Victorian England, Richard Owen.]

However, in view of the lack of similarity between

the different modes of asexual reproduction, one

cannot maintain the validity of a broadly construed

character such as H30 and Z128. Nevertheless,

various recent hypotheses for the origin of higher
level taxa have assumed the importance of asexual

processes ofreproduction, especially when budding
results in colonial organization. The Eumetazoa,

Bilateria, Deuterostomia, and even Vertcbrata have

recently been derived from a primitively colonial

organization (Rieger, 1986a, 1988, 1994a, b; Rieger
et ah, 1991a; Lacalli, 1997, 1999, 2000; Dewel,

2000), and coloniality in phyla such as the ento-

procts, pterobranchs and urochordates may conse-

quently be regarded as plcsiomorphic. However,

the hopes for phylogenetically linking coloniality

in different phyla should be tempered by recent

insights (largely from molecular phylogenetics) that

suggest that coloniality, even where it occurs in a

dominant proportion of the species, has evolved

independently within phyla. For example, although

a cladistic framework of relationships is still lack-

ing for entoprocts, there appears to be agreement

among recent workers that the solitary entoprocts

of the family Loxosomatidae may represent a

paraphyletic grade giving rise to the monophyletic

colonial forms (Nielsen, 1995; Emschermann, 1996).

18S rDNA sequence data suggest that the colonial

pterobranchs arose from within the solitary ente-

ropneusts (Cameron et ah, 2000; however, large

subunit rDNA places the pterobranch Cephalodiscus

as a sister group to enteropneusts: Winchell et ah,

2002). Coloniality has arisen a number of times

convergently within the ascidians (Swalla et ah,

2000; Swalla, 2001; Stach & Turbcvillc, 2002). One

potential pathway to further our understanding of

the evolution of asexual modes of reproduction,

especially cases of budding or fission, that has

proven profitable is to explore the relationship with

regenerative capacities in both adult and larval

metazoans, especially in terms of the deployment
of similar sets of genes in these forms of non-em-

bryonic development (Vickery & McClintock, 1998;

Bely & Wray, 1999; Lacalli, 1999).

Mode of sperm deposition and mode of fertiliza-

tion

Various studies have included characters coding

\for mode of sperm deposition or sperm transfer,

and mode of fertilization. Clearly, these aspects of

reproductive biology are as closely linked to each

other, as they are to other characters such as sperm

morphology (see under Filiformsperm). However,

because an exact correlation is lacking, serious

difficulties ofcharacter coding are introduced when

broad ranges ofphyla are analyzed simultaneously.

Character coding

A13: internal sperm deposition and internal fertili-

zation

Direct sperm transfer and internal fertilization in

Ax (1985, 1989, 1995)
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Eh4: internal fertilization a/p
El 19: external fertilization/direct internal fertili-

zation

Me44: copulation: intradermic/vaginal
Wa29: hypodermic impregnation a/p

Character scoring andphylogenetic significance

It is difficult to identify natural suture lines along
which to sort the diversity of modesofsperm transfer

and fertilization observed in the animal kingdom.
Some characters only code mode of sperm trans-

fer, such as Mc44 and Wa29, while other combine

modes of sperm transfer and fertilization, such as

A13 and El 19. Each of these coding decisions has

its specific strengths and weaknesses.

In the invertebrate zoology literature a common

distinction is made betweendirect and indirect sperm

transfer. Direct sperm transfer is restricted to in-

stances of true copulation, in which sperm is di-

rectly deposited into the genital openings of the

partner, usually through the penetration of a penis.
This equates direct sperm transfer (copulation) with

internal sperm deposition in the genital system. All

other modes of sperm transfer in which contact

between sexual partners may be required, but in

which gametes are not deposited directly into the

genital system are referred to as indirect transfer,

fhese terms are applied to very different phyla.
Concrete examples of indirect sperm transfer are

hypodermic inseminationand dermal impregnation

(depositing sperm under the epidermis or on the

outside of the body, respectively), as found, for

example, in various platyhelminths and onycho-
phorans. Instances oftrue copulation in which sperm
18 transferred into the female genital opening is

classified as direct sperm transfer in these two phyla
(Galleni & Gremigni, 1989; Ruhberg, 1990). It

should be noted that the term ‘copulation’ is rather

artificially restricted to instances of direct sperm
transfer or internal sperm deposition. We might as

well term indirect modes of sperm
transfer ‘copu-

lation’ as long as there is physical contact between

the sexual partners (in agreement with the coding
ol Me44). There is a gray area between direct and

indirect modes of
sperm transfer, which makes it

difficult to characterize some phyla. For example,

chaetognaths exhibit a distinctive mating behavior

(Shinn, 1997), which is followed by a so-called

pseudo-copulation that does not involve a penetra-

tion, but the
sperm is nevertheless deposited on the

outside of the partner’s gonopore through contact

between the secual partners (Kapp, 1996; Shinn,

1997). Technically, this mode of sperm transmis-

sion should thus be classified as indirect sperm trans-

fer. However, were the sperm deposited on the inside

of the gonopore,we wouldcall it direct sperm trans-

fer.

It is difficult to determine primary homology of

mode of sperm deposition or transfer in different

phyla, because there is much variation in the exact

details, even within closely related phyla such as

the gastrotrichs, platyhelminths and gnathiferans.
There are two clear alternative character states

for mode of fertilization: external and internal.

External fertilization refers to fusion of the male

and female gametes outside the body of the parent,

while internal fertilization refers to fusion of the

gametes inside the body of the parent. However,

introducing such a simple character with two char-

acter states into a phylogenetic analysis of all ani-

mal phyla would be grossly misleading. One can-

not homologize all instances of internal fertiliza-

tion found in the Metazoa. There are two reasons

for this.

First, mode of fertilization can be quite variable

within phyla, and internal fertilization has evidently
evolved convergently within well-established mo-

nophyletic taxa. Examples can be found in phyla
distributed amongall the major clades ofmetazoans

such as the cnidarians, molluscs, annelids, priapulids,

echinoderms, and urochordates (Haszprunar, 1988;

Fautin et ah, 1989; Storch, 1991; Rowe et al.,

1991; Rice, 1992; Burighel & Cloney, 1997; Pon-

der & Lindberg, 1997). The variation in reproduc-
tive modes can be extensive in some cases. For ex-

ample, massive diversity and probably extensive

convergence in reproductive and developmental

patterns characterizes the Annelida(Fischer, 1999).

A minimum estimate of 25% ofall described poly-
chaete families show more than one mode of fer-

tilization (Glasby et al, 2000). However, this does

not preclude, in principle, the possibility of homol-

ogy of internal fertilization in at least some phyla.

Second, the association of internal fertilization

with very different modes of sperm transfer makes
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homology of internal fertilization across the Meta-

zoa exceedingly unlikely. For example, there is little

reason to posit primary homology of the internal

fertilization found in such divergent groups as the

acanthocephalans and the phoronids. Acanthoceph-

alan males use their highly specialized copulatory

bursa to attach to a female, after which the male’s

penis papilla is inserted into the female’s vagina

for internal sperm transfer and fertilization (Cromp-

ton, 1989; Lorenzen, 1996f). In contrast, the phoro-

nids spawn their sperm freely in the seawater. When

the sperm, bundled into a spermatophore, comes

into contact with a tentacle of another individual,

the spermatophore dissolves into a mass of amoe-

boid sperm that digests the wall of the recipient’s

tentacle in order to enter into the mesocoelom. For

other species of phoronid it appears that sperm is

swallowed and then reaches the body coelom through

the stomach wall (Zimmer, 1991, 1997). Rather than

supporting homology of internal fertilization in these

two taxa, it is tempting to speculate that this infor-

mation suggests independent evolution of internal

fertilization as part of reproductive strategies that

adapt the acanthocephalans and phoronids to their

respective life styles. The acanthocephalans are obli-

gatory endoparasites residing as adults in the di-

gestive system ofvertebrates, an environment likely

to be unfavorable to the survival and migration of

sperm. The phoronids are sessile animals that might

boost fertilization success for a modest number of

eggs through internal fertilization. Although the data

is merely suggestive, the phoronid’s closest rela-

tives, the brachiopods, exhibit external fertilization,

and appear to spawn larger numbers of eggs (Long
& Strieker, 1991; Zimmer, 1991).

Actual fertilization is a very rarely observed phe-

nomenon in many phyla. Consequently, the deter-

mination of mode of fertilization is typically based

upon indirect methods. The presence of internal

fertilization may be inferred on the basis ofdiverse

clues such as: 1) sperm morphology, 2) the obser-

vation of sperm on, or in, a female/hermaphroditic

animal, e.g., entoprocts (Nielsen, 2001), 3) the

presence of specialized organs for receiving sperm,

such as seminal receptacles, 4) the presence of struc-

tures used in copulation, such as male claspers, 5)
the observation of the act of copulation, such as in

the gnathostomulids (Mainitz, 1989), 6) females

releasing developing embryos, e.g., in meiobenthic

priapulids (Lemburg & Schmidt-Rhaesa, 1999), or

7) the observation of fertilization-related physical

changes in the oocyte before it is released from the

animal, e.g., formation of a fertilization membrane

and commencement of cleavages in placozoan

oocytes (Grell & Ruthmann, 1991; Ruthmann, 1996).

Even the developmental modeof an animal has been

used to infer mode of fertilization. For example,

direct development is accepted as indicative of in-

ternal fertilization in Meiopriapulus (Storch et ah,

2000: 16). This interpretation is apparently sup-

ported by the ultrastructure of the thread-like sperm

in Meiopriapulus (fig. 9A in Storch, 1991) which

strongly resembles that of the meiobenthic Tubilu-

chus for which internal fertilization has been as-

certained. Unfortunately, Fig. 9 in Storch (1991) is

most likely mislabeled. The text (p. 345, 346) un-

ambiguously refers to fig. 9 as representing Tubilu-

chus, and Aldrichs (1995: 248) additionally noted

that the labeling of Storch’s fig. 9 contradicts an

earlier publication. Thus, unfortunately sperm ul-

trastructure for Meiopriapulus is still unknown. In

conclusion, although the use of indirect criteria to

infer fertilization mode is a virtual practical neces-

sity, and although it may yield reasonably reliable

results in many groups, it should nevertheless be

employed with caution (see Rice, 1992; Rouse &

Pitt, 2000).

Because there is an undeniable correlation be-

tween mode of sperm transfer and fertilization,

various authors have unitedbothaspects into a single
character (e.g. A13, El 19, and discussions in Ax,

1985, 1989, 1995). Indeed, a key to recognizing

the true phylogenetic significance ofmodes ofsperm

transfer and fertilization is probably their simulta-

neous consideration. However, the lack of a per-

fect correlation introduces difficulties. For example,

intuitively one might expect to find a perfect cor-

relation between copulation and internal fertiliza-

tion on the one hand, and free-spawning of sperm

and external fertilization on the other. Indeed, such

a distinction is so universally recognized that an

almost unanimous attendant assumption prevails

about evolutionary polarity, viz., the primitiveness

of free-spawning of sperm and external fertiliza-

tion and the derived condition of direct sperm trans-

fer and internal fertilization (Ax, 1995: 133; Rieger,
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1996a: 203; Biggelaar et al., 1997: 367). However,

copulation does not necessarily imply internal fer-

tilization as is illustrated by the oligochaetes (Need-

ham, 1989; Westheide, 1996), and free-spawning
does not necessarily imply external fertilization as

is illustrated by the poriferans, entoprocts, and

phoronids (Fell, 1989, 1997; Emschermann, 1996;

Zimmer, 1991,1997). Moreover, direct sperm trans-

fer and internal fertilization may be primitive for

certain taxa (Rouse & Fitzhugh, 1994; McHugh &

Rouse, 1998), and the hypothesis that these char-

acteristics
may also be primitive for supraphyletic

clades cannot currently be discounted without ar-

gument (Olive, 1985; Buckland-Nicks & Scheltema,

1995).

Finally, it is instructive to scrutinize and com-

pare the adopted character coding and scoring in

the different cladistic analyses. Wa29 and Me44

are restricted to coding mode of sperm transfer only.
There are some scoring difficulties associated with

Wa29. Gnathostomulida are scored as lacking hy-
podermic impregnation. However, the filospermoi-
deans probably inject their sperm into the body of

the partner (Mainitz, 1989; Sterrer, 1996), while

hypodermic impregnation is also a possibility for

the scleroperalian bursovaginoids (Mainitz, 1989).

Furthermore, the unequivocal scoring of hypo-
dermic impregnation for Rotifera is based upon its

presence in monogonont rotifers (Clement &

Wurdak, 1991). The character is inapplicable in the

parthenogenetic bdelloids, and it is not found in

Seison. Seison mating has not been observed (Gil-
bert, 1989; Ahlrichs, 1995), but it is likely that the

rnale transfers a spermatophore to the female (pos-
sibly into the cloacal opening) using a longitudinal
lold of the head region (Ahlrichs, 1995). Pending
the resolution of conflicting phylogenies of rod-

lers and acanthocephalans on the basis of molecu-
lar and morphological data (Garey et al., 1996, 1998;
Melone et al, 1998; Garcia-Varela et ah, 2000; Mark

Welch, 2001; Garcia-Varela et al, 2002; Herlyn et

a*-’ 2003), the ground pattern states for Rotifera

and Syndermata remain ambiguous. Furthermore,
hypodermic impregnation is known in other taxa

thioughout the Metazoa that were not included in

the analysis of Wallace et al. (1996), such as the

molluscs, onychophorans, and tardigrades (Berto-
•ani, 1990; Brahmachary, 1989; Ruhberg, 1990).

However, the scattered distribution of hypodermic

impregnation in these taxa, and the very variable

means by which the process occurs indicate con-

vergentevolution. These include the use of diversely

organized penises and penis stylets such as in the

rotifers and polychaetes, buccal stylets in the tar-

digrades, and the lysing of the mate’s epidermis
after sperm deposition at the body surface in the

onychophorans (Bertolani, 1990; Ruhberg, 1990).

However, for more restricted sets of phyla, hypo-
dermic impregnation may yet turn out to be a syna-

pomorphy.

Me44homologizes intradermic and vaginal copu-

lation for the platyhelminths and gnathiferans.

Vaginal copulation is supported by the analysis of

Melone et al. (1998) as an unambiguous synapo-

morphy for Syndermata. However, the scoring of

Seison as possessing vaginal copulation is not sup-

ported by observations (Ahlrichs, 1995), and the

unique morphology of the male reproductive sys-

tem in Seison, including a headfold that functions

in the take-up of sperm before transfer to the fe-

male, indicates that the mode of sperm transfer is

an autapomorphy for Seison. Based on current in-

formation, it is most likely that vaginal copula-
tion has independently evolved in the stem lineages
of Acanthocephala and within Monogononta where

only few species exhibit this character (Hyman,
1951b; Gilbert, 1989). A final problem with Me44

is the scoring of intradermic copulation as the char-

acter state for an hypothetical ancestor used for

determining character polarity. None of the pub-
lished comprehensive morphological cladistic analy-
ses support a sister group relationship between the

Platyhelminthes and Gnathifera, as is assumed by
Melone et al. (1998), and in view of the different

out-groups suggested for these taxa in different

cladistic analyses the plesiomorphic mode of copu-

lation remains undetermined.

A13, El 19, and Ax (1985, 1989, 1995) link mode

of sperm deposition and fertilization. This is no

problem for Ahlrichs (1995) and the studies ofAx

because they considered only restricted sets of taxa.

However, one should not indiscriminately unite these

features in phylogenetic analyses using a broad range
of taxa such as Eernisse et al. (1992) (El 19) did.

The character states of E119 do not readily comple-
ment the taxa selected, i.e, they do not constitute
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clear alternatives that cover the character variation

observed in the terminal taxa. In such a situation,

misscorings are inevitable (see relevant section under

Platyhelminthes for further discussion of charac-

ter El 19).

Finally, the phylogenetic significance granted to

internal fertilization (and internal sperm deposition)

in Ahlrichs (1995) (synapomorphy for the platy-
helminths and gnathiferans), Ehlers et al. (1996)

(gastrotrich autapomorphy), and Ax (1989, 1995)

(synapomorphy of platyhelminths and gnathosto-

mulids) should be reconsidered as potentially closely

related taxa also possess internal fertilization. In-

ternal fertilization is common for cycloneuralians

such as the gastrotrichs (Ruppert, 19916), nema-

todes (Wright, 1991; Lorenzen, 1996a), nemato-

morphs (Brcsciani, 1991; Schmidt-Rhaesa, 1999),

and possibly also the loriciferans and kinorhynchs

(Kristensen, 1991a; Kristensen & Higgins, 1991).

Nanaloricus mysticus possesses round-headed

sperm, and may exhibit external fertilization which

would be unique among loriciferans (R. M. Kris-

tensen, pers. comm., Kristensen & Brooke, 2002).

In fact, macrobenthic priapulids are the only ex-

ceptions among aschelminths in possessing exter-

nal fertilization and a ‘primitive’ type sperm (gen-

erally referred to as “ectaquasperm”) (Storch et al.,

2000). Schmidt-Rhaesa (1996: 243) argued that the

external fertilization and primitive type sperm found

in macrobenthic priapulids may represent the

plesiomorphic condition for the aschelminths, and

that internal fertilization has evolved convergently

in the different phyla. However, the diversity of

sperm morphologies within the aschelminths cur-

rently defies any clear conclusions, since in the anal-

yses of Ax (1989, 1995), Ahlrichs (1995), and Ehlers

et al. (1996), the sampling of taxa was too restricted

for a proper assessment of the evolutionary sig-
nificance of mode of fertilization. So far, mode of

fertilization has not yet been submitted to a com-

prehensive computer-assisted cladistic analysis that

included all metazoan phyla.

Mode of sperm transfer, copulatory behavior, and

mode of fertilization are highly diverse, may vary

within phyla, and are functionally linked to each

other. These features are not fully congruent, and

there arc many different morphologies associated

with these processes. The issue of primary homol-

ogy should be approached with utmost care in fu-

ture analyses.

Filiform sperm

Sperm morphology is a highly variable character

both within, e.g., the molluscs, platyhelminths,

gnathostomulids, and gastrotrichs, and between

phyla. However, two general types of sperm are

commonly recognized:

(1) sperm with a more or less globular head re-

gion, a short middle piece with mitochondria, and

a posterior flagellum.

(2) sperm that is thread-like or filiform with a slender

head region and elongated nucleus and mitochon-

dria, and a cylindrical middle piece.

The first type ofsperm is often designated as primi-
tive and the second as modified. However, the

evolutionary significance of these adjectives should

be carefully assessed within the context of the taxa

studied, and although widespread in the literature,

any Metazoa-widegeneralizations without recourse

to a phylogenetic framework are on shaky ground.

Although variation in sperm morphology has been

used as a phylogenetic indicator on lower taxonomic

levels, its significance for higher level phylogenetics
is less obvious. Nonetheless, a number of recent

studies included a character on the absence or pres-

ence of filiform sperm to reconstruct metazoanphy-

logeny (Ax, 1989, Ax, 1995; Eernisse et al., 1992;

Ahlrichs, 1995; Zrzavy et al., 1998).

\Character coding

Ell8; Z117; A13: filiform sperm a/p

G5: filiform sperm without accessory centriole a/p

Character scoring and phylogenetic significance

The observed conflict in character scoring illus-

trates the need for the consistent adoption of an

Table H. Scoring conflicts of filiform sperm.

Absent Present Proposed scoring

Rotifera Zl 17 AI3 Present

Acanthocephala Z117 AI3 Present
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exact definition of filiform sperm. Recent analy-
ses agree in scoring the platyhelminths (primarily
based upon acoelomorph sperm, Hendelberg, 1983;

Watson, 1999; Raikova et ah, 2001) and gnathosto-
mulids (based upon filospermoid sperm, Lammert,

1991) as possessing filiform sperm. Accordingly,
Ax (1985, 1989, 1995), Eernisse et al. (1992), and

Zrzavy et al. (1998) interpreted filiform sperm as

an autapomorphy of Plathelminthomorpha (Platy-
helminthes and Gnathostomulida). However, Sterrer

et al. (1985) hinted that comparison with the sperm

of Gastrotricha would be commendable. Later,

Ahlrichs (1995) also scored Rotifera and Acantho-

cephala as possessing filiform sperm and consid-

ered filiform
sperm as a synapomorphy of Platy-

hehninthes and Gnathifera. This scoring reflects a

character definition that accommodates filiform

sperm exhibiting considerable ultrastructural varia-

tion, including location of the attachment point of

the sperm flagellum on the cell body (posterior if

present in plathclminthomorphans, anterior and

recurving to posterior in syndermates), possession
of a spiral (gnathostomulids) or non-spiral nucleus,

and the presence (Seison
, gnathostomulids) or ab-

sence (monogonont rotifers, most platyhelminths)
of acrosome vesicles.

However, it is unlikely that the phylogenetic sig-
nificance of filiform sperm has been properly re-

solved in any of the above mentionedphylogenetic
studies. There is mounting evidence that the acoelo-

morphs cannot be used as a representative of the

platyhelminlh ground pattern as they may be the

basalmost extant bilaterians (Ruiz-Trillo et al., 1999,

2002; Baguiia et al., 2001; Jondelius et al., 2002;
Telford et al., in press). Also, variation in sperm

morphology can be quite extensive within phyla,
for example the Gnathostomulida. Mapping the

known sperm morphologies (Alvestad-Graebner &

Adam, 1983) on a recent cladogram (Sorensen,
2002) for the Gnathostomulida is at least consis-

tent with regarding filispermoid sperm as plesio-
morphic for the group, but the fact that Filispermoida
and Bursovaginoidea are sister groups, with diverse

sperm types distributed in the latter taxon, at best

allows only a tentative conclusion. Filiform sperm
18 a ' so found in other phyla that are both poten-
tuilly closely related as well as more distantly re-

lated to the platyhelminths and gnathiferans, such

as Cycliophora, Entoprocta, Gastrotricha, Myzosto-

mida, Chaetognatha, Onychophora, Arthropoda in-

cluding Pentastomida, and Pterobranchia(Alvarino,

1983; Franzen, 1983b; Storch, 1993; Storch & Ruh-

berg, 1993; Eeckhaut, 1995; Benito & Pardos, 1997;

Shinn, 1997; Punch & Kristensen, 1997; Nielsen

& Jespersen, 1997; Ruppert, 1991b; Ahlrichs, 1995;

Weiss, 2001). These taxa were either incorrectly
scored as lacking filiform sperm (Zrzavy et al.,

1998), not included in the analysis (Eernisse et al.,

1992), or the lack of a numerical phylogenetic

analysis did not yield the most parsimonious solu-

tion (Ax, 1985; Ax, 1989, Ax, 1995; Ahlrichs, 1995).

The morphology of filiform sperm varies quite

considerably between different phyla, and needs

to be carefully considered if one wants to adopt a

character that is meaningfully applicable across the

entire Metazoa.

Franzen (1956) highlighted the link between

sperm structure and fertilization biology, and this

principle has been widely accepted. Therefore, in

order to understand the phylogenetic significance
of structural variation in metazoan sperm, we need

to gain insight into the functional organization of

sperm. Changes in modes of sperm transfer, sperm

storage, and fertilization biology are frequently as-

sociated with changes in sperm morphology (Fran-

zen & Rice, 1988), and a filiform sperm morphol-

ogy with an elongated nucleus and sperm head

appears to be one of the most common modifica-

tions that evolved convergently within various phyla,

including the molluscs (Ponder & Lindberg, 1996,

1997), annelids (Franzen & Rice, 1988; Rice, 1992;

Kupriyanova et al., 2001), ascidians (Burighel &

Cloney, 1997), priapulids (Storch, 1991; Storch et

al., 2000), arthropods (Jamieson, 1987, 1991), nem-

erteans (Franzen, 1983a; Turbeville, 1991; Strieker

& Folsom, 1998), Lobatocerebrum (Rieger, 1980),

hemichordates, based upon presence of filiform

sperm in the pterobranch Rhabdopleura, and the

possible nesting of the pterobranchs within a para-

phyletic Enteropneusta characterized by non-fili-

form sperm (Cameron et al., 2000; Peterson et al.,
2000a; Peterson & Eernisse, 2001). In most of these

cases it is possible to relate the presence of fili-

form sperm with reproductive modes that appear

modified with respect to the presumed primitive

mode, in particular copulation and internal fertili-
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zation, but a precise correlation in the context of a

phylogenetic framework is necessary for a conclu-

sive determination of character state polarity. In

contrast, available information suggests that the

presence of filiform sperm is primitive in various

other phyla such as the cycliophorans, entoprocts,

and chaetognaths. This widespread occurrence has

led some authors to suggest homology of all fili-

form sperm across the Bilateria (Buckland-Nicks

& Scheltema, 1995). However, the phylogenetic

significance of this widespread distribution of fili-

form sperm remains to be carefully assessed. De-

spite a common name, filiform sperm covers a range

of ultrastructural variation, and the undeniable re-

lationship between sperm morphology and fertili-

zation biology makes determination of primary

homology very difficult. Furthermore, studies of

sperm ultrastructure in taxa such as the acoels show

that sperm morphology may be quite variable even

betweenclosely related congeneric species (Raikova

et ah, 2001).

At present, the pattern of evolution of sperm

morphology across the Metazoa remains unresolved.

Some remarkable similarities in the morphology
of filiform sperm have undoubtedly evolved

convergently, as for example the peculiar V-shaped

filiform sperm found in phoronids and the unre-

lated, morphologically highly modified echinoderm

Xyloplax, in which the centriolar apparatus is lo-

cated anterior in the sperm with a flagellum recurving

along the sperm body (Rowe et ah, 1991; Zimmer,

1991). Interestingly, this feature received recent

recognition as a unique synapomorphy of a clade

of Cycliophora, Myzostomida and Syndermata,

which was named Prosomastigozoa after the ante-

rior insertion point of the sperm flagellum (Zrzavy

et ah, 2001; character ZI38). Previous phylogenetic

studies proposed this type of sperm as unique for

the rotifers and acanthocephalans (Wallace et ah,

1996; Aldrichs, 1997; Zrzavy et ah, 1998; Kristensen

& Punch, 2000; Sorensen et ah, 2000: characters

Wa38, Ah5, Z121, K7, and S25 respectively). Brusca

& Brusca (2003) also only score this feature as

present in the syndermates (BI25). However, none

of these studies included or scored this feature as

present for phyla such as the Phoronida and Chae-

tognatha, which possess strikingly similar sperm

(Zimmer, 1991; Alvarino, 1983).

Spermatozoa without accessory centriole

The most common situation for metazoan sperm

(also typical of other metazoan cells possessing

motile cilia) is the possession of a diplosomc com-

prising the basal body of the cilium and an acces-

sory centriole which are typically oriented perpen-

dicular to each other. Various taxa lack an acces-

sory centriole in their sperm cells, notably synder-

mates.

Character coding

PI9; ZI39; A13; ZII83: spermatozoa without

accessory centriole a/p

G5; filiform sperm without accessory centriole

a/p

Character scoring andphylogenetic significance

Zrzavy et ah (2001) and Peterson & Eernisse (2001)

exhibit a substantial number of scoring conflicts.

However, in an unpublished revised version of the

data matrix of Peterson & Eernisse (2001) all these

scoring conflicts with the exception of Cycliophora
and Nematoida, are resolved in favor of the scor-

ing of Z139 (K. J. Peterson, pers. comm.). I have

not comprehensively studied the distribution of

Table 9. Scoring conflicts for spermatozoa lacking an accessory

centriole.

? Absent

(acc.

centriole

present)

Present

(acc.

centriole

lacking)

Cyeliophora PI9; ZII83 ZI39

Catenulida ZI39; ZII83 P19

Rhabditophora ZI39; ZII83 P19

Annelida ZI39; ZII83 P19

Chaetognatha ZI39; ZII83 PI9

Gastrotricha ZI39; ZII83 PI9

Entoprocta ZI39; ZII83 P19

Ectoprocta ZI39; ZII83 P19

Onychophora Z139; Z1I83 P19

Pboronida Z139; ZII83 PI9

Tardigrada ZI39; ZII83 PI9

Gnathostomulida ZI39; ZII83 P19; A13

Nematoda ZI39 P19; ZII83

Nematomorpha ZI39 PI9; ZII83
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sperm accessory centrioles in the Metazoa.

The scoring of spermatozoa lacking an acces-

sory centriole in Cycliophora for Z139 is puzzling

considering the character discussion provided.

Zrzavy et al. (2001) clearly state that there is no

information available on the fine structure of cy-

cliophoran sperm, yet they base their scoring on

the lack of accessory centrioles in ciliated cells of

the buccal region. Obviously, this is an unjustifi-
able rationale for scoring sperm ultrastructure.

The nematodes, nematomorphs, and bdelloid

rotifers are scored ‘inapplicable’ of “absent” for

accessory centrioles (ZI39; ZII83). This is in agree-

ment with available data for nematomorphs and

bdelloids, but not necessarily for nematodes. No

centrioles have been observed at all in the aflagellate

nematomorph sperm (Bresciani, 1991; Schmidt-

Rhaesa, 1996), and no sperm known for bdelloids.

However, a pair of centrioles can usually be dis-

cerned in the aflagellate nematodesperm (Wright,

1991), which might justify the scoring of an acces-

sory centriole. In any case, thereappears to be little

basis for proposing that a lack of an accessory cen-

triole in the nematodes, nematomorphs, and bdelloid

rotifers is homologous. These taxa show a pair of

centrioles in aflagellar sperm, no centrioles in afla-

gellar sperm, or no sperm at all, respectively. No

attempt was here made to verify the scoring for the

other phyla.

Sperm flagella

Character coding

Z115: sperm flagella monoflagellate/aflagellate/
biflagellate
Wa37: sperm flagellum a/p

Character scoring andphylogenetic significance

No scoring conflicts were observed for Z115 and

Wa37. The presence of monociliated sperm
is evi-

dently the plesiomorphic character state for the

Metazoa, but a fair number of changes towards

biflagellate oraflagellate sperm have been described

tor different phyla. The total lack of sperm flagella
m the nematodes and nematomorphs may support
a monophyletic Nematoida. The patterns of distribu-

tion of other instances of aflagellate sperm are

suggestive of convergent evolution. For example,

aflagellate sperm is known in catenulid and ma-

crostomidplatyhelminths, rhombozoans (all scored

accordingly in Z115), and it also has apperently

evolved independently within the gastrotrichs (Rup-

pert, 1991b), kinorhynchs (Kristensen & Higgins,

1991), and arthropods (Jamieson, 1991). The bi-

flagellar sperm found within the platyhelminths
evolved independently from that which is found

within the arthropods (Jamieson, 1987).

Gonads asacular or sacular

Haszprunar (1996a) introduced a character coding

for the organization ofgonads into a cladistic analy-
sis of a subset of metazoan phyla (H31). A distinc-

tion was made between sacular and asacular go-

nads, following the definition proposed in Rieger

etal. (1991b; see also Rieger, 1996a). Sacular gonads

are defined on the basis ofa somatic cellular lining

(mesodermal according to Rieger, 1996a) surround-

ing the germ cells. Asacular gonads lack such a

lining, and may thus notbe well-defined organs. In

this case, the germ cells mature between the body

wall and gastrodermis, often close to the base of

the latter.

Character coding

H31; Z110: gonads asacular/sacular in males/sacular

in both sexes

HaVIIb: testis sacular a/p

ZII89: sacular gonads a/p

Character scoring andphylogenetic significance

H31 and Z110 both misscored the rhabditophorans.

Rieger et al. (1991b) clearly report that sacular go-

nads are typically found in virtually all the rhab-

ditophorans, except for a few of the prolecithopho-

rans. Furthermore, in contrast to the scoring of Z110,

available ultrastructural data for Cycliophora does

not allow a clear characterization of their gonad

organization (Punch & Kristensen, 1997). A few

instances of variation for the presence of gonadal
somatic lining cells are known, e.g., within the ne-

matodes the male of Caenorhabditis possesses go-

nads without somatic lining cells but instead dis-
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plays a basal lamina that surrounds the testis, and

the ovary of the gastrotrich Lepidodermella squa-

mata lacks lining or duct cells (Wright, 1991;

Ruppert, 1991b). However, these abberant condi-

tions are of little relevance to the ground pattern

states for these phyla.

Rieger et al. (1991 b) considered diffuse asacular

gonads to represent the primitive metazoan condi-

tion, as exemplified by certain cnidarians, acoclo-

morphs, most catenulids, and some prolecithopho-

rans (derived rhabditophorans). Saculargonads were

thought to be characteristic of virtually all the rhab-

ditophorans, and other non-coelomate phyla (Rieger

et ah, 1991b; Rieger, 1996a). Coelomate animals

were considered as a separate category of gonad

organization. However, Haszprunar (1996a) instead

scored sacular gonads as present in the coelomates.

In his study with a limited sampling of phyla he

found sacular gonads to be a synapomorphy for

Nemertea, Myzostomida, and Trochozoa. However,

the broader taxon sampling in Zrzavy et al. (1998)

and Zrzavy (2003) showed that sacular gonads may

be a synapomorphy for all of the bilaterians, with

subsequent reversals to an asacular condition in

several taxa such as the acoelomorphs, catenulids,

gnathostomulids, seisonid rotifers (Ahlrichs, 1995),

and Lohatocerebnm (the subsequently described

Limnognathia [Micrognathozoa] also lacks gonadal

somatic lining cells: Kristensen & Punch, 2000).

It should be noted that the character scoring in

Zrzavy et ah (1998) and Zrzavy (2003) assumes

homology of all organized gonads irrespective of

the presence or nature of their lining. Thus sacular

gonads are scored as present for taxa with real cel-

lular gonadal linings, such as the coelomate phyla,

and taxa lacking cellular linings, such as Seison

annulatus (fig. 48 in Ahlrichs, 1995). The ovaries

of the Micrognathozoa also lack any cellular lining,

and appear to be solely made up of the oocytes

themselves (Kristensen & Punch, 2000). A detailed

ultrastructural comparison ofgonad morphology in

the coelomates and non-coelomates may reveal

additional phylogenetic characters.

Gonocoel

The gonocoel is the lumen of the gonad. Defined

in this way, without taking the ultrastructure of the

gonadal lining (acellular or cellular) into account,

a gonocoel can be identified in virtually all bilaterians

that possess sacular gonads (excluding the acoelo-

morph and catenulid platyhelminths). However, the

character definitions adopted in recent cladistic

analyses consider gonocoels to be restricted to

gonads with a cellular lining, or more precisely, to

coelomate taxa with retroperitoneal gonads.

Character coding

H27; Z31: gonocoel (retroperitoneal gonads) a/p

E20: gonocoel (coelom reduced to perigonadal

region) a/p

ZI44: retroperitoneal gonads with gonocoel a/p

Character scoring andphylogenetic significance

So far, four different cladistic analyses have includ-

ed a character on the distribution of gonocoels within

the Metazoa (Eernisse et ah, 1992; Haszprunar,

1996a; Zrzavy et ah, 1998, 2001). Unfortunately,

none of these analyses has yielded any meaningful

insight into the evolutionary origin or diversifica-

tion of gonad cavities.

Eernisse et al. (1992) defined a gonocoel as a

coelom reduced to the perigonadal region. This char-

acter definitiona priori introduces an unwarranted

assumption about character polarity. E20 was only

scored for molluscs and panarthropods, which are

sometimes assumed to have reduced coeloms, al-

though this assumption is by no means supported

by all present phylogenetic hypotheses. When a more

rigorous structural definition for a gonocoel is ap-

plied, for example a cavity lined by a cellular epi-

thelium or coelom, we find no special similarity at

all that would justify the exclusive scoring for

molluscs and panarthropods in the analysis of Eer-

nisse et al. (1992). Other coelomate taxa included

in the study would than have to be scored for pres-

Table 10. Scoring conflicts for gonocoel.

Absent Present 9

Ncmcrtca H27 Z31 ZI44

Arthropoda ZI44 Z3I

Tardigrada ZI44 Z3I

Onychophora Z144 Z31
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ence of a gonocoel as well, including the remain-

ing coelomate protostomes, lophophorates, and

deuterostomes.

Haszprunar (1992, 1996a) proposed that the go-

nocoel is a synapomorphy ofthe Mollusca and Eu-

coelomata which he defined as all protostome and

deuterostome coelomate phyla, and the lophopho-
rates. Restrictive taxon sampling in Haszprunar’s
(1996a) analysis (leaving out all eucoelomate phyla

except Sipuncula, Echiura and Annelida) did not

allow him to test the hypothesis that a gonocoel is

a synapomorphy of the eucoelomates. The broader

taxon sampling in the analysis of Zrzavy et al.

(2001), which included the lophophorates and deu-

terostomes, in principle allowed this hypothesis to

be tested, but instead Zrzavy et al. (2001) simply

adopted the same scoring as Haszprunar (1996a),

ne., only the neotrochozoan phyla were scored as

having a gonocoel. Zrzavy et al. (1998) did score

Nemertea, Tardigrada and Arthropoda in addition

to neotrochozoans, but they failed to score the re-

maining coelomate phyla.
It is interesting that both E20 and Z31 score the

nemerteansand tardigrades as possessing gonocoels
as well. This indicates that a gonocoel is present in

all taxa with complete (Nemertea: Turbeville, 1991)
or incomplete (Tardigrada; Dewel et ah, 1993) cel-

lular gonadal linings (without distinguishing be-

tween germinal and somatic lining cells). Adop-
tion of such a character definition would necessi-

tate rescoring many other phyla in addition to the

coelomate lophophorates and deuterostomes, includ-

mg the rhabditophoran platyhelminths (Rieger et

ah, 1991b), entoprocts (Nielsen & Jespersen, 1997),
Lobatocerebrum (only in males; Rieger, 1980),

nematodes (Wright, 1991), nematomorphs (at least

Clordiida; Lanzavecchia et al., 1995; Schmidt-

Rhaesa, 1999), and priapulids (Storch, 1991). For

nil these groups cellular gonadal linings have been

reported. Obviously, a thorough restudy (includ-

>ng the confirmation of light microscopical infor-

mation in taxa such as the platyhelminths and Loha-

tocerebnm) and rescoring of gonocoel characters

18 required to assess the variation present in the

animal kingdom. Only then can we study the evo-

lutionary relationship between gonads with and

without (presumed mesodermal) cellular linings.

Additionally, scoring presence ofa gonocoel for

taxa with diverse body cavity organizations sug-

gests primary homology of the gonadal cavities of

non-coclomate taxa such as the platyhelminths, both

with the restricted coelomic cavities such as present
in the nemerteans and molluscs, and with the rela-

tively spacious body coeloms of taxa such as the

annelids and sipunculans. This proposal ofhomol-

ogy would revive what was thought to be a largely
settled debate about the gonocoel theory, a key

ingredient of which is the homology of all histo-

logically defined coeloms, including gonocoels and

body coeloms (Goodrich, 1895). This theory was

proposed in the late 19"' century and was advocated

by various zoologists. Although some recent com-

mentaries on it have been more or less positive

(Kozloff, 1990; Salvini-Plawen, 1998a), it is cur-

rently most frequently dismissed as having “lost

its explanatory power” (Bartolomaeus, 1999: 23;

Willmer, 1990; Meglitsch & Schram, 1991).

Development

Spiral cleavage

Spiral cleavage is a stereotypical cleavage pattern
that is characterized by an oblique orientation of

the mitotic spindles with respect to the primary

(animal-vegetal) egg axis. The spindle orientations

alternate in successive cleavage divisions creating
tiers of blastomeres with alternating orientations

relative to each other (see Boyer & Henry, 1998

and Henry & Martindale, 1999 for a discussion of

the ontogenetic and evolutionary variations upon

the theme of spiral cleavage). Importantly, spiral

cleavage produces blastomeres with closely simi-

lar developmental fates between taxa, as is con-

vincingly illustrated by corresponding cell lineages
in the neotrochozoans. Two forms of spiral cleav-

age are usually recognized in recent cladistic analy-

ses: “general” spiral cleavage which is scored for

a broad range of taxa and spiral quartet cleavage,
which is a subcategory of the first type, and which

generally considered lacking in acoelomorph

platyhelminths.
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Character coding

P29; Z6; Eh2; G4: spiral cleavage a/p

Z7; ZII; ZII2; El: spiral quartet cleavage a/p

H32; Wa31: non-spiral cleavage/spiral cleavage

H33: spiral quartet cleavage a/p

E2: spiral cleavage with nuclear migration a/p
B13b: typical spiral cleavage a/p
Ca3: cleavage spiral/radial or biradial

Cl 1: cleavage spiral/radial

MIS: cleavage radial/spiral quartet cleavage

N20; NI18; S26: spiral cleavage with 4d-mesoderm

a/p

Hald; L52: spiral cleavage with two or four quar-

tets ofmicromeres and mesoderm out of micromere

2d or 4d (or probably derived from this pattern in

L52) a/p

Bl 18: cleavage fundamentally spiral/fundamentally
radial/neitherclearly spiral nor radial/unique cteno-

phoran cleavage

Character scoring and phylogenetic significance

Nematodes clearly do not have spiral cleavage

(Lorenzen, 1996a; Nielsen, 2001), contra E2, Cos-

tello (1955), and Anderson (1981).

Reports of spiral cleavage in Arthropoda (even

Panarthropoda) are restricted to some crustaceans,

in particular the cirripedes (e.g. Anderson, 1969;

Costello & Henley, 1976), and pycnogonids (e.g.

Anderson, 1973; Nielsen, 2001). However, I fol-

low the conclusions of Scholtz’s (1997) detailed

discussion and regard the presence of spiral cleav-

age in the arthropod ground pattern as unlikely

(although not definitely disproven), in agreement

with the scoring ofZrzavy et al. (1998,2001), Zrzavy

(2003) and Peterson & Eernisse (2001). Recent cell

lineage studies of amphipod and decapod crusta-

ceans also do not support the presence of spiral

cleavage in arthropods (Gerberding et al., 2002;

Hertzler, 2002; Scholtz & Wolff, 2002; Wolff &

Scholtz, 2002).

Table II. Scoring conflicts for spiral cleavage.

Absent Present 9 Proposed scoring

Nematoda P29, Z6, Z7, Zll, ZII2,

El, Wa31, M18, BI18

E2 Absent

Arthropoda Z6, Z7, Zll, ZII2, l>29 El (Crustacea),
E2 (Crustacea),

Ml8, BUS

Absent

Rotifera Z6, Z7, Zll, M18 Wa31, BUS P29, ZII2 Absent

Acanthocephala
Acoela

Z6, Z7, Zll, MIS

P29 (quartet), Z7, Zl 1 and

Z1I2 (quartet),H33 (quartet
for acoelomorphs), E!

(quartet for acoelomorphs)

Wa31, BUS

Z6 (duet), H32

(duet for

acoelomorphs), E2

(acoelomorphs)

Zl 12 Absent

Absent

Catenulida Z6, Zl, Zll, Zl 12, P29 1132, H33 Present

Pogonophora El (quartet), Z7 (quartet) E2, Cl 1, RI1, MIS Z6 Present

Kinorhyncha Z7 Z6, ZI12, P29, Wa31,

Ml8, El, E2, B118

?

Loricifera Z7 Z6, Zl 12, P29, Wa31,

Ml 8, 13118

9

Ncmatomorpha P29, Z6, Z7 and ZI12 (quartet),

Wa31, M18, BUS

Zll (quartet) Absent

Tardigrada Z7, P29 Ml8, BII8 Z6, Zll, ZI12, El, E2 ?

Onychophora Z6, Zl, Zll, P29, ZI 12 Ml8, BI18 El, E2 Absent

Gnathostomulida Z6, Zl, Zll, ZI 12, E2,

Wa31, H32, H33, Ml8,

P29, BI18

El (quartet) Present

Choanoflagellata P29 Z6, Zl Inapplicable
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The scoring of spiral cleavage for the rotifers in

Wallace et al. (1996) and Brusca & Brusca (2003)
is not without precedent, but the current literature

showcases a wide range of interpretation of rotiferan

cleavage, from spiral cleavage (Wallace et ah, 1996),

through “modified” spiral cleavage (Costello, 1955;

Costello & Henley, 1976; Anderson, 1981; Gilbert,

1989) to radial cleavage (Valentine, 1997). This

clearly illustrates that the early cleavage pattern of

rotifers is very difficult to interpret and to charac-

terize either as radial or spiral cleavage. Slewing
(1979) argued against the interpretation ofrotiferan

cleavage as spiral or “modified” spiral primarily
because the D quadrant in rotifers contributes chiefly
to the ventral side of the body, in contrast to

spiralians where the D quadrant denotes the dorsal

side of the body (see also Table 31.1 in Nielsen,

2001). Initially, Nielsen (1995) rejected the com-

parison of the rotiferan cleavage pattern with spi-
ral cleavage, but later Nielsen (2001) suggested that

the four cleavage quadrants of rotifers are reminis-

cent ot the four quadrants of the spiral quartet cleav-

age of spiralians. However, he noted at the same

time that “the spiral pattern is lacking” (Nielsen,

2001; 300). The interpretation of rotiferan cleav-

age as “modified” spiral appears to hinge upon the

phylogenetic position of Rotifera among spiral cleav-

ln8 phyla, which is a possibility but by no means

certain. I therefore tentatively conclude that the

scoring ofZrzavy et al. (1998, 2001) and Peterson

& Eernisse (2001) are both supported by available
data in contrast to the scoring of Wallace et al.

(1996).
A similar uncertainty exists about the cleavage

pattern of the acanthocephalans, which has led some

authors to conclude that they exhibit a “distorted”

spiral cleavage pattern (Crompton, 1989). The un-

ambiguous scoring of a clear spiral pattern for the

acanthocephalans (Wa31, B118) is wrong (Cromp-
ton, 1989; Nielsen, 2001). Early syncytialization
°f the embryo and cell migrations are not particu-
larly indicative of spiral cleavage, warranting the

scoiing ofZrzavy et al. (1998,2001) versus Wallace
et al. (1996).

Duet cleavage has been clearly documented for

acoels (Boyer et al., 1996b; Boyer & Henry, 1998;
Henry & Martindale, 1999; Henry et al., 2000;
Nielsen, 2001). Until recently this highly distinc-

tive cleavage pattern was almost universally inter-

preted as a form of modified spiral quartet cleav-

age, at least until recent molecular and morpho-

logical cladistic analyses suggested the possibility
that the acoels as well as the nemertodermatidsmight
constitute the basal-most bilaterian crown taxa

(Haszprunar, 1996a, b; Ruiz-Trillo et al., 1999,2002;

Baguiia et al., 2001; Jondelius et al., 2002; Telford

et al., in press). The interpretation of duet cleavage
as related to spiral quartet cleavage becomes much

less plausible with this basal placement of the

acoelomorphs. It is quite obvious that the presumed

phylogenetic placement of the acoels has had a

considerable effect upon the interpretation of their

cleavage as a modified spiral quartet type. This is

clearly revealed by considering the change ofopinion
in the studies of acoel development by B. C. Boyer,
J. Q. Henry and M. Q. Martindale from 1996 to

2000. The turning point occurred in 1999 when Ruiz-

Trillo et al. (1999) published their remarkable 18S

rDNA phylogeny that suggested that acoels were

not closely related to the other platyhelminths, but

instead represented the earliest diverging of extant

bilaterian lineages. This proposition conformed to

some earlier ideas based upon phylogenetic analy-
sis of morphological data by Haszprunar (1996a,

b). The papers up to and including 1999 (Boyer et

al., 1996b; Boyer & Henry, 1998; Henry & Martin-

dale, 1999) all reported that duet cleavage could

be interpreted as modified spiral quartet cleavage
by focusing on potential similarities with this

cleavage type. In contrast to this, Henry et al. (2000)

emphasized the distinctness of acoel duet cleavage
and additionally suggested that certain features were

perhaps more reminiscent of early development in

diploblasts (in particular ctenophores). In view of

continuing controversy about the placement ofacoels

within the Metazoa, it is therefore reasonable to

expect that the debate about the evolutionary ori-

gin of acoel cleavage will continue. It should also

be noted that although some workers score the

nemertodermatids as having spiral cleavage, e.g.,
Littlewood et al. (1999a: L52), 1 could not trace

any reliable published account, and Nielsen (2001)

relies on a personal communication from O. Israels-

son as authority for duet cleavage in this taxon (see

also Telford, 2001: 261). Ifacoels and nemertoder-

matids are sister taxa, this leaves the cleavage pat-
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tern in the acoelomorph ground pattern uncertain.

Although catenulid development is very poorly

documented, they appear to have spiral quartet cleav-

age (Thomas, 1986; Rieger, 1996c). However, mo-

dern investigations are badly needed to confirm the

few early reports from the mid-1900s by E. Reisinger

and S. Bogomolow (I have not been able to con-

sult these papers).

The Pogonophora (including Vestimentifera)

provide another instructive example of how phy-

logenetic speculations can colorcharacter interpre-
tations (see Rouse & Fauchald, 1995 for the rather

tumultuous systematic history of the pogono-

phorans). Rouse & Fauchald(1995: 272) think that

Ivanov’s early reports of modified radial cleavage
in pogonophores “may have been an interpretation
based on expectation” because of the supposed af-

finity of the pogonophores with hemichordates. Later

Ivanov (1988) reported modified spiral cleavage

at the same time as he advocated a phylogenetic

affinity to both protostomes and deuterostomes.This

is in line with the interpretation of modified spiral

cleavage reported in most recent papers (Ivanov,

1988; Bakke, 1990; Southward, 1999; Salvini-Pla-

wen, 2000; Nielsen, 2001).

The nature of embryonic development of both

the loriciferans and kinorhynchs remains unknown

to date, contra Z7 (Nielsen, 2001). Note that these

taxa are also misscored in tabic 2.3 in Hall (1999),

which summarizes the distribution of metazoan

cleavage patterns. Other taxa in Hall’s table for

which spiral cleavage was incorrectly scored in-

clude the poriferans, ctenophores, cycliophorans,

gastrotrichs, and acanthocephalans.

Various geometries have been proposed for ne-

matomorph cleavage, recently including modified

spiral cleavage (Brusca & Brusca, 1990), radial

cleavage (Zrzavy et ah, 1998: Z5), or modified radial

cleavage (Valentine, 1997 after Bresciani, 1991; I

have failed to trace the source of this information

in Bresciani, 1991). Schmidt-Rhaesa (1999) sug-

gests that the 4-cell stage embryo is similar to those

of various nematodes and gastrotrichs, in which two

pairs of two cells are positioned in planes perpen-

dicular to each other (see also Nielsen, 2001: 97).

Flowever, after the 4-cell stage, the blastomeres do

not cleave simultaneously. The scoring of the

nematomorphs as lacking ‘unmodified’ spiral cleav-

age in Wallace et al. (1996), Zrzavy et al. (1998),

Zrzavy (2003), Brusca & Brusca (2003), and

Peterson & Eernisse (2001) appears to be justified.

In the only modern study of early tardigrade

embryology, Eibye-Jacobsen (1996/1997) believed

that the cleavage pattern may be a modified spiral

type. However, the data is not compelling, and all

recorded scorings in the literature can currently be

defended.

Although E1 and E2 scored a ‘?’ for spiral cleav-

age in the Onychophora and M18 and Bl 18 scored

it present, cleavage has been described for a num-

ber of species, without revealing any traces of spi-
ral cleavage (Anderson, 1973; Ruhberg, 1990;

Nielsen, 2001), thus justifying the scoring in Zrzavy
et al. (1998, 2001), Zrzavy (2003), and Peterson &

Eernisse (2001).

It is perhaps surprising to learn that the widely

adopted inclusion of gnathostomulids in the Spiralia

is primarily based upon a sole report ofspiral cleav-

age from more than 30 years ago by Riedl for

Gnathostomulajenneri (Riedl, 1969; Mainitz, 1989).

Nevertheless, spiral quartet cleavage was observed,

in contrast to the scoring for El.

Because the colonial choanoflagellates do not

develop through embryonic cleavage stages, they
should be scored as ‘inapplicable’ in agreement with

Z6 and Z7, and in contrast to P29.

Zrzavy et al. (1998) included mesozoans in their

analysis, and they scored spiral cleavage for rhom-

bozoans. Although the early cell divisions indeed

appear to be consistent with a spiral cleavage pat-

tern, it is more difficult to characterize the later

cleavages (see figs. 3 and 4 in Furuya et al., 1992).

However, the molecular phylogenetic information

from 18S rRNA and 18S rDNA sequences, as well

as a characteristic Hox gene peptide motif, indi-

cate that dicyemid rhombozoans are bilaterians, and

possibly lophotrochozoans that are closely related

to phyla with spiral cleavage (Katayama et al., 1995;

Pawlowski et al., 1996; Peer & Wachter, 1997; Ko-

bayashi, Furuya & Holland, 1999; see also Telford,

2000). This would buttress the interpretation of their

cleavage as of the spiral quartet type.

N20, Nil8, S26, L52, and Hald combined cleav-

age pattern and source of mesoderm into one com-

plex character. This combination appears to be

justified for the trochozoans, where mesoderm is
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typically derived from the 4d-cell. However, this

combination leads to erroneous scorings for some

other taxa. First, even accepting spiral cleavage in

the arthropod ground pattern (but see above), the

sources of mesoderm are not in agreement with those

in the trochozoans, i.e., not from mesentoblast 4d

(Anderson, 1973; Slewing, 1979; Scholtz, 1997;

Nielsen, 2001). The scorings of N20 and S26 for

arthropods should be changed from ‘1’ to ‘0’ ac-

cordingly. Second, although spiral quartet cleav-

age may be accepted for Gnathostomulida, their

later development, including the source of meso-

derm, has not yet been traced. NI18, S26, and L52

should be rescored from ‘1’ to ‘?’ accordingly.

Finally, the scoring of a “?’ for S26 in the cteno-

phores is incorrect. Recent cell lineage tracing stud-

ies have unequivocally established the unique cleav-

age program of ctenophores, with no similarity in

either the cleavage pattern or the cell fates (includ-

ing mesoderm) to spiral cleavage (Martindale &

Henry, 1999).

If we study the distribution of spiral (quartet)

cleavage on the most recent comprehensive mor-

phological phylogenies that included this charac-

ter, some interesting conclusions emerge. First, a

single evolutionary origin of spiral cleavage is

supported by Eernisse et al. (1992), Nielsen et al.

(1996), Nielsen (2001), Zzravy et al. (1998, 2001),

Zrzavy (2003), Sorensen et al. (2000), and Peterson

& Eernisse (2001), with two possible exceptions.
The spiral cleavage reported for Rhombozoa may

have independently evolved (Zrzavy et ah, 1998),
but in view of the continuing uncertainty about their

phylogenetic position, which may be among other

spirally cleaving phyla (Kobayashi et ah, 1999), a

definitive conclusion is not yet possible. The sec-

ond possible instance of independent evolution of

spiral cleavage was suggested by the analysis of

Zrzavy et ah (2001) for the gnathostomulids. In

their analysis, the gnathostomulids grouped together
with the gastrotrichs to form a clade Neotrichozoa

(the total evidence analysis of Zrzavy et ah, 1998

and 2001 also supported this grouping, in contrast

to the morphological analysis ofZrzavy et ah, 1998)
that formed the sister group to the remaining

protostomes. However, as is discussed in detail under

Gnathostomulida, the morphological character sup-

port tor this clade is limited to protonephridial fea-

tures, which exhibit a variety of scoring problems.

Moreover, the synapomorphies that group all pro-

tostomes except gnathostomulids and gastrotrichs

are also not compelling (see under Gnatho-

stomulida). We can thus conclude that the prob-

ability of the gnathostomulids independently hav-

ing evolved spiral cleavage from the remaining

spiralians is not high.

Second, the phylogenetic positions of several

phyla that have cleavage patterns that are difficult

to interpret suggest that they indeed may have

modified plesiomorphically present spiral cleavage.

These include the ectoprocts (Nielsen et ah, 1996;

Nielsen, 2001; Peterson & Eernisse, 2001), panar-

thropods (Nielsen et ah, 1996; Sorensenet ah, 2000;

Nielsen, 2001), and syndermates (Sorensen et ah,

2000; Nielsen, 2001; Zrzavy et ah, 2001). How-

ever, reports of “modified” spiral cleavage patterns

in the gastrotrichs and nematodes receive no sup-

port through their phylogenetic placement. The

phylogenetic significance of reports of early spi-

ral-like cleavages in the hydrozoans, scyphozoans

andanthozoans (Uchida & Yamada, 1968; Salvini-

Plawen, 1978) are uncertain at best. A variety of

cleavage patterns is found within the Cnidaria, but

although some species exhibit invariant cleavage

geometries, the plesiomorphic state may rather be

more or less “chaotic” cleavage, i.e., a kind in which

no regular cleavage pattern can be discerned, even

between embryos from the same spawning

(Davidson, 1991; Martindale& Henry, 1998; Martin,

1997). Whatever the precise ancestral cleavage

pattern, regular spiral cleavage is unknown for the

cnidarians.- Similarly, the phylogenetic significance

of the recently described hexactinellidspiral cleav-

age (Boury-Esnault et ah, 1999) is doubtful.

Blastula

A blastula stage of development can be recognized

in members ofall metazoan phyla. It represents the

developmental stage before the germ layers are

formed. Two types of blastulae are commonly rec-

ognized in animals with eggs containing little to

moderate amounts of yolk, a coeloblastula, and a

sterroblastula (also called stereoblastula). The

coeloblastula is hollow, with a central blastocoel

surrounded by, in its simplest form, a single cell
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layer thin epithelium. A sterroblastula is solid, lack-

ing a blastocoel. Generally one finds coeloblastulae

in taxa that exhibit radial cleavage, whereas taxa

with spiral cleavage frequently, but not exclusively,

display sterroblastula.

Character coding

P27: blastula stage a/p

Z11: coeloblastula a/p

Character scoring and phylogenetic significance

P27 scores all metazoan taxa for which there is

evidence of the early embryological stages as hav-

ing a blastula, in agreement with the universal in-

terpretation of the blastula stage as a shared char-

acter of all Metazoa.

Zrzavy et al. (1998) introduced a character on

the presence of a coeloblastula for sorting animal

relationships. Most non-bilaterians and all deuteros-

tomes are scored to possess a coeloblastula, while

many protostomes received a *?.’ The phylogenetic

significance of this character appears to reside

mainly in the support it provides for several taxa

that have supposedly lost a hollow blastula, namely

Silicispongea (demosponges and hexactinellids),

Syndermata, and Platyhelminthes (nemertodermatids

and catenulids were scored ‘?’). Several comments

on scoring and character definition arc in order.

Although it is true that silicisponges typically
form a solid blastula stage, a coeloblastula has been

observed in various demosponges (Fell, 1989; Har-

rison & De Vos, 1991). Similarly, Zll scores ro-

tifers as unambiguously lacking coeloblastulae, but

a small blastocoel has at least been observed dur-

ing parthenogenetic development in the monogonont

rotifer Asplanchna (fig. 3.1 in Gilbert, 1989). This

hints at an important aspect of blastula formation

throughout different phyla: it is highly variable with

a resulting uncertainty about the ground pattern states

of many groups.

A major determinant of variation in early onto-

genetic processes such as blastulation and gastru-

lation is the amount and location of yolk in the eggs,

as is clearly illustrated by the divergent early em-

bryogenesis of many arthropods, cephalopod mol-

luscs, and amniotes with yolk-rich eggs, e.g., Arendt

& Niibler-Jung (1999b). It is therefore not surpris-

ing to discover that many phyla with holoblastic

cleavage exhibit both coelo- and sterroblastulae.

This is, for example, clearly illustrated by the

nemerteans, platyhelminths [coeloblastulae are de-

scribed for proseriates, and acoels ( (Convoluta

sp.) may also possess a blastocoel; J. A. M. van

den Biggelaar, pers. comm., but they are lacking
in polyclads], molluscs, annelids, tardigrades, sipun-

culans, and cnidarians (Uchida & Yamada, 1968;

Anderson, 1973; Verdonk & Biggelaar, 1983; Tho-

mas, 1986; Fautin et al., 1989; Galleni & Gremigni,

1989; Rice, 1989; Eibyc-Jacobsen, 1996/1997; Ellis

& Fausto-Sterling, 1997; Henry & Martindalc, 1997;

Younossi-Hartenstein & Hartenstein, 2000). This

intraphylum character variation indicates the like-

lihood of widespread convergent evolution.

It it important to note that the differences be-

tween a typical coeloblastula and sterroblastula are

not sharp. The only consistent difference that dis-

tinguishes solid from hollowblastulae is the amount

of interstitial space between the basal surfaces of

the blastomeres. It only takes a tiny amount of in-

tercellular fluid to accumulate between the basal

sides of the blastomeres, e.g., nematodes (Schieren-

berg, 1997), to change from a solid sterroblastula

to a hollow coeloblastula, and it is easy to discern

a continuumin organization from a solid sterroblas-

tula to a coeloblastulawith only a minimal blasto-

coel, such as in gastrotrichs, nematodes and cha-

etognaths, to a ‘textbook’ coeloblastula as is found

in echinoderms and cephalochordates. Even when

the many ‘?’s in the data matrix of Zravy et al.

(1998) are filled in, in view of these considerations

it is doubtful whether this character will yield an

unambiguous phylogenetic signal.

Larval characters

Prototroch

The prototroch is one of the defining features of

a trochophore larva (Rouse, 1999; Nielsen, 2001).

A prototroch is a pre-oral horseshoeor ring of(usu-

ally) compound cilia on multiciliate cells derived

from trochoblasts, which exhibit a constant cell lin-

eage and pattern of organization (Damen & Dictus,

1994; Nielsen, 1995; Rouse, 1999). The prototroch
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cilia usually beat posteriorly, and together with the

post-oral metatroch and a circumoral ciliated field

it forms a complex character, the downstream-col-

lecting system, which is discussed elsewhere in this

paper.

Character coding

NI61: larva with prototroch a/p

P48; E40; R130; Z1I42: prototroch a/p

Character scoring andphylogenetic significance

The polarized opinions about the homology of the

ciliated larvae of platyhelminths and coelomate

protostomes (trochophore larvae) have at least been

in place since the mid 1980s. At this time Ehlers

(1985) established his hugely influential and com-

prehensive phylogenetic system of the Platyhelm-
mthes that provided the first effective ingredients
for an argument against a line of reasoning with a

long history that defended a phylogenetic link be-

tween the ciliated, and presumably planktotrophic,
platyhelminth larvae and trochophore larvae (for
different styles of this reasoning through time see

Balfour, 1880; Jagersten, 1972; Ruppert, 1978; Sal-

vini-Plawen, 1980b; Lacalli, 1984; Nielsen, 1995,

2001; Peterson etal, 2000a; Telford, 2001). Ehlers’

platyhelminth phylogeny established a rigorous
framework for interpreting the dataon ciliated platy-
hel minth larvae that allowed the formulation of two

key revisions.

Tfrst, only polyclad Gotte’s and Muller’s larvae

Posses a pre-oral band of relatively long cilia (not

compound) on multiciliate cells that rim the cili-

ated lobes of the larvae that might be termed a

prototroch. However, the exact cell lineage origin
of this ciliated band has not been elucidated. Im-

portantly, polyclads were not placed basal in Ehlers’

phylogeny. Catenulida, Acoelomorpha, and Macro-

stomida are the earliest diverging taxa, and all are

characterized by the lack of a biphasic life cycle
with a ciliated larva (the significance of the Luther’s

larva of the catenulid Rhynchoscolex simplex with

multiple pre-oral bands is uncertain at best). Con-

sequently, the likelihood of a ciliated larval form

in the ground pattern of the Platyhelminthes would

be low. This conclusion can essentially be main-

tained, despite changing positions of polyclads
within the Platyhelminthes in more recent cladis-

tic analyses (see Littlewood et ah, 1999a), and the

removal of the acoelomorphs from the Platyhelm-
inthes on the basis of molecular data (Ruiz-Trillo

et ah, 1999, 2002; Jondelius et ah, 2002; Telford

et ah, in press).

Second, the restricted distribution of these cili-

ated larvae to certain taxa within the Polycladida

even leaves the polyclad ground pattern uncertain

(see discussion under Larva with strongly reduced

hyposphere for references). Therefore, it can be

concluded that evidence for the existence of a pro-

totroch in the ground pattern of the platyhelminths

(NI61) is very weak. This argument based on in-

formation about the phylogenetic distribution of

larval characters within phyla is also followed by
others such as Ax (1995) and Haszprunar et al.

(1995). Arguments in favor of the primitive status

of polyclad larvae result either from equating mor-

phological similarity with homology, or from a priori

assuming that convergent evolution is highly un-

likely.

A closely parallel argument can explain the dis-

agreement about the presence of a prototroch in

Nemertea. Ciliated pilidium larvae possessing a

ciliated band are restricted to the heteronemerteans

and the palaeonemertean Hubrechtella dubia (Henry
& Martindale, 1997). The lack of a cladistic hy-

pothesis of nemertean relationships hindered a

definitive conclusion until very recently. However,

the molecular phylogenetic analysis of Thollesson

& Norenburg (2003) based upon four different genes

(nuclear 28S rRNA, H3, and mitochondrial 16S

rRNA and COI) strongly suggest that pilidium lar-

Table 12. Scoring conflicts for prototroch.

Absent Present 7

Platyhclminthes E40; P48;

R130, ZII42

NI6I

Rotifera R130 P48; NI61 ZI142

Ectoprocta P48, Z1I42 NI61

Annelida E40

(Clitellata)

P48; NI61;

R130, ZII42

(Polychaeta)
Nemertea E40; R130,

ZII42

P48; NI61

Pogonophora R130 E40
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vae evolved once within the Nemertea as a synapo-

morphy of Heteronemertea+ H. dubia. An earlier

more restricted molecular phylogeny of the Nemertea

based upon I8S rDNA sequences (Sundberg et ah,

2001) is consistent with this conclusion. Interest-

ingly, Maslakova ct al. (1999) and Maslakova &

Norenburg (2001) reported purported intracapsular

development of a “hidden larvae” in the hoplone-

mertean Tetrastemma candidum, and hints of a

prototroch in the directly developing palaeonemer-

tean Carinoma tremaphoros, respectively. These

findings might suggest the possibility that indirect

development may be ancestral for the entire phy-
lum Nemertea. However, the significance of these

findings remains uncertain.

Nevertheless, Nielsen (1995,2001) (followed by

Peterson & Eernisse, 2001) interprets the classical

cell lineage analyses of Horstadius (1937) and the

later cell lineage studies of Henry & Martindale

(1998a) as providing support for the thesis that the

large ciliary band of pilidium larvae is homologous

to a prototroch and thus part of the nemerteanground

pattern. Henry & Martindale (1998a) found that in

the pilidium larva of Cerebratulus lacteus the cells

corresponding to the prototroch-forming cells in

other phyla at least also contribute to the prototroch,

but in additionother cells contribute to the pilidium

ciliary band as well. Gene expression experiments

of a trochoblast specific gene construct (derived

from molluscs) in nemerteans (Biggelaaret ah, 1997;

Loon & Biggclaar, 1998) does not support the ex-

istence ofa prototroch in the pilidium ofCerebratu-

lus (Klerkx, 2001, and pers. comm.).

Nielsen (1987, 1995, 2001) advocates the ho-

mology of the rotiferan trochus with the prototroch

and the cingulum with the metatroch of trochophore

larvae, an argument followed by Peterson & Eernisse

(2001). Note that P48 accidentally misscorcd Roti-

fera in the data matrix. Although these homology

proposals are not buttressed by cell lineage data on

the source of the ciliary bands in rotifers, they are

in accordance with the widespread view that roti-

fers are paedomorphic animals with respect to taxa

that possess trochophore larvae (see Jenner, 2001b

for logical conflict between this hypothesis and

phylogenetic evidence in Nielsen, 2001). However,

available comprehensive morphological or total

evidence (+ I8S rDNA sequence data) cladistic

analyses frequently position Rotifera outside a clade

Trochozoa (characterized by trochophore larvae)

(Meglitsch & Schram, 1991; Nielsen, 1995;Nielsen

etah, 1996;Zrzavyetah, 1998, Zrzavy, 2003; Soren-

sen et ah, 2000; Peterson & Eernisse, 2001). The

paedomorphic origin of Rotifera and homology of

their ciliary bands with those of trochophore lar-

vae thus remain dependent upon out-group com-

parison and the assumption ofa trochus and cingu-
lum in the rotiferan ground pattern.

Nielsen (1995, 2000, 2001, 2002a) suggest that

the corona of gymnolaemate ectoproct cyphonautes

larvae may be homologous to a prototroch. This is

based on the labeling of blastomeres according to

the nomenclatureof spiral cleavage, with a result-

ing identification of the source of the corona as

being very similar to that found for the prototroch
in spiralians. However, although the corona may

be composed of multiciliate cells that normally beat

in the same direction as prototroch cells, the coro-

nal cilia are not compound as is typical for proto-

trochs. In addition, the corona partakes in a unique

feeding mode distinct from that of the downstream

feeding system (see discussion below) of which

prototrochs are a part (Nielsen & Riisgard, 1998;

Nielsen, 2002b). In view of the continuing uncer-

tainty about ectoproct phylogeny (Woollacott &

Harrison, 1997; Todd, 2000) and the concomitant

uncertainty about the ancestral ectoproct life cycle,

the scoring of the prototroch as a *?’ seems the

best option (NI61).

The presence of a prototroch in clitellates is pri-

marily based on the presence of trochoblasts and

transient ciliation in the embryos of some species

(Rouse, 1999). The absence of a genuine prototroch

is likely secondary, an argument that is indirectly

supported by the undoubted nesting of the clitellates

within a trochozoan clade, and possibly within a

paraphyletic Polychaeta (Westheide et ah, 1999;

McHugh, 2000; Martin, 2001). Polychaetes are typi-

cally considered to be more representative of the

annelid ground pattern than the clitellates.

There is some disagreement about the presence

of a prototroch in Pogonophora (including Vesti-

mentifera). A pre-oral ciliary band of multiciliated

cells has been demonstrated in the larvae and juve-

niles ofpogonophorans and vestimentiferans (Gar-
diner & Jones, 1994; Southward, 1999; Nielsen,
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2001), but the interpretation of this band as a pro-

totroch is not accepted by all current workers (see

Salvini-Plawen, 2000). However, it should be noted

that the ciliary bands or rings may be present be-

fore a stomodeum or mouth develops, making the

exact identification of these bands problematic.

The scoring of a prototroch in Cycliophora (P48)

deserves a final comment. This unambiguous scoring

belies the tentativeness of the clues offered by the

morphology of the chordoid larva. Punch (1996;

see also Kristensen & Punch, 2002) interprets the

chordoid larva as a “modified trochophore” chiefly

on the basis of its ciliation pattern, with two ante-

rior bands, a ventral field, and a ciliated foot. From

anterior to posterior these bands are compared to

the prototroch, metatroch, neurotroch, and telotroch

of trochophore larvae. However, neither of the two

key diagnostic features that allow one to designate

a bandof multiciliate cells as a prototroch is present.

The cellular source of the ciliated bands is unknown,

and the lack of a digestive system and mouth in the

chordoid larva does not allow the confirmation of

a pre-oral position of the anterior-most ciliary band

or the post-oral position of the second band (pre-
sumed metatroch). Other types of pre-oral bands

are known in annelid larvae, such as akrotrochs

and meniscotrochs (Rouse, 1999), and additional

information is therefore needed to ascertain the

identity of the ciliary bands in the chordoid larva.

The fact that the chordoid larva is not planktotrophic

argues against the presence of a metatroch homo-

logue. Metatrochs are typically lacking in lecitho-

trophic larvae (Strathmann, 1993; Nielsen, 2001).

Also, the cilia of the presumed cycliophoran meta-

troch beat laterally (Punch, 1996: 236), which ap-

pears to indicate a direction of ciliary beat oppo-

site to those of typical metatrochs, which beat to-

wards the prototroch. Similarly, information on the

directionof ciliary beat has created ambiguity about

the interpretation of the post-oral ciliary band in

sipunculan pelagosphera larvae, but I do not re-

gard this data alone to be sufficient for rejecting
the presence of a metatroch.

In conclusion, the different scorings of a proto-
troch for the platyhelminths, nemerteans, rotifers,

ectoprocts, and clitellates can all be defended, given
that one ignores uncertainties about ground pattern
states. For the platyhelminths and the nemerteans,

the availability of a phylogenetic framework allows

a relatively strong case to be built for the lack of a

prototroch in the ground pattern. Not until the ground

pattern states of the other phyla become better

known, will we be able to decide whether the pro-

totroch evolved once and reversed subsequently in

various phyla such as Gnathostomulida (Nielsen,

2001; Peterson & Eernisse, 2001) or evolved

convergently in different phyla.

Metatroch

A metatroch is a post-oral ciliary band of compound

cilia on multiciliate cells found in protostome lar-

vae. The direction of ciliary beat typically is oppo-

site that of the prototroch, i.e., directed anteriorly.

Character coding

P49; R131; Z1143: metatroch a/p

Character scoring and phylogenetic significance

Nielsen (1987, 1995, 2001) assumes the homology
of the rotiferan cingulum and the metatroch of tro-

chophore larvae, followed by Peterson & Eernisse

(2001) and Zrzavy (2003). It should be noted that

the scoring for a prototroch (ZII42) and metatroch

(ZII43) in the Bdelloida and Monogononta is in

conflict in Zrzavy (2003). Although Zrzavy argues

that he provisionally accepts the homology of the

ciliary bands in the rotifers and trochozoans, the

bdelloid and monogonont rotifers are nevertheless

scored as possessing a metatroch but as “?” for a

prototroch. Further conflict is introduced into the

data matrix of Zrzavy for ZII47, which codes for

an opposed-band larval feeding system. See under

Prototroch and Downstream-collecting ciliary sys-

tem for further discussion.

A metatroch is found in the bivalves and gastro-

Table 13. Scoring conflicts of metatroch.

Absent Present 9

Rotifera R131 P49; ZII43

(Bdelloida,

Monogononta

Mollusca R131 P49 ZII43



pods among molluscs, making it unlikely that a

metatroch is part of the molluscan ground pattern.
The character state found in the nearest out-groups

then becomes relevant. Although recent cladistic

analyses have not yet come to an agreement on the

most likely sister group of the molluscs, most of

them posses a metatroch. However, the detailed

analysis of Rouse (1999) indicates that a metatroch

has evolved independently multiple times within

Polychaeta (optimization criterion independent).

P49 score Cycliophora for having a metatroch.

See discussion under Prototroch for arguments

against this scoring.
Nielsen (1987, 2001) argues against the scoring

for R131 and P49 that the post-oral band of com-

pound cilia in sipunculan pelagosphera larvae is

not a metatroch but instead is an additional ciliary
band that evolved within Sipuncula. Nielsen’s chief

argument is that the ciliary beat of this band is

directed posteriorly, a direction that is opposite that

of metatrochs in other phyla. However, an empha-
sis on positional information allows the identifica-

tion of this post-oral ciliary band as a metatroch.

Larvae or adults with downstream-collecting cili-

ary system

The most widely adopted definitionof a downstream

collecting ciliary system is the presence of two

opposed ciliary bands composed of multiciliatecells

that are used in feeding (Nielsen, 1987; 1995; Niel-

sen & Riisgard, 1998). This system is also com-

monly referred to as the opposed band or double

band system (Strathmann, 1978, 1993; Rouse,

2000a; Riisgard et ah, 2000), and when strictly larvae

are considered, it refers to the presence of both a

pre-oral prototroch of relatively long cilia and a

post-oral metatroch of relatively short cilia that

enclose a circumoral ciliated food groove (cells with

single cilia). However, to accommodateseveral poly-
chaete taxa with feeding larvae lacking a metatroch

(solely using the prototroch), Rouse redefined a

downstream-collecting ciliary system as any cili-

ary system that uses the prototroch for downstream

feeding (Rouse, 2000b, c).

Character coding

N22; NI21; S29; Z136: larvae or adults with down-

stream-collecting ciliary system a/p
M46: downstream particle capture/upstream par-

ticle capture in adults

M47: downstream particle capture/upstream par-

ticle capture in larvae

E42: nutritive metatroch with opposed bands a/p

Cal7: downstream (multiciliate)/upstream (mono-

ciliate) feeding system

R140; ZII47: opposed band larval feeding a/p

Character scoring and phylogenetic significance

The scoring of M46 and M47 is highly problem-
atic, and therefore not included in table 14. These

characters are discussed below. The phylogenetic

significance of downstream-collecting ciliary bands

has generated a considerable amount of discussion

in the recent literature. Nielsen’s (1985, 1987, 1995,

1998a, 2001) detailed studies are responsible for

the introduction of downstream- and upstream-

collecting ciliary systems into recent phylogenetic

Table 14. Scoring conflicts ofdownstream-collecting ciliary system.

Absent Present 9 Proposed scoring

Ectoprocta N22; N121; S29; Z136 Cal7 ZI147 Absent

Rotifera R140 N22; NI21; S29;

Z136; ZI147

Present in adults or ?

Platyhclminthes S29; E42; RI40; ZII47 N22; Z136 (only in Polycladida) NI21 Absent ?

Sipuncula N22; N121; S29; Z136;

ZII47; R140; E42

Cal 7 Absent

Mollusca R140 N22; NI21; S29; Z136; E42 (only

polymorphic in Conchifera)

ZI 147 Absent

Nemcrtca R140; E42; ZI147 N22; S29; Z136 NI21 Absent

Myzostomida R140; ZII47 Z136 7
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discussions. Nielsen initially developed his ideas

of the phylogenetic significance of these distinct

types of ciliary feeding systems in close connec-

tionwith his controversial trochaea theory (Nielsen

& Norrevang, 1985). Other authors have readily

incorporated these features into their own phylo-

genetic analyses (Meglitsch & Schram, 1991;

Eernisse et al1992; Zrzavy et al., 1998; Rouse,

1999; Sorensen et al., 2000). In the contemporary

phylogenetic literature, C. Nielsen and G. W. Rouse

are the most conspicuous exponents of conflicting

views on the evolutionary significance of down-

stream-collecting ciliary systems. Nielsen has vig-

orously defended the evolution of a larval down-

stream-collecting ciliary system in the stem lineage

of Protostomia, and its retention as a plesiomorphy
in the ground pattern ofthe Spiralia (Nielsen, 1985,

1987, 1995, 1998a, 2001). In contrast. Rouse (1999,

2000a, b, c) explicitly tested Nielsen’s hypothesis

with a cladistic analysis, and reached a rather dif-

ferent conclusion that emphasized the multiple in-

dependent origins of larval downstream-collecting

ciliary systems between different trochozoanphyla

as well as within the polychaetes. However, there

are problems with the testing power of Rouse’s

approach, principally in connection with uncritical

selection oftaxa and characters, and character scor-

ing (Jenner, in press). Before I discuss the differ-

ent views on the evolution of downstream feeding

systems, I will first attempt to resolve the observed

scoring conflicts.

The scoring of the ectoprocts for Cal 7 and Z1147

is inaccurate, and results from an undue emphasis

on the presence ofmulticiliate cells making up the

ciliary bands rather than on the actual feeding
mechanism in which these ciliary bands participate.

Ectoproct larvae and adults have a unique morphol-

ogy of the ciliary bands (Nielsen, 2002b), and they

employ a unique type of upstream-collecting cili-

ary mechanism that uniquely uses multiciliate cells

(Nielsen & Riisgard, 1998).

The scoring of Cal 7 is also incorrect for the si-

punculans. Sipunculan trochophores are lecithotro-

phic, and when a planktotrophic pelagosphera larva

is developed later in ontogeny they do not use op-

posed-band feeding. However, their exact feeding

mechanism remains unknown to date.

Zrzavy (2003) scored the bdelloids and mono-

gononts as “?” for a prototroch, and as possessing

a metatroch. Yet, despite the fact that both a proto-

troch and a metatroch are essential components of

a downstream system, bdelloids and monogononts

are unambiguously scored as possessing an opposed-
band ciliary feeding system.

Rouse (1999) is the only study that included a

character on downstream ciliary feeding that did

not score rotifers as present. This has two reasons.

First, R140 only coded for the presence of a down-

stream ciliary system in larvae, and rotifers are

considered as lacking larvae. Second, although the

rotiferan ground pattern remains uncertain in the

absence of a generally accepted cladistic hypoth-
esis of their internal relationships, most recent

authors accept that a ciliary system with opposed
bands (pre-oral trochus and post-oral cingulum) is

derived, albeit commonly present, within the phy-
lum (Haszprunar et al., 1995; Lorenzen, 1996c).

The uncertainty about the rotiferan ground pattern
has allowed the other analyses to adopt an oppo-

site scoring. Interestingly, out-group comparisons
in the most comprehensive and most recent mor-

phological and total evidence analyses do not sup-

port the plesiomorphy of a downstream-collecting

ciliary system in rotifers (Nielsen et al., 1996; Niel-

sen, 2001; Zrzavy et al., 1998, 2001; Peterson &

Eernisse, 2001). Finally, it should be noted that the

scoring of a downstream-collecting ciliary system

in seisonid rotifers (S29) is erroneous. Seisonids

merely possess some rudimentary circumoral cili-

ation (Markevich, 1993; Aldrichs, 1995).

Nielsen (2001: NI2I) reconsidered the scoring
of a downstream ciliary system for platyhelminths

(N22), and changed it from present to based on

the presence of presumed planktotrophic polyclad

larvae (see Z136). Considering that downstream

ciliary feeding using compound cilia has neither

been observed for polyclad larvae (Nielsen, 1987,

2001), nor for any other platyhelminth, larval or

adult, the scoring of S29, E42 and R140 is the most

appropriate (absence of downstream ciliary system).
Within the molluscs, downstream ciliary feed-

ing is only known from gastropods and bivalves,
while the larvae of the other major taxa are strictly
lecithotrophic. Available evidence from compara-

tive embryology and gastropod phylogenetics in-

dicates the likelihood of a primitive lecithotrophic
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gastropod larva, while the primitive larval type of

bivalves remains uncertain (Haszprunar, 1992; Hasz-

prunaret ah, 1995; Cragg, 1996; Ponder& Lindberg,

1997; but see Page, 1994). This makes the pres-

ence ofa lecithotrophic larva in the ground pattern

of the Mollusca currently the most likely hypoth-

esis, in agreement with the scoring of RI40.

Direct observations on the feeding mechanism

of presumed planktotrophic nemertean pilidium

larvae are lacking (Nielsen, 1987, 1998a), justify-

ing the scoring of a *?’ (NI21). Moreover, because

pilidium larvae are not assumed to be part of the

nemertean ground pattern, the scoring of N22, S29

and ZI36 is inappropriate, and the scoring of ab-

sence of downstream ciliary feeding (E42, R140)

is currently the most defensible option.

Rouse (1999, 2000b) scored the myzostomids

as not having feeding larvae although both a proto-

troch and metatroch may be present, while Zrzavy

et al. (1998) scored them for having downstream

ciliary feeding. The scoring for myzostomids is

currently uncertain at best. The feeding mechanism

ofmyzostomid larvae remains unknown (Jagersten,

1972; Nielsen, 1998a), but Jagersten (1972) noted

that myzostomid eggs are relatively yolk-poor, and

that larvae possess well-differentiated guts with a

mouthand anus, which is often indicative of larval

planktotrophy. It should also be noted that pictures

of the trochophores of Myzostomida in the recent

literature sometimes label the presence of a proto-

troch, but these illustrations clearly show a post-

oral ciliary band that cannot be interpreted as a

prototroch (see for example Grygier, 2000; fig. 2.8;

Nielsen, 2001: fig. 19.1; Jagersten, 1972: fig. 43;

all these illustrations are based on Jagersten, 1939).

Nevertheless, young trochophore larvae of Myzo-

stomum parasiticum may possess two bands, pre-

sumably a pre-oral prototroch and a post-oral meta-

troch (Prenant, 1959; fig. 571), but between three

and four days of age the (meta-)trochophore ap-

pears to lose its pre-oral ciliary band (compare figs.

57ID and E in Prenant, 1959).

The scoring for Cycliophora also deserves a brief

discussion, even though the available analyses do

not exhibit scoring conflicts. The cladistic analy-

ses that included this taxon (Sorensen et al, 2000;

Zrzavy et al., 1998) unambiguously score the pres-

ence of downstream-collecting ciliary feeding, while

Z135 also scores larval planktotrophy for Cyclio-

phora. First, none of the free-living larval stages

of Symbion pandora has a digestive tract, ruling

out larval planktotrophy, and necessitating a re-

scoring of ZI35. Second, the homology of the

downstream-collecting ciliary system of the adult

feeding stage of S. pandora to other downstream

ciliary systems is not straightforward. In their de-

tailed functional study of downstream-collecting

ciliary systems Riisgard et al. (2000) describe for

the first time the feeding mechanics of the cyclio-

phoran buccal funnel. After defining the downstream

system as being composed of two parallel ciliary

bands of compound cilia surrounding a ciliated

mouth field of cells with separate cilia, they con-

clude that the ciliary feeding system ofS. pandora
conforms to this definition, and it is similar in struc-

ture and function to the downstream ciliary sys-

temsobserved in the other taxa. However, the mor-

phology of the cycliophoran ciliary system does

not conform precisely to the adopted definition. The

feeding stage ofS. pandora possesses a single ring

of compound cilia, not two bands (Riisgard et al

2000 interpret the opposite sides of the single circle

of cilia as “opposed bands”), and a circumoral cili-

ated field of cells with separate cilia is lacking (the

ciliation of the mouth cavity consists of several rows

of compound cilia on multiciliate cells). Thus, al-

though the cycliophoran ciliary feeding system is

functionally very similar to that of spiralian ciliary

feeding trochophore larvae, its detailed morphol-

ogy creates uncertainty about its homology with

other downstream systems, in contrast to the scor-

ing of S29. Punch & Kristensen (1997: 469) simi-

larly conclude that “the cilia of the mouth ring and

buccal funnel in the Cycliophora do not work with

opposed bands.”

Several comments on character coding are in or-

der. It should be noted that the character states of

M46 and M47 do not display a complement rela-

tion, resulting in misscoring of all phyla that lack

ciliary feeding systems as adults or larvae. This

resulted in the scoring of downstream-collecting

(and upstream-collecting) ciliary systems in phyla
such as mesozoans and nematodes. Obviously, M46

and M47 have to be recoded.

The scoring of E39 will not be discussed here

because the definition is not restricted to larval
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feeding, but also refers to larval locomotion, re-

sulting in a broader range of scored taxa. The defi-

nition of an opposed-band ciliary feeding system
for E42 reads “nutritive metatroch with opposed

bands; postoral (segmentally added) paired ciliary
bands beating in opposite directions and serving in

food capture,” and is claimed to be derived from

two sources in the literature, viz., Strathmann (1978)

and Salvini-Plawen (1988). However, these sources

do not offer such a definition of an opposed-band

feeding system. Instead, the definition incorporates
one pre-oral and one post-oral ciliary band that beat

towards each other. Multiple post-oral ciliary bands

are never involved in this feeding mechanism.

Quite different phylogenetic significances have

been attached to this character in recent phyloge-
netic studies of the Metazoa (see also table 3 in

Jenner& Schram, 1999). Nielsen has been the stron-

gest advocate of a single evolutionary origin of larval

downstream ciliary feeding, but Nielsen’s computer-

assisted parsimony analyses (Nielsen et al., 1996;

Nielsen, 2001) have not confirmed his narrative-

based scenario. N22 was found to be apomorphic
for Spiralia + Ectoprocta, and convergently evolv-

ing in rotifers, with several reversals in the si-

punculans, ectoprocts, and panarthropods. NI21

originated twice independently, once in molluscs

+ annelids, and once in the rotifers + entoprocts,
with reversals in the gnathostomulids and panar-

thropods. The convergent origin of downstream-

collecting ciliary feeding is also supported by the

analyses of Zrzavy et al. (1998) (three unambigu-
ous convergent origins ofZ136 under ACCTRAN

in rotifers, polyclads and the rest), and Rouse (1999)
(multiple convergences of R140 in entoprocts,
echiurans, and various times within the polycha-
ctes). In fact, the analysis of Sorensen et al. (2000)

provided the only recent cladistic support for a single
origin ot downstream ciliary feeding. However, the

single origin of S29 is caused by the scoring of

inapplicability’ or *?’ in taxa such as Gnathosto-

mulida and Micrognathozoa, instead of ‘absence’

of downstream ciliary feeding. Inapplicability scor-

ing for, for example, Gnathostomulida can be de-

fended if S29 strictly coded larval morphology
(gnathostomulids lack larvae). However, S29 also

coded for the adult situation, and therefore logic
would dictate the scoring for the gnathostomulids

as lacking a downstream ciliary system, just as the

rotifers (adults) were unambiguously scored as

possessing it. This would create results in accor-

dancewith the convergent evolution of downstream

ciliary feeding as suggested by the other recent

morphological cladistic analyses. Alternatively, S29

is only applicable for taxa with multiciliate cells,

and therefore inapplicable for the gnathostomulids.

However, Micrognathozoa do have multiciliate cells

and should therefore be scored as lacking a down-

stream system.

The major obstacle for reaching agreement on

the phylogenetic significance of downstream cili-

ary feeding (apart from estimates of the relative

likelihood of character gains and losses) is uncer-

tainty and/or disagreement about the ground pat-

terns of several phyla. For example, opposed band

larval feeding in the annelids is only known (func-
tional studies) for three families: Serpulidae, Owenii-

dae (Miner et al., 1999), and Capitellidae (Pernet

& Schroeder, 1999), while several other families

do possess the necessary ciliary bands but confir-

mation of their function is lacking. Yet, with the

exception of Rouse’s (1999, 2000a, b, c) analyses,
the annelids, or at least the polychaetes are scored

as unequivocally having downstream-larval ciliary

feeding. And even when character mapping on a

phylogeny suggests a particular scenario of char-

acter evolution, some authors maintain that reli-

able inferences have to await a better understand-

ing of the relative probabilities of character change
in different directions (Strathmann & Eernisse, 1994;
Budd & Jensen, 2000). Disagreements divide re-

searchers such as Nielsen and Rouse about the rela-

tive likelihood of independent gains or losses of

larval downstream feeding.

If we accept parsimony optimization of charac-

ters on a phylogeny, then current analyses at least

suggest a certain degree of
convergence of down-

stream ciliary feeding in both adults and larvae, in

particular supporting the independent origin of this

trait in the rotifers and the other taxa.

Larva with strongly reduced hvposphere

This character refers to larvae in which the post-

prototrochal region (hyposphere) is significantly
reduced in size. However, because it is specifically
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applied to platyhelminth and nemertean larvae in

which the existence of a prototroch (defined on the

basis of the cell lineage of the prototrochal cells)

is contentious, the hyposphere can be regarded as

the part of the larva posterior to the rim of long
cilia in polyclad and pilidium larvae. The infusion

ofa phylogenetic assumption into the definition of

this feature makes it a particularly interesting char-

acter.

Character coding

S28; N120; larva with strongly reduced hyposphere

a/p

Character scoring and phylogenetic significance

The reduction of the larval hyposphere is interpreted

as a synapomorphy for Platyhelminthes and Ne-

mertea (Parenchymia) in Nielsen (1995), Nielsen

(2001), and Sorensen et al. (2000). Support for the

validity of this character is largely derived from

the detailed comparative studies of larval nervous

systems and ciliary bands performed by Lacalli

(1982, 1983, 1984; Lacalli & West, 1985). These

studies demonstrated various morphological simi-

larities shared between the polychaete trochophore

larvae, the polyclad Muller’s and Gotte’s larvae

(lobophore larvae), and the nemertean pilidium

larvae. However, the definition of this character

mixes a justifiable morphological component with

a much more contentious assumption.

The character refers explicitly to a larva with a

reduced hyposphere, which embodies an a priori

assumption of the direction ofevolutionary change:
the derivation of a reduced hyposphere from an

ancestral state with a more developed hyposphere.

Sorensen et al. (2000: 301) qualify the character as

“..a trochophora type of larva with a strongly re-

duced hyposphere,” while Nielsen (1995: 214)

concludes that “...the larvae could perhaps be in-

terpreted as trochophores with strongly reduced

hypospheres...” These interpretations appear to be

quite colored by the trochaea theory according to

which “...these larvae should be modified tro-

chophores...” Nielsen (1995: 211). The introduc-

tion of a phylogeny-dependent element into a cla-

distic character is unjustifiably circular, and is in

direct conflict with the main goal of cladistic analy-

ses, namely the establishment of patterns of char-

acter distribution that may function as startingpoints

of hypotheses of evolutionary character transfor-

mation. At the very least, in order for this phylog-

eny-dependent character to be valid, parenchymians

should be nested within a clade ofprotostomes that

are unambiguously characterized by the possession

of trochophore larvae with a more fully developed

hyposphere. Although this may be consistent with

the results from Nielsen et al. (1996) and Sorensen

et al. (2000), other recent studies place the platy-

hehninths and nemerteans outside a clade charac-

terized by trochophore larvae, or do not indicate

any close relationship between these two phyla in

the first place (Eernisse et al., 1992; Haszprunar,

1996c/; Rouse & Fauchald, 1995; Giribet et al.,

2000).

Since this character is chiefly based upon infor-

mation from the studies of Lacalli, it shouldbe noted

that Lacalli himself is very reserved in drawing

concrete evolutionary conclusions with regard to

the similarities of polyclad lobophore and pilidium
larvae (Lacalli, 1982; Lacalli & West, 1985). In-

terestingly, Lacalli’s only explicit evolutionary

scenario exhibits an opposite polarity of change to

that proposed by Nielsen (1995) and Sorensen et

al. (2000). Lacalli (1984) envisions that polyclad
larvae are the more ancestral larval form from which

trochophore larvae could have evolved.

Although the typical helmet-shaped pilidium
indeed appears to possess a very small post-trochal

ar?a or hyposphere, various different types of pili-

dium larvae are known, including two types called

Pilidium recurvatum and P. incurvatum (figs. 21

and 23 in Jagersten, 1972; fig. 27.1 in Nielsen, 1995).

These two types possess a hyposphere of “normal”

proportions, comparable in relative dimensions to

that of many trochophore larvae, and including a

posterior telotroch. Interestingly, both Jagersten

(1972; 99) and Nielsen (1985: 257) suggested that

the typical helmet-shaped pilidium larva may well

have evolved from this type of pilidium with a nor-

mally proportioned hyposphere. Also, different types

of Midler’s and Gotte’s larvae may differ in the

extentof their hyposphere, so that some forms may

possess quite sizable hypospheres. The determina-

tion of the primitive form of either the pilidium or
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the Muller’s and Gotte’s larvae remains pure con-

jecture at this time. These considerations further

lessen the probability that a small or reduced hypo-

sphere is homologous in polyclad and pilidium
larvae.

Distinct from the difficulties that are introduced

through the blending of a proper morphological com-

ponent and an unnecessary a priori assumption of

the direction ofevolutionary change, it is question-
able whether the similarities of polyclad and nem-

ertean pilidium larvae could be scored as primary
homologies in the first place. First, the placement
of the polyclads within the platyhelminths on the

basis of current morphological and molecular phy-
logenetic data does not support the hypothesis that

polyclad Midler’s and Gotte’s larvae are part of

the platyhehninth ground pattern (Carranza et ah,

1997; Campos et ah, 1998; Zrzavy etah, 1998; Ruiz-

Trillo et ah, 1999; Giribet et ah, 2000). Of course,

this does not prove that these polyclad larval types
could not in principle be primitive platyhelminth
larvae retained from the ancestral life cycle, but

current data do not even unambiguously support

the presence of Muller’s and Gotte’s larvae in the

polyclad ground pattern. More likely, these larvae

evolved within the polyclads (Elders, 1985; Ax,

1995). Second, new phylogenetic evidence supports

the notion that pilidium larvae are not present in

the nemertean ground pattern (Thollesson & Noren-

burg, 2003). Earlier, Nielsen (1995, 2001) himself

admitted as much. He states that (2001: 288): “...the

life cycle involving a pilidium larva is definitely
not ancestral.’’ This statement implies that pilidium
larvae have evolved within a monophyletic Nemer-

tea, and that they are therefore inconsequential for

linking Nemertea to any other phylum (see Jenner,
2001b for an example of logical conflict in Nielsen,
2001 centered upon the presumed primitiveness of

pilidium larvae).

Prototrochal lobes

This character describes whether or not the

prototroch is located on lobes.

Character coding

M66: prototrochal lobes (velum, pilum) a/p
Z139: prototroch developed as ciliated lobes a/p

Character scoring and phylogenetic significance

M66 and Z139 both score only Nemertea and

Mollusca. The homology of this feature between

nemerteans and mollusks is unlikely. The presence

of a pilidium larva in the nemertean ground pat-

tern is contradicted by new phylogenetic evidence

(Thollesson & Norenburg, 2003). Molluscan ve-

liger larvae are only found within bivalves and gas-

tropods. Even assuming that they are part of the

bivalve and gastropod ground patterns, they are most

likely not present in the ground pattern of the en-

tire phylum (lacking in the aplacophorans, poly-

placophorans, monoplacophorans, scaphopods, and

cephalopods) (Nielsen, 1995, 2001). [However, see

Cragg, 1996, Salvini-Plawen & Steiner, 1996, Had-

lieldetal., 1997, and Ponder & Lindberg, 1997 for

arguments based upon the distribution of veligers
within bivalves and gastropods that they may not

be ancestral characters for both taxa, and that con-

vergent evolution of the veliger even within the

gastropods is likely]. This character only illustrates

the prevalence of convergent evolution, and will

only introduce noise into the phylogenetic analy-
ses of Meglitsch & Schram (1991) and Zrzavy et

al. (1998).

Body cavities

“Hohlraume sind begrifflich schwer zu fassen, da

sie im Prinzip keine Eigenstruktur aufweisen, so

dass sie nur indirekt begriffen werden kdnnen. Ein

Vergleich von Hohlraumen stellt sich deshalb als

besonders schwierig dar.” -Aldrichs (1995: 151)-

“In derTat lassen sich Hohlraume-also sozusagen

negative Strukturen - nicht ebenso homologisieren
wie Organe mit ihren positiven Strukturen” -Remane

(1963a: 483-384)-

This section discusses body cavities located roughly
between the epidermis and gut. The interpretation
of metazoan body cavities can be regarded as one

of the most controversial, yet influential, subjects
ofComparative zoology perhaps only being rivaled

in scope and intensity by discussions on the evo-

lutionary significance of larval forms. The evolu-

tionary importance that body cavities have held in
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past thinking is reflected by extensive discussions

of various competing historical theories of animal

evolution. These centered on divergent interpreta-

tions of body cavities such as the enterocoel and

gonocoel theories, and by the central role of body

cavities in the naming ofmany different higher level

animal taxa (Coelomata, Pseudocoelomata, Rhyn-
chocoela [nemerteans], Paracoelomata [approx.

Ecdysozoa sensu lato Zrzavy ct al., 1998], Proco-

elomata [stem-group metazoans above platyhelm-

inth grade of organization; Bergstrom, 1989],

Archicoelomata [stem-group bilaterians and some

modern descendants [Ulrich, 1972], Coelomopora

[Hemichordata + Echinodermata]).

Because a cavity by its nature lacks defining fea-

tures, body cavities can only be characterized with

reference to surrounding structures, such as a peri-
toneal coelomic lining, or structures internal to the

body cavity, e.g., coelomocytes. Since the nature

of an animal’s body cavity is intimately related to

many of these structures, attempts to understand

the evolution of body cavities has to address a

considerable variety of topics, including nephridial,

circulatory, muscular, and gonadal systems, body

segmentation, functional morphology of locomo-

tion, and life cycles stages.

Acoeloms. pseudocoeloms, and coeloms, primary

and secondary body cavities

According to traditional concepts of body cavity

design, bilaterian metazoans can be arranged into

three grades oforganization: acoelomate, pseudocoe-

lomate, and coelomate (Hyman, 1940; 1951a; Ax,

1995; Rieger, 1996a). This structural division is

frequently interpreted as a phylogenetic series in

the classical Anglo-Saxon literature, symbolizing

the traditional textbook tree that is supposedly rooted

in Hyman’s influential multivolume work on The

Invertebrates. However, a close reading ofHyman
reveals that although she regarded the structural

distinctions to be established on firm anatomical

observations, the phylogenetic significance ofbody
cavities was less clear (Jenner, 2000). This three-

fold distinction is based primarily on light micro-

scopical data, but since then, electron microscopi-

cal studies have necessitated a revision of these

concepts (Ruppcrt, 1991a; Rieger, 1996a) prima-

rily by showing that acoelomate and pseudocoelo-

mate organizations are arbitrary points along an

ultrastructural continuum. In addition, insufficient

attention has been paid to the nature of animal life

cycles in the scoring of body cavity characters in

recent cladistic studies, and this has seriously con-

strained recent thinking about the evolutionof animal

body cavities (see Jenner, 2001a).

Ultrastructurally there is a clear distinction be-

tween the acoelomate/pseudocoelomate organiza-

tion on the one hand and the coelomate organiza-

tion on the other. Acoelomate and pseudocoelo-

mate animals can be said to possess a primary body

cavity, which may be a retained blastocoel, and co-

elomate animals a secondary body cavity. A pri-

mary body cavity ranges from a virtual absence of

any “cavity”, such as the very narrow interstitial

spaces in gnathostomulids, to a more spacious cavity

lined by ECM and bordered by the basal surfaces

of the epidermis and gut, such as foundin priapulids.

A secondary body cavity is always in contact with

the apical surfaces ofits mesodermal epithelial cell

lining. These terms have been in the literature for

a long time(Hyman, 1951a; Remane, 1963a; Salvini-

Plawen & Splechtna, 1979), but they have not al-

ways been defined in a rigorous fashion, and in

some cases different uses of these terms havebeen

misleading. This paper will only discuss the sec-

ondary body cavity or coelom.

Secondary body cavity, coelom

“There is nothing to indicate that the various co-

eloms are homologous, and this opinion is now

shared by most authors” -Nielsen (2001: 86)-

“It is reasonable to consider that the coelomic cav-

ity is an autapomorphy distinguishing triploblasts

from diploblasts” -Dewel (2000: 43)-

“Only one major morphological character remains

as an unambiguous defining trait of the Bilateria:

the coelom” -Martindale et al. (2002)-

How do we define a coelom? The scope of the chosen

definition depends crucially on the criteria of ho-

mology that one_employs. It is important to distin-

guish between different levels of comparison, rang-
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mg from descriptive histology and gross anatomy,
to functional morphology and morphogenetic pro-

cesses (Remane, 1963a; Siewing, 1969; Salvini-

Plawen & Splechtna, 1979; Ahlrichs, 1995; Minelli,

1995). A failure to make this distinction has led to

confusing controversies, especially in regards to

particular structures in specific taxa, such as the

nature of the molluscan gono-pericardial system

(Salvini-Plawen, 1968; Salvini-Plawen & Splechtna,
1979; Salvini-Plawen& Bartolomaeus, 1995; Morse

& Reynolds, 1996), the nemerteanrhynchocoel and

circulatory system (Turbeville & Ruppert, 1985;

Turbeville et al., 1992; Bartolomaeus, 1993a; Ax,

1995; Nielsen, 1995), and the body coeloms of chae-

tognaths (Telford & Holland, 1993; Christoffersen

& Araujo-de-Almeida, 1994; Schram & Ellis, 1994;

Shinn, 1994; Ghirardelli, 1995; Nielsen, 1995; Kapp,

1996; Stocker, 1998). The following section will

discuss coeloms from three different perspectives:
I) structure, 2) ontogenetic origin, and 3) morpho-
genesis.

1) Histological (ultrastructural), morphological,
structural definition

To avoid unwarranted hypotheses of homology

implied by the ambiguously used term ‘coelom’

for mesothelium lined cavities in a wide variety of

animals, Salvini-Plawen & Bartolomaeus (1995)

recommended the application of the term ‘meso-

thelocoeT to the broad category of strictly struc-

turally defined coeloms. This applies to all coelo-

mic cavities irrespective of ontogenetic origin, struc-

turalelaboration, e.g., lined by a peritoneum or not,

exact configuration, anatomical position, and func-

tion. Finding it unnecessary to introduce a new term,

but recognizing the merit of a clear homology pro-

posal, 1 will use in this paper the simple term ‘co-

elom’ as equivalent to ‘mesothelocoel.’

Since its original formulation by Haeckel in the

late 19th

century, the definitionofa coelomhas been

constrained with respect to the vertebrate pleuro-
peritoneal cavity with its peritoneal lining (Ruppert,
1991a). Hyman’s often adopted definition reflects

this constraint: “A true coelom is thus defined as a

space between digestive tract and body wall which

is bounded on all sides by tissue ofentomesodermal

origin and lined by peritoneum” (1951a: 23). This

definition is echoed in many recent works, such as

Brusca & Brusca (1990), Willmer (1990), Meglitsch
& Schram (1991), Eernisse et al. (1992) (El 7, 18),
Brusca et al. (1997), Raff (1998), Stocker (1998),
Anderson (1998), and Almeida & Christoffersen

(2000). It implies a pseudostratified or stratified

coelomic lining in which muscle or epithelio-muscle
cells are entirely separated from the coelomic fluid

by a non-muscular epithelial peritoneum. The co-

eloms of various invertebrates reasonably conform

to this definition. For example, chaetognath trunk

and tail coeloms are at least partially covered by

peritoneocytes (Shinn, 1994, 1997), polychaete

perivisceral coeloms with peritoneocytes covering
the somatic lining (Fransen. 1988; Bartolomaeus,

1994), the nemertean rhynchocoel with non-mus-

cular lining cells (Turbeville & Ruppert, 1985;

Turbeville, 1991), and echinoderm podia lined with

peritoneocytes (Rieger & Lombardi, 1987). How-

ever, many other phyla do not answer this defini-

tion since their coeloms are lined by a simple

myoepithelium lacking an overlying non-contrac-

tile peritoneum, e.g., many polychaetes (Fransen,

1988; Bartolomaeus, 1994), hemichordates (Benito

& Pardos, 1997), and some echinoderms (Rieger
& Lombardi, 1987). Current evidence suggests that

peritoneal linings have evolved convergently within

the coelomate bilaterians, such as within the poly-
chaetes, sipunculans, echiurans, and echinoderms

(Rieger, 1986a; Rieger & Lombardi, 1987; Barto-

lomaeus, 1994). Note that Nielsen (1995, 2001)

adopts a broad definition of a peritoneum that co-

incides with what I accept here as a definition of a

mesothelium (Ruppert, 1991a), which designates
both genuine non-contractile coelomic linings and

myoepithelia as peritonea.

Other authors adopted a less restricted defini-

tion of a coelom, exemplified by Ruppert (1991a):

a compartment in the connective tissue compart-
ment, between epidermis and gastrodermis that is

lined by a mesodermally derived epithelium, or

mesothelium. Corresponding definitions are found

in Nielsen (1985, 1995), and Haszprunar (1996a)

(H26). For practical purposes, Ahlrich’s (1995)

purely topographical definitionof a secondary body

cavity as a compartment within a compartment, i.e.,
the primary body cavity, bounded by the gut and

epidermis, corresponds closely to this definition of



Ronald A. Jenner - Towards a phytogeny of the Metazoa98

a coelom (note that Salvini-Plawen& Bartolomaeus,

1995, strictly use this term to refer to a true ‘body

coelom’). Eernisse et al. (1992) coded at least ten

characters (E14-23) directly related to body cavi-

ties, employing various homology criteria. Other

recent phylogenetic studies either of the entire

Metazoa, or a subset of taxa supplied no defini-

tion, but judging from their data matrices, Meglitsch

& Schram (1991) (M42), Zrzavy et al. (1998) (Z30),

and Wallace et al. (1996) (Wa2) employed broad

structural definitions of a coelom. Although

gonocoels and metanephridia may also answer this

broad definition of a coelom, they are not scored

accordingly in these analyses.

Character coding

H26; Z30: histologically defined coelom a/p

M42: no body cavity/coelom (metacoel)

H28; Z32; Z11 I; Z1119: (eu)coelom a/p

M42 suggests the homology of the coeloms of

protostomes with only the metacoel in deuteros-

tomes, including lophophorates. Although this scor-

ing is not explicitly outlined in the text, it in fact

rellccts an assumption of metazoan evolution that

coincides with a theory propounded by Salvini-

Plawen (1982, 1985, 1998a) on the origin of

oligomerous metazoans (the lophophorates and

deuterostomes).

Character scoring and phylogenetic significance

There have been different opinions about the na-

ture of the body cavity of priapulids expressed in

the literature (Land & Norrevang, 1985). However,

it is probable that the priapulid ground pattern does

not include a coelom lined by a mesothelium, con-

trary to Zrzavy et al. (1998). Instead, a spacious

primary body cavity represents the likely priapulid

ground pattern (Storch, 1991; Neuhaus, 1994;

Aldrichs, 1995; Schmidt-Rhaesa, 1996; Adrianov

& Malakhov, 1996). The body cavity is surrounded

by non-epithelial muscle cells (Storch, 1991). Ear-

lier reports of the presence ofan epithelial (perito-

neal) coelomic lining resulted from the incorrect

interpretation of ECM (basal lamina) surrounding

non-epithelial muscle cells as a coelomic epithe-

lium (Land & Norrevang, 1985). Amebocytes may

also be found in close apposition to the longitudi-

nal body wall musculature (McLean, 1984; Adrianov

& Malakhov, 1996) that give the appearance of

scattered coelomic lining cells. A genuine coelo-

mic cavity that answers a histological definition

occurs only in one, Meiopriapulus fijiensis, of the

18 currently described extant species of priapulids

(Shirley & Storch, 1999). The small coelomic cavi-

ties surrounding the mouth cone (in addition to the

spacious non-coelomic major body cavity) of the

meiobenthic priapulid Meiopriapulus fijiensis rep-

resent a peculiarity within priapulids (Storch, 1991).

In addition, Meiopriapulus may be considered to

be one of the most evolutionarily derived of the

extant priapulids (Adrianov & Malakhov, 1996;

Wills, 1998).

Lack of robust ultrastructural data on the body

cavity lining in the chaetognaths, the apparently

aberrant developmental mechanism by which the

body cavities arise in the embryo, and the ques-

tionable permanence of these cavities throughout

ontogeny have provided room for debate on the

nature ofchaetognath body cavities and their phy-

logenetic placement (Hyman, 1959; Meglitsch &

Schram, 1991; Schram & Ellis, 1994; Backeljau et

Table 15. Scoring conflicts of histologically defined coelom

(absent, present).

Table 16. Scoring conflicts of a eucoelom (absent, present).

Absent Present Proposed

scoring

Priapulida M42 Z30 Absent

Chaetognatha M42 Z30 Present

Entoprocta Z30, H26 M42 Absent

Myzostomida Z30, H26 R125 Absent

Urochordata M42 Z30 Present

Absent Present 9 Proposed

scoring

Mollusca H28; Z32 ZII19 ZIll Absent

Ncmertea 1128; Z32 ZI119 ZIll Absent

Chaetognatha ZII19 Z32; ZIll Present

Ectoprocta Z32 ZIII9 ZIll Present

Arthropoda Z32 ZIll; ZII19 Absent

Tardigrada Z32 ZIll; ZI119 Absent

Onychophora Z32 ZIll; Zll 19 Absent
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al., 1993, Brusca & Brusca, 1990; Willmer, 1990;

Ghirardelli, 1995). Current ultrastructural informa-

tion favors the interpretation that the chaetognath
ground pattern comprises histologically defined

coeloms in the head, trunk and tail regions of the

adult body, in contrast to Meglitsch & Schram

(1991), e.g., Welsch & Storch (1982); Shinn (1994,

1997); Kapp (1996). Nielsen (1985, 1995) consid-

ered the chaetognath coeloms to be autapomorphies,
and he placed greater emphasis on the supposed
aschclminth features of the chaetognaths. The sug-

gestion by Telford & Holland (1993) that the lack

of a peritoneum suggests that the chaetognath co-

elom is a pseudocoelom either rests on the employ-
ment of the term peritoneum to refer to any me-

sothelium (see also Nielsen, 1995), or incorrectly

interprets the peritoneum to be a diagnostic fea-

ture ofa coelom, and it passes over the fact that at

least an incomplete layer of peritoneocytes lines

the adult trunk and tail coeloms (Welsch & Storch,

1982; Shinn, 1994, 1997).

The scoring of a coelom in Entoprocta in Meg-

1 itsch & Schram (1991) is a lapsus, since entoprocts

obviously do not possess a coelom during any stage

of their life cycle (Nielsen, 1971; Emschermann,

1996).

Urochordates do not form the typical mesoder-

mal coeloms (enterocoels) that characterize vari-

ous other deutcrostomes (Nielsen, 1995; Welsch,

1995; Presley et al., 1996), although the pericar-
dium of ascidians and thaliaceans has been con-

sidered by some to be a coelom (Godeaux, 1990;

Burighel & Cloney, 1997).

The tardigrades have been reported to possess

every type of body cavity distinguishable in inver-

tebrates including an enterococl, schizocoel, pseudo-
coelom, hcmocoel, and mixocoel (Nelson, 1982;

Kinchin, 1994). Resolution of this problem has been

hindered by the lack of convincing einbryological
data, as well as by terminological ambiguities as-

sociated with body cavities. No coeloms have been

reported in postembryonic stages, and the adult body
cavity answers the definition of a primary body ca-

vity with all tissues and organs lined by a basal

lamina (Dcwel et al., 1993). Nevertheless, Meglitsch
& Schram (1991), and Zrzavy et al. (1998) score

presence of a coelom, whereas Eernisse et al.’s

(1992) character scoring is apparently contradic-

tory; it scores both presence of a coelom and a pseu-

docoelom (El5, E21, E23). Additional discussion

of the tardigrade body cavity is provided under

Developmental or morphogenetic mode of the co-

elom.

The possession ofa coelom by the myzostomids
is disputed. Rouse & Fauchald (1995, 1997), Fau-

chald& Rouse (1997), Rouse (1999), and Westheide

(1996) accept the presence of a coelom or coelo-

moducts in myzostomids. In contrast, Haszprunar

(1996a), Zrzavy et al. (1998), and Eeckhaut et al.

(2000) argue against these interpretations. Eeckhaut

(1995) could not confirm the coelomic nature of

the genital ducts, and since this is the most recent

study on the internal ultrastructure of myzostomids,
it is reasonable to conclude on the basis of current

information that myzostomids lack a coelom.

Haszprunar( 1996a) introduced a character into

metazoan cladistics coding forthe eucoelomate con-

dition. This character is basically a finer subdivi-

sion of histologically defined coeloms. The coelom

is associated with the body wall muscles, and acts

primarily in locomotion in the eucoelomate phyla.
This means that at least part ofthe coelomic lining
is differentiated into either true muscle cells or

myoepithelial cells that form part of the body wall.

Haszprunar proposed this character as typical of

the echiurans, sipunculans, annelids, and the lopho-

phorate and dcutcrostome phyla. Haszprunar claimed

that nemerteans and molluscs are not eucoelomate

because in these groups the coeloms are not clearly
associated with the body musculature and locomo-

tion. The subsequent analyses by Zrzavy et al. (1998,

2001) and Zrzavy (2003) incorporated this charac-

ter, but some interesting changes in scoring hap-

pened between these studies.

The coeloms in the molluscs and nemerteanshave

nothing to do with body wall musculature in con-

trast to the scoring of Zll 1 and ZII19 (however,
see Turbeville, 2002 for hints of a connection be-

tween body wall muscles and the coelomic cir-

culatory vessels in an interstitial nemertean). The

chaetognath coelomic lining contributes muscles

to the body wall in contrast to the scoring of Z32

and Zll 1 (Shinn, 1997). The coelomic lining in the

ectoprocts may contribute muscles to the body wall

(Mukai et al., 1997; Nielsen, 2001). Finally, postem-

bryonic stages of the panarthropod phyla do not
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have body wall muscles that are part of intact co-

elomic cavities, in contrast to the scoring of ZH 1

and Zll 19. Also, there is no evidence that suggests

that the transient coeloms in the embryonic stages

ofthe onychophorans and arthropods ever form part

ofthe body wall muscles (Bartolomaeus & Ruhberg,

1999). It is surprising to find that Zrzavy et al. (2001)

ignored all this information by scoring these phyla

as “?s” for ZH 1. The changes in scoring for the

nemerteans and molluscs in Zrzavy (2003) are

puzzling. They are “treated here as eucoelomate”

(Zrzavy, 2003: 77), despite the fact that they are

not according to the adopted definition. However,

Zrzavy (2003) does not explicitly state the defini-

tion for ZII19. From the comments that Zrzavy

provides, and in view of the scoring of the nem-

erteans and molluscs as eucoelomate it appears that

Zll 19 actually codes for a histologically defined

coelom. However, in that case the arthropods and

onychophorans would also have to be scored as

present for ZII19 because during embryogenesis

they possess transient coeloms that may be retained

in the adult as the nephridial sacculi (see above

and Bartolomaeus & Ruhberg, 1999).

What is the phylogenetic significance of a struc-

turally defined coelom in the Metazoa? The phylo-

genetic analysis of Haszprunar (1996a) suggests

the independent evolution of a histologically de-

fined coelom in Mollusca, Nemertea, and the clade

(Sipuncula (Echiura (Polychaeta Clitellata))),

whereas the analysis of Zrzavy et al. (1998) sug-

gests the homology of the coelom in these taxa,

and convergent evolution of a coelom in Panar-

thropoda, Chaetognatha, Priapulida, and the clade

(Lophophorata Deuterostomia). The analysis of

Meglitsch & Schram (1991) implied the monophyl-
etic origin of a coelom as a synapomorphy of the

Coelomata. However, the incorrect scoring of en-

toprocts has an important effect, so that a re-analy-

sis after rescoring of entoprocts results in the col-

lapse ofthe clade Coelomata.Nielsen (1995, 1998b)

argued that coeloms in protostomes and deuteros-

tomes are convergent, but the phylogenetic analy-
sis of Nielsen et al. (1996) does not provide unam-

biguous support for or against the monophyletic

origin of a coelom.

The threefold convergence of the histologically
definedcoelom in Haszprunar (1996a) is interpreted

on the following topology:

(Nemertea (Entoprocta MoIlusca)(Myzostomida

(Sipuncula(Echiura(Polychaeta Clitellata))))

This supposes the primary lack of a coelom in

entoprocts and myzostomids. However, it is equally

parsimonious to suggest homology of coeloms in

these taxa with the secondary loss of a coelom in

the myzostomids and entoprocts. The same ambi-

guity results from the analysis of Rouse (1999):

homology of the coelom in the euspiralians implies

secondary loss of the coelom in the entoprocts and

myzostomids, or primary lack of a coelom in the

entoprocts implies convergence of the coelom in

the nemerteans and other euspiralians. Indeed some

authors favor the derivation of the entoprocts from

coelomate ancestors (Bergstrom, 1997; Cavalier-

Smith, 1998), while others suggest it is more likely

that the entoprocts are derived from a small non-

coelomate ancestor (Haszprunar, 1996a). The di-

versity of current phylogenetic hypotheses (either

morphological, molecular, or combined) for the

placement of entoprocts defies any clear resolution.

The same holds true for the myzostomids. Their

traditional positioning within the Polychaeta has

received cladistic support from the analyses of Rouse

& Fauchald (1997), which is in line with a second-

ary absence of a coelom. Their nesting within the

coelomate neotrochozoans in Zrzavy et al. (1998)

supports the same conclusion. However, their place-

ment in the analysis of Haszprunar (1996a) is am-

biguous as to the evolutionary significance of their

body cavity organization, whereas the analysis of

Zrzavy et al. (2001) appears to support their pri-

mary non-coelomate nature (see Jenner, in press,

for a critical discussion of recent attempts to place

Myzostomida within the Metazoa).

Phylogenetic analyses ofmetazoan relationships

based primarily on 18S rRNA/DNA data have

yielded a range of different results and interpreta-

tions for body cavity evolution that can broadly be

classified into three categories:

1) Homology ofcoeloms in early studies, that suf-

fer seriously from taxon sampling defects (espe-

cially the exclusion of non-coelomates), and the

incorporation of fast clock organisms, such as C.

elegans (Field et al., 1988; Raff etal., 1989; Ghiselin,

1989; Turbeville et al., 1992; Telford & Holland,

1993; Raff et al., 1994; Philippe et al., 1994;
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Winnepenninckx et al. 1995b). Consequently, the

phylogenetic support for a monophyletic (Eu)Coelo-

mata reported in these studies cannot be regarded
as reliable (see also Jenner, 2000).

2) Studies that do include a broader sampling of

taxa, but in which phylogenetic inferences are con-

strained by the influence of unconvincing interpre-
tations from the morphological literature. These

analyses are strongly biased towards accepting
coelomate monophyly and the overall homology
of coeloms on the basis of unsubstantiated ad hoc

assumptions, and they derive non-coelomate body

organizations from coelomate precursors (Winne-

penninckx et al., 1995a; Mackey et al., 1996; Ba-

lavoine, 1997, 1998; Balavoine & Adoutte, 1998;

Aguinaldo & Lake, 1998; Adoutte et al., 1999,2000;

Knoll & Carroll, 1999; Dewel, 2000). A typical
and the clearest illustration of such reasoning is

the first comprehensive molecular study of pseu-

docoelomate phylogeny by Winnepenninckx et al.

(1995a). They write (p. 1136) “The most funda-

mental evolutionary implication of multiple origins
ofpseudocoelomates is that the body cavity type is

of less phylogenetic significance than previously
considered...and implies that body cavities that

appear to be pseudocoeloms could easily be de-

rived by the modifications ofexisting eucoeloms.”

This is particularly revealing since both cladograms
in Winnepenninckx et al. (1995a) favor the alter-

native interpretation of the primitive lack of a co-

elom and the independent evolution of coeloms in

the protostomes and deuterostomes (Aguinaldo &

Lake, 1998; p. 884-885 adopt the same falacious

reasoning). In this case as in the other studies cited

above, non-coelomate bilaterians are assumed to

be modified coelomates, a conclusion supposedly
supported by several morphological findings.

The most convincing morphological evidence sug-

gesting the evolution of non-coelomate organisms
from coelomate ancestors involves an analogy with

interstitial polychaetes that reduced the coelom with

decreased body size, e.g., Fransen (1988), and Rieger
(1994b). However, the evidence is hardly compel-
ling because in many compact-bodied interstitial

annelids the organization and polarity of the so-

matic and visceral muscular systems remain dis-

tinct from that found in acoelomate and pseudocoe-

lomate phyla (Fransen 1988; Bartolomaeus, 1994).
The dwarfmale of Bonellia viridis potently illus-

trates that extreme size reduction need not lead to

complete loss of coelomate characters (Schuchert
& Rieger, 1990). Ruppert (1991a) also argued that

some aschelminths may be derived from ancestors

with perivisceral coeloms because the nemato-

morphs, some nematodes, priapulids, and acantho-

cephalans have body cavities resembling perivis-
ceral coeloms; the somatic mesoderm resembles

nonstratified hypertrophied myoepithelium found

in various coelomate invertebrates. However, with

the exception of the meiofaunal priapulid, Meio-

priapulus fijiensis, in noneof these taxa has a meso-

dermal myoepithelium or peritoneum been convinc-

ingly demonstrated. Ruppert’s hypothesis does imply
actual inheritance of a coelom in non-coelomates.

Lorenzen (1985) similarly derives the pseudocoe-
lomates from coelomate ancestors, with direct in-

heritance of the coelom. In contrast, Rieger (1986a,

1994a, b) derived the acoelomates and pseudocoe-

lomates by progenesis from an ancestor with a bi-

phasic life cycle with a macroscopic coelomate adult

and a microscopic acoelomate/pseudocoelomate
larva. This would explain the striking diffences be-

tween larval and adult body organization and at

the same time explain the similarities between classic

primary larvae and non-coelomate adults, e.g.,

muscle system, body cavity, excretory system, etc.

However, actual reduction of a coelom is not im-

plied by this hypothesis because the non-coelomates

derived from ancestral larval stages before onto-

genetic differentiation of the coelom.

3) Studies that include a broader sampling of taxa,

support the potential convergence of coeloms or

the primary lack of coeloms in various non-coelo-

mate bilaterians. However, these papers do not

necessarily explicitly discuss the evolutionof body
cavity organization in their papers, e.g., Eernisse

(1997), Littlewood et al. (1998), Ruiz-Trillo et al.

(1999), Giribet & Ribera (1998), Zrzavy et al. (1998),
Giribct & Wheeler (1999), and Peterson & Eernisse

(2001). Although these comprehensive studies do

not.yield a completely resolved bilaterian clade, a

conservative parsimony estimation indicates that

convergent evolution of a structurally defined co-

elom is more likely than its overall homology across
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Bilateria (see also Jenner, 2000). However, the

analyses of Giribet et al. (2000) and Zrzavy et al.

(2001) do not yield unambiguous conclusions about

the homology of coeloms.

What are we at this point to conclude? Compre-
hensive morphological and molecular cladistic stud-

ies have not as yet supplied convincing support for

a monophyletic origin of the coelom, but this con-

clusion is based upon the assumption that gain and

loss of a coelom are equally probable. With respect

to the acoelomate worms, parsimony appears to

support the homology of the nemertean coelomic

cavities (circulatory vessels, rhynchocoel) with the

coeloms of the neotrochozoans. The secondary loss

rather than the primary absence of a coelom in the

platyhelminths and gnathostomulids is not strongly

supported. Ultimately, a definitive conclusion will

depend on a robust hypothesis of relationships in-

dicating the distribution of non-coelomate and co-

clomate taxa and a fuller understanding of the rela-

tive probabilities of character gains and losses (if

that can be achieved at all).

2) Ontogenetic source

The embryonic origin of the mesoderm has been

considered as especially relevant for the consider-

ation of the homology of secondary body cavities.

On the basis of comparative anatomy a classical

distinction has been made between ectomesoderm

(ectomesenchyme, mesectoderm) and endomeso-

derm (mesendoderm or“true” mesoderm), and these

being derived fromectoderm and endodermrespec-

tively (Hyman, 1951a; Salvini-Plawen & Splechtna,

1979). A note on terminology is in order here.

Ectodermally derived mesoderm is variably referred

to in the literature as ectomesenchyme or ectomeso-

derm. Careful use of terms is necessary since these

terms are used by differentauthors to connote very

precise homology proposals especially regarding

the homology of mesoderm in the Bilateria and the

mesogloea in cnidarians and ctenophores. Since

mesogloeal cells do not form true organs (although
the rather arbitrary definition of an “organ” might
call this argument into question) it was suggested
that designating them as a germ layer, i.e., meso-

derm, would be inappropriate (Slewing, 1969).

Consequently, ectomesenchyme became the pre-

ferred term for cells located between the epider-
mis and gastrodermis. For different perspectives

on terminology see Hyman (1951 a), Salvini-Plawen

(1998a), Salvini-Plawen & Splechtna (1979); Siew-

ing (1969, 1977); Starck & Slewing (1980); Hall

(1998). It should be noted, however, that most re-

cent papers have settled with ectomesoderm and

have not been explicitly concerned with issues of

terminology. In this paper I use the terms ecto-

mesoderm and ectomesenchyme interchangeably.

The differentiation between ecto- and endomeso-

derm has long been regarded as very important for

resolving invertebrate relationships. Variousauthors

have argued for the phylogenetic distinctness of

ectomesoderm and endomesoderm with the former

evolving before the latter (Wilson, 1898; Hatschek,

1911; Hyman, 1951a; Slewing, 1969; Salvini-Pla-

wen & Splechtna, 1979). Ectomesenchyme is wide-

spread in spiralians and diploblasts, and was thought

to be totally lacking in deuterostomes. In addition,

the conviction that ectomesoderm solely contrib-

uted to larval structures led to its designation as

larval mesoderm. Recently, zoologists have turned

away from this rigid division, and now generally

admit an underlying unity between endo- and

ectomesoderm (Ruppert, 1991a; Nielsen, 1995; Hall,

1998) as is reflected in the cladistic character codings
of mesodermal characters, e.g. N27, and Z17. Re-

cent cell lineage studies, in particular on the pre-

sumed basal spiralian platyhelminths and nemerte-

ans, confirm and extend the results from earlier

studies that indicate that the ecto- and endomesoderm

not strictly separate sources of larval and adult

tissues, respectively (confirmed also by unpublished
observations of P. Damen for the gastropod Pa-

tella). Both may contribute to larval and adult struc-

tures, and frequently mix in the development of

particular structures. Both larval and adult tissues

are composed of a mixture of ecto- and endomeso-

derm in a variety of spiralians (Boyer et al, 1996a,

1998; Boyer & Henry, 1998; Henry & Martindale,

1998a, 1999). The presenceofboth ecto- and endo-

mesoderm, derived from opposing ventrally and

dorsally positioned blastomeres respectively, is

posited for the spiralian ancestor (Boyer et al., 1996a,

1998; Henry & Martindale, 1999). Ectomesoderm

in spiralians may be derived from either the first

(leeches, possibly echiurans), second (molluscs,
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polychaetes, nemerteans, and polyclads), or third

quartet micromeres (molluscs, nemerteans, echiu-

rans, and polychaetes) (Boyer et ah, 1996a; Boyer

& Henry, 1998; Henry & Martindale, 1998a, 1999).

However, modern cell lineage tracing methods are

necessary to confirm these observations.

Interestingly, some profound evolutionary

changes have occurred in different taxa in the rela-

tive contribution ofecto- and endomesoderm to adult

spiralian tissues. The mesodermof the prosobranch

gastropod Paludina ( Viviparus ) has been reported
to originate either as outpocketings of the arch-

enteron, or exclusively as ectomesoderm (Verdonk
& Biggelaar, 1983). Although the need for rein-

vestigation is obvious, the second interpretation has

attained widespread approval (Raven, 1966; Hyman,

1967; Webber, 1977; Salvini-Plawen & Splechtna,
1979; Nielsen, 1995). Similarly, all mesodermal

derivatives of the polychaete Eunice may be ex-

clusively composed of ectomesoderm (Nielsen,

1995).

The deuterostomes are traditionally regarded as

completely lacking ectomesoderm(Salvini-Plawen
& Splechtna, 1979; Rieger, 1996a), but even in the

deuterostomes we can trace the ectodermal origin
of various mesodermal organs such as the peri-
cardium in enteropneusts and asteroids (Ruppert,

1991a). Although based on older data, the reports
of ectodermal cells that ingress into the blastocoel

ot various phoronid species (see Bartolomaeus,

2001) also warrant a detailedreconsideration. How-

ever, whether exclusive homology can be main-

tained between ectomesodermal structures through-
out the animal kingdom is doubtful. The ectomeso-

dermal origin of structures in spiralians is firmly
rooted in corresponding cell lineages (first, second,
and third quartet micromeres), but the dcuterostomal

ectomesodermal derivatives mentioned by Ruppert

(1991a) do not share these origins. For example,
the pulsatile vesicle that develops from ectomesen-

chyme in the entcropneust tornaria larva (Ruppert
& Balser, 1986) and the ectomesodermal structures

developed from the second or third micromere

quartet in the trochophore larva of gastropod mol-

luscs (Verdonk & Biggelaar, 1983; Dictus & Damen,

1997) are both formed in the larva and may both

contribute to adult structures (the pericardium and

foot, respectively). However, there is nothing that

suggests a single phylogenetic origin of these ecto-

mesodermal structures. So far, the lack ofconvincing

homology between the ectomesenchyme of non-

bilaterians and bilaterians, or protostomes and deu-

terostomes, leaves the phylogenetic significance of

the fundamental separation of ecto- andendomeso-

derm unresolved.

It should be noted that current textbooks pro-

vide a definition of endomesoderm that is inaccu-

rate and which may lead to confusion with respect

to the phylogenetic significance of endomesoderm.

It is stated that endomesoderm is derived from
endoderm (Meglitsch & Schram, 1991; Gilbert &

Raunio, 1997), implying that mesoderm derives from

already differentiated endoderm. A developmen-
more accurate characterization of endo-

mesoderm that is in line with recent investigations
of the source of mesoderm in diverse animal phyla
is rooted in detailed cell lineage (Boyer et ah, 1996;

Boyer & Henry, 1998; Henry & Martindale, 1998a,

b, 1999; Henry et ah, 2000; Martindale & Henry,
1999). Endomesoderm would then be defined as

mesoderm deriving from cells that will produce both

endodermal and mesodermal progeny. Similarly,
ectomesoderm is mesoderm deriving from cells that

produce both ectodermal and mesodermalprogeny.

For example, it was recently found that the acoel

platyhelminth, Neochildia fusca, produced only
endomesoderm (Henry et al., 2000). This conclu-

sion was based on the fact that mesoderm derives

solely from the progeny of third duet macromeres,

cells that only produce mesoderm and endoderm.

However, the third duet macromeres arise from

second duet macromeres that also produce ecto-

dermal offspring. Therefore, the last split of devel-

opmental competence should be applied as an un-

ambiguous criterion to diagnose ecto- or endo-

mesoderm. These considerations have some con-

sequences for character scoring (see under Muscles).
For the purpose of this discussion, 1 will provi-

sionally accept all mesoderm to be homologous,
coincident with a least restrictive topological defi-

nition as the middle body layer (Ruppert, 1991a),

while further awaiting evidence hinting at the na-

ture of the primitive form(s) of mesoderm. Espe-

cially needed are detailed cell lineage studies on

the origin ot mesoderm in various aschelminths.

Since mesoderm as a secondary germ layer is a
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quintessentially inductive product (Hall, 1998),

molecular developmental analysis of mesoderm

induction processes may hold the key to uncover-

ing the evolutionary unity or true diversity of me-

soderm (see also below).

Alternatively, one may distinguish different

sources of mesoderm in the Bilateria. The most

common distinction made in recent cladistic stud-

ies is between archenteron derived mesoderm, and

mesoderm derived from one or more cells near the

blastopore (N27, N28, N125, NI26, Z17, Z20, Z12,

ZI10, S33, S34, P36, P38, BIS, B22, M19, Cal).

Character coding

N27; N125; S33; ZI7: mesoderm formed from 4d-

cell, blastopore rim, or ectomesoderm a/p

N28; NI26; S34; Z20; Z110; ZII9; B22: mesoderm

formed from archenteron a/p

P36: endomesoderm derived from gut a/p

Ml9: ectomesoderm/4d mesoderm

Cal: 4d mesoderm/mesoderm from archenteron

(endomesoderm)

BIS: mesoderm arises from mesentoblast (primi-

tively the 4d cell) a/p

E5; P38; ZI2; ZII7: 4d (endo)mesoderm a/p

H37; Z19: entomesoblast (4d/2d) a/p

Character scoring and phylogenetic significance

Sorensen et al. (2000) doubted the presence of

mesoderm as a germ layer in the ctenophores (see
discussion above), therefore scoring *?.’ This con-

clusion is supported by the fact that during the

development ofneither the cnidarians nor the cteno-

phores a true mesodermal cell sheet is present. This

reasoning also explains why Peterson & Eemisse

(2001) scored mesoderm absent in the ctenophores

(P34, P36, P38), but this scoring is in apparent

conflict with an earlier study that supported endo-

mesoderm as a synapomorphy of ctenophores and

bilaterians (Peterson & Davidson, 2000), and the

scoring for P35 (presence of endomesodermal

muscles). The scoring conflicts hinge upon the

definitionof a germ layer. If a germ layer is strictly

defined (classical definition) as an epithelium, then

the ctenophores lack a third germ layer. However,

when a broader definition is accepted that is not

restricted to an epithelium but that may also en-

compass individual cells, then the ctenophores do

Table 1 7, Scoring conflicts ofarchenteron derived mesoderm.

Table !H. Scoring conflicts of mesoderm derived from 4d, blastopore rim, or ectomesoderm.

Absent Present 9

Ctenophora P36 Z20; N28; NI26 S34

Pterobranchia Z20; Z1I9 (Hemichordata);

N28; N126; S34; Cal

P36

Phoronida S34 Z20; ZII9; N28; NI26; S34; ZIIO; Cal

Ectoprocta Z20; ZII9; N28; NI26; S34; ZIIO \ P36; Cal

Ccphalorhyncha ZIIO; P36 Z20; Z1I9; N28; NI26; S34

Tardigrada Z20 N28; NI26; S34; P36; ZIIO; ZII9

Syndermata ZIIO; ZI19 (Acanthocephala) Z20; ZII9 (Rotifera); N28; NI26;

S34; P36 (Rotifera)

Gnathostomulida Z20 S34; ZIIO; ZII9; NI26; S34

Cycliophora S34 Z20; ZIIO; ZII9; P36

Absent Present 9

Chaetognatha N27; NI25; Z17, Z19; ZI2; ZII7; P38 S33

Loricifera S33 N27; NI25; Z17; Z19; Z12; ZII7; P38

Tardigrada Z17; Z19; P38 E5 N27; NI25; S33; Z12; ZII7

Acanthocephala N27; NI25; Z17; Z19; ZI2; Z1I7 S33

Acoela P38; ZII7 Z17; Z19

Gnathostomulida Z17; H37 NI25; S33; P38; Z12; E5; Z19; Z117
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possess endomesodermal cells (as do bilaterians).
Because ctenophores clearly possess cells that later

develop such mesodermal structures as different

muscles, I support this latter interpretation.
The most complete account of pterobranch de-

velopment is that forRhabdopleura normani (Lester,

1988a, b). The embryo is largely filled with a mass

of yolk-filled mesenchymal cells that give rise to

the coeloms and only during late metamorphosis
to the gut. An archenteron was not observed, ten-

tatively justifying the scoring of P36 as opposed to

the other studies. However, an invaginated arch-

enteron has supposedly been reported for Cepha-
lodiscus (Nielsen, 2001), but 1 have not been able

to consult the original sources.

An archenteral origin of at least ingressed indi-

vidual mesodermal cells has been reported for some

phoronids which supports the scoring of most studies

except S34 (Kume, 1968b; Emig, 1990; Zimmer,

1991, 1997), but there remains conflict between

different reports of phoronid mesoderm (Liiter,

2000). An origin of mesoderm from the vegetal plate
of the embryo before gastrulation is reported for

other species. Freeman & Martindale (2002) recently
found that mesoderm in the phoronids develops at

the boundary between ecto- and endoderm, and that

it can form from both ectodermal and endodermal

cells.

Mesoderm has not been reported to originate from

the archenteron in ectoprocts as is reflected in the

scoring of most cladistic analyses, but the exact

source of the mesoderm remains a mystery, which

also justifies the scoring of P36 and Cal (Nielsen,

1971, 1990; Reed, 1991; Luter, 2000).

The only cephalorhynch phylum for which some

embryological data exists is Priapulida. The meso-

derm does not appear to form from the archenteron

(Norrevang & Van derLand, 1989; Nielsen, 2001),
nor has a mesentoblast been observed, but I have

not been able to consult the few available original
works on priapulid embryology. With nothing
known about the embryology of either the kino-

rhynchs or loriciferans, the scoring of a *?’ for

mesoderm source is currently the best option for

cephalorhynchs.
Since the first embryological studies on the

T ardigrada, the origin of their mesoderm has been

problematic. Although the scoring of archenteron

derived mesoderm in Zrzavy et al. (1998) is fre-

quently presented in the literature, a recent study

by Eibye-Jacobsen (1996/1997) revealed that most

accounts of tardigrade embryology are based on

questionable interpretations [just threepapers with

original observations from the late 19"' to the early
20"' century]. Mesodermal origin from the arch-

enteron could not be confirmed and remains as yet

unknown (see also under Developmental or mor-

phogenetic mode), also against E5 that scored pres-

ence of entomesoblast for tardigrades.
E5 scored 4d mesentoblast present for the

arthropods. The sources of mesoderm are not in

agreement with those in the trochozoans, i.e., me-

soderm arises not from mesentoblast 4d (Ander-

son, 1973; Slewing, 1979; Scholtz, 1997; Nielsen,

2001; Gerberding et al., 2002; Hertzler, 2002; Wolff

& Scholtz, 20Q2).

H37 and Z19 scored the myzostomids as pos-

sessing a 4d mesentoblast, but in view of the ab-

sence of cell lineage data ZI2 properly rescored

them as *?.’

Archenteron derived mesoderm has not been

reported for the syndermates (ZI10), but the precise
cellular source of the mesoderm remains unknown,

as reflected in the scoring of most analyses.
The source of the mesoderm in the gnathosto-

mulids is unknown (Mainitz, 1989), contra H37,

Z17, Z19 and Z20. Two presumable mesoblasts were

observed by Riedl (1969) but neither their identity

as descendants from a 4d mesentoblast, nor their

derivatives could be confirmed.

The source of mesoderm is unknown for Cy-

cliophora, contra S34.

If the origin of the chaetognath coeloms is a

reliable proxy for estimating the source of the

mesoderm, then mesoderm is formed from the arch-

enteron (Alvarino, 1990; Nielsen, 2001), against
S33. However, see discussion below on the cur-

rent crude criteria for establishing mesodermsource.

Although ectomesoderm and a 4d mesentoblast

are not found in the acoels (contra Z19), it is pos-

sible that mesoderm derives from the blastopore
(Z17) (Henry et al., 2000). However, it is also

possible that the mesoderm becomes only distin-

guishable after gastrulation has internalized the de-

scendants of the third duet blastomeres that will

eventually produce mesoderm.
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A note on charactercoding is in order here. Hald,

H37, L52, and Z19 are characters that unite cells

4d and 2d as the source of (endo)mesoderm in

various spiralians. This inappropriately unites a true

source of mesoderm (4d) with an important source

of ectoderm (2d). The 2d cell is the primary so-

matoblast in neotrochozoans and provides a major

contribution to the ectoderm, e.g., the shell and foot

in the molluscs, the segmented ectoderm in poly-

chaetes, and larval ectoderm and peripheral ner-

vous system in polyclads (Schroeder & Hermans,

1975; Vcrdonk & Biggelaar, 1983; Boyer et ak,

1998). Only in the nemerteans has 2d been reported

to contribute to mesoderm (Boyer et ak, 1996a;

Boyer & Henry, 1998). The derivation of meso-

derm from the 2d cell in the acoel platyhelminths,

e.g., Haszprunar, (1996b) is not supported by re-

cent cell lineage analysis, which instead suggests

that all acoel mesoderm derives from third duet

macromeres (Henry et ak, 2000).

Different analyses largely agree on the phyloge-

netic significance of mesoderm derived from 4d,

blastopore ridge, or ectomesoderm. Nielsen et ak

(1996) and Nielsen (2001) support this character

as a synapomorphy for Gastroneuralia+ Ectoprocta,

excluding Syndermata and Chaetognatha, or Chae-

tognatha only, respectively. Zrzavy et ak (1998)

and Sorensen et ak (2000) support it as a synapo-

morphy for Gastroneuralia minus Chaetognatha and

Ectoprocta. In contrast, there appears to be some

disagreement about the phylogenetic significance
of archenteron derived mesoderm. Nielsen et ak

(1998), Nielsen (2001), Peterson & Eernisse (2001),
and Zrzavy et ak (1998) suggest that thearchenteron

is the plesiomorphic source of mesoderm in the

Metazoa, whereas Sorensen et ak (2000), Zrzavy

(2003) and Zrzavy et ak (2001) support archenteron

derived mesoderm as a synapomorphy for Brachio-

poda, Phoronida, and Deuterostomia (also includ-

ing Chaetognatha in the first two studies).

It should be realized that these differences in the

phylogenetic significance of archenteron derived

mesoderm are actually quite small. The alternatives

appear to hinge upon a different scoring for Cteno-

phora, which is the sister group to Bilateria in these

analyses (not included in Zrzavy et ak, 2001). The

scoring of archenteron derived mesoderm for the

ctenophores favors the optimization of this char-

acter as the plesiomorphic source of mesoderm in

the Metazoa. Alternatively, when the ctenophores

are scored absent for archenteron derived meso-

derm, then the character is favored as a synapo-

morphy for a clade of lophophorates (minus Ecto-

procta) and deuterostomes. An exception is the

analysis by Peterson & Eernisse (2001), which

scored ctenophores as lacking archenteron derived

mesoderm, but which could support the archenteron

as the plesiomorphic mesoderm source by virtue

of the basal positions of taxa with this type of

mesoderm in all major bilaterian clades.

One may be tempted to conclude that the wide-

spread adoption of characters that dichotomize the

source of mesoderm as either the archenteron, or

the 4d mesentoblast, blastopore ridge, or ectomeso-

derm, accurately reflects a unified understanding

of the evolution of mesoderm sources in the Me-

tazoa. I have serious reservations about this. The

interplay ofthree key issues needs to be confronted:

1) the criteria used to define characters and char-

acter states, 2) the nature of mesoderm as an in-

duction product, and 3) heterochrony in the timing

of mesoderm origin.
The recent cladistic analyses at least universally

agree on considering archenteron derived mesoderm

typical, if not necessarily apomorphic, for deuteros-

tomes: “mesoderm is in all cases formed from the

endoderm (archenteron), never from the blastopore

lips as in the protostomes” (Nielsen, 2001: 375).

This conclusion is actually very misleading.

The main problem is that different criteria are

used to diagnose the origin of mesoderm in the

protostomes and deuterostomes, and these criteria

maintain the existence of arbitrarily dichotomized

characters or character states. The origin of the

mesoderm within the protostomes has been best

established for the spiralians and nematodes. The

exact cellular source of mesoderm in these taxa is

known through detailed cell lineage studies. For

most spiralian phyla, for example, it has been clearly

established that the mesoderm takes origin from

the 4d mesentoblast, which may be distinguished

as early as the 24-cell stage embryo (caenogastro-

pods) (Biggelaar & Haszprunar, 1996). In all these

taxa, the cells that are specified to become meso-

derm can be recognized early in embiyogenesis in

an area around or close to the future blastopore,
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typically before gastrulation commences, and thus

before an archenteron is formed. In the following
discussion spiralian ectomesoderm is not consid-

ered, only 4d mesoderm and blastopore edge me-

soderm, which are considered closely similar.

Recent cladistic analyses thus score the origin
of mesoderm in these phyla according to the onset

of mesoderm specification. In contrast, the source

of deuterostomemesoderm is diagnosed by a wholly
different criterion, namely the first sign of a mor-

phological differentiation in the mesoderm. In taxa

such as the echinoderms and enteropneusts this

differentiation occurs with the evagination of co-

elomic sacs. However, as is also discussed for bra-

chiopods under Developmental or morphogenetic

mode, equating the onset of coelomogenesis with

the timing of mesoderm origin is not straightfor-
ward, and this linking has led to meaningless char-

acter scorings in recent cladistic analyses. Liiter

(2000: 25) clearly illustrates this confusing perspec-

tive: “Although formation ofcoelomic compartments
differs

among echinodcrmate taxa
... entcrocoely

...is the only way initial mesoderm is formed in

Echinodermata.” Coelomogenesis and mesoderm

origin are, however, not the same. Applying coelo-

mogenesis and mesoderm specification as differ-

ent criteria to score mesoderm source in the deu-

terostomes and gastroneuralians, respectively, only
serves to create a false impression of their funda-

mental difference.

Since the mesoderm is an induction product (that
does not automatically exclude a role for segre-

gated factors in cell fate specification), it is critical

to know the exact timing of this induction when

we construct a character on the basis of the source

or origin of mesoderm. For those deuterostomes

for which experimental and cell lineage data exist,

principally several echinoderms and ascidians, e.g.

Davidson et al. (1998), Davidson (2001), Sweet ct

ah (1999), it is beyond doubt that mesoderm speci-
fication is already established during the blastula

stages, long before the first signs of morphologi-
cally differentiated mesoderm become apparent.

Similarly, Freeman& Martindale (2002) showed

that mesoderm in the phoronids is induced at the

boundary between the ectoderm and endoderm, and

that mesoderm may develop both from endoderm

and ectoderm. Consequently, this argues against

the clean dichotomy of mesoderm source in the

deuterostomes and protostomes as maintained by
Nielsen (2001, 2002a).

Under this new perspective it becomes immedi-

ately obvious that a quintessential “mesoderm from

archenteron” taxon such as Echinodermata is actu-

ally a “mesoderm from blastopore edge” taxon. For

example, when we consider that “stereotype for

deuterostome development” (Pearse & Cameron,

1991: 572), the sea urchin, we must conclude that

the blastomeres that are specified as mesoderm can

already be precisely identified on a blastula fate

map. The same conclusion can be drawn when we

study the fate map of an ascidian cleavage stage

embryo. The prospective mesoderm cells in the

blastulae of these taxa are located around the blas-

topore edge before involuting into the archenteron

where they will eventually form the source for

morphologically differentiated mesodermal deriva-

tives. A focus on specification rather than morpho-

logical differentiation may also lead to different

character scorings for vertebrates, even though em-

bryonic cell lineages play a far less prominent role

in vertebrate development than in embryos from

mostother phyla. Vertebrates are universally scored

as having archenteron derived mesoderm, and lack-

ing ectomesoderm, but mesoderm induction com-

mences well before gastrulation with prospective
endoderm inducing presumptive ectoderm cells to

become mesoderm (Kessler & Melton, 1994; Hall.

1998).

This novel perspective may also provide a broad

explanatory umbrella that can accommodate a cell

type that is otherwise often considered an echino-

derm oddity: the mesodermal mesenchyme cells that

contribute various cell types to the larval body plan.

Secondary mesenchyme cells develop from the tip
of the growing archenteron during gastrulation, and

they are found in members of all living classes.

Primary mesenchyme cells develop from the veg-

etal plate before gastrulation starts, but they are

often considered a peculiarity for the echinoids,

ophiuroids, and holothuroids (Holland, 1991; Chia

& Walker, 1991; Hendler, 1991;Pearse & Cameron,
1991; Smiley et ah, 1991; Wray, 1997; Davidson

et ah, 1998). The presence of primary mesenchyme
in these taxa appears to correlate with the presence

of larval calcareous spicules or ossicles, and at least
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for the echinoids and ophiuroids it is known that

the spicules are produced by ingressed primary

mesenchyme cells. The crinoids, which are the

acknowledged sister groupto the other living groups

of echinodcrm (Littlcwood et ah, 1997; Janies,

2001), are not reported to have primary mesenchyme,

but crinoid gastrulation (Hyman, 1955; Holland,

1991) appears to start with a unipolar ingression

of cells that might be interpreted as primary mes-

enchyme. I therefore think that the presence of

primary mesenchyme, or pre-gastrulation mesoderm,

in the ground pattern of Echinodermata (at least

the living groups) remains a viable hypothesis.

The distinct characters or character states in the

recent cladistic analyses merely formalize an arbi-

trary distinction that is maintained by application

of different diagnostic criteria of mesoderm origin

in different taxa. I consider the perspective elabo-

rated here to be better grounded in observations on

metazoan development. This perspective could serve

as the basis for a revised character coding and scoring

that would clearly contradict those adopted in re-

cent cladistic analyses. The new perspective pri-

marily argues against the exclusive scoring of

mesoderm derived from around the blastopore for

gastroneuralians, removing a potential gastroneu-

ralian synapomorphy, and raising the possibility

that it represents a synapomorphy for a more in-

clusive clade, possibly the Bilateria or Acrosomata.

The possibility of the latter hypothesis hinges upon

the scoring ofctenophores as possessing archenteron

derived mesoderm rather than mesoderm derived

from the blastopore region (Nielsen et ah, 1996;

Nielsen, 2001; Zrzavy et ah, 1998). Again, this cha-

racter scoring formalizes an arbitrary distinction

by giving a later ontogenetic state precedence over

an earlier one. Ctenophore mesoderm is developed

from oral micromercs that arc formed at the oral

pole, which is comparable to the vegetal or blasto-

poral pole in bilaterians. Later during gastrulation

the oral micromeres shift from their initial posi-

tion in the area where the blastopore will form, to

a position lining the archenteron (Martindale &

Henry, 1997). In this context, a recent statement

by Martindale & Henry (1999) deserves some com-

ment.

Until very recently the traditional interpretation

of mesogloea in ctenophores either questioned

homology with bilaterian mesoderm (Rieger, 1996a,

b), or indicated a possible phylogenetic link with

spiralian ectomesoderm (Siewing, 1977; Salvini-

Plawen & Splechtna, 1979). Recent studies have

shifted these interpretations towards the ctenophores

either possessing true mesoderm that unites them

with the dcuterostomes (Nielsen, 1995), or possess-

ing endomesoderm. This latter interpretation would

provide a possible synapomorphy of either the cteno-

phores and protostomes (Martindale & Henry, 1997),

or the ctenophores and bilaterians (Martindale &

Henry, 1998, 1999; Peterson & Davidson, 2000).

However, the comparability of ctenophore and bi-

laterian mesoderm is complicated by the lack of

consensus on the relationship between theoral-aboral

axis of diploblasts and the antero-posterior axis of

bilaterians (Goldstein & Freeman, 1997; Henry &

Martindale, 1998b). In the first modern fate map-

ping study of the phylum, Martindale & Henry

(1999) claimed that ctenophore endomesodermal

derivatives originate from the animal and not the

vegetal pole of the ctenophore embryo, which is

apparently unique in the Metazoa. If this is so, then

comparability of blastopore edge derived mesoderm

in the bilaterians and ctenophores becomes prob-
lematic. However, Martindale& Henry (1999) place

great emphasis on the site of polar body extrusion

as the marker of the embryonic animal pole, indi-

cating that the ctenophoran blastoporal pole is shifted

180 degrees relative to that of most bilaterians.

Instead, I would accept as a more likely alternative

that the site of the blastopore is comparable across

the eumetazoans, with a secondary shift in the site

of polar body extrusion occurring in the ctenophores

(Siewing, 1977). This interpretation is indirectly

supported by experimental data for the ctenophores.
Under normal, undisturbed conditions, the site of

first cleavage and polar body formation coincide.

When the site of polar body formation is changed,

as may sometimes occur either under natural cir-

cumstances, or by centrifugation experiments, the

antero-posterior axis of the embryo is developed

in relation to the site where the first cleavage is

initiated (this becomes the oral pole) independent

of the position of the polar bodies, a situation also

found in Cnidaria (Freeman in Goldstein & Free-

man, 1997). Thus there appears to be little reason

for not comparing the blastoporal pole of cteno-

phoran and bilaterian embryos.



Contributions to Zoology, 73 (1-2) - 2004 109

Finally, the possibility of heterochronic shifts in

mesoderm development during evolution must be

confronted if our goal is to code and score mean-

ingful phylogenetic characters. Because mesoderm

induction takes place while the embryo undergoes

cleavage and/or gastrulation movements, a small

change in the timing of mesoderm induction could

mean the difference between mesoderm located

around the blastopore ridge, and mesoderm derived

from presumptive endoderm invaginated into the

archenteron. Finding out whether such heterochronic

changes are possible could inform us whether it

would be better justified to code separate charac-

ters, or merely different character states for meso-

derm derived from the blastopore region (includ-

ing 4d), and the archenteron. The former coding
method hypothesizes logical independence of non-

homologous traits, whereas the second method

hypothesizes that the observed variation may
be

homologous, but different, manifestations of the

same character that may be transformed into each

other. The majority of cladistic analyses adopt the

coding of separate characters (N27, NI25, S33,Z17,

N28, NI26, S34, Z20, ZI10, B22, P38, ZI2, B18),

while only two studies reflect the variation as al-

ternative character states (Cal, E7). Can we decide

which is the best supported alternative?

Interestingly, the currently upheld dichotomy
between blastopore ridge and archenteron derived

mesoderm has not always been interpreted as fun-

damental. Already MacBride (1895) and Wilson

(1898) suggested that the fundamental source of

bilaterian mesoderm was the archenteron, either

located in one to a few cells (gastroneuralians), or

more cells (deuterostomes). Simple differential

growth of the archenteron could bridge the gap

between these opposite organizations, and both

authors indicated a belief in an evolutionary con-

nection between these different sources of meso-

derm. The possibility of evolutionary changes in

the developmental timing of the origin of meso-

derm (heterochrony) can, for example, be gener-

ally illustrated for the gastropods and other spiralians
(Biggelaar & Haszprunar, 1996; Ponder& Lindberg,
1997; Guralnick & Lindberg, 2001), and specifi-

cally for a shift for mesoderm derivation from the

blastopore edge to mesoderm derived from the arch-

enteron in the mollusc Chiton polii (Raven, 1966),

and betweenearly (blastopore edge) and late (arch-

enteron) development of skeletogenic mesenchyme

as indicatedby the sea urchin Eucidaris (Davidson

et ah, 1998). The distinction between primary and

secondary mesenchyme cells in echinoderms may

also be a reflection of heterochronic changes. It is

at least suggestive to regard the observed variation

in the timing of mesenchyme development (before

or during gastrulation) within the differentechino-

derm taxa (Strathmann, 1988) as the results of he-

terochrony. Also, simply looking wheremesoderm

is located at different times during the development

of a single animal indicates no fundamental dis-

tinction between mesoderm from the blastopore

region or the archenteron. For example, before the

left and right mesentoblasts in the scaphopod mol-

lusc Dentalium start to produce endodermal and

mesodermal cdlls, they remain part of the arch-

enteron lining during gastrulation (Verdonk &

Biggelaar, 1983), a situation similar to that claimed

typical of deuterostomes. Similar examples for the

presence of blastopore edge mesoderm in the deu-

terostomes are given above. Taken together, I be-

lieve it is better to create a single character to de-

scribe the different sources of metazoan mesoderm

(with the possible exception ofspiralian ectomeso-

derm), rather than to construct separate characters.

Although the incorporation of the timing of cell

specification processes into our character defini-

tions will be important for a proper understanding
of the evolutionary significance of different meso-

dermal sources, recognizing specified mesoderm

before it is morphologically differentiated poses a

practical problem. To recognize mesoderm before

it is morphologically differentiated, we need the

help of molecular markers for mesodermal cells,

or detailed cell lineage tracing studies. Such stud-

ies are necessary if we want to depart from the

currently used crude morphological criteria, e.g.,

the formation of coelomic sacs, for determining the

cellular source of mesoderm.

In summary, differentcriteria for diagnosing the

origin of mesoderm in the protostomes (specifica-

tion) and the deuterostomes (coelomic pouching)
have lead to artificially dichotomous character

coding and scoring that hinders a proper understand-

ing of mesoderm origins. Studies of mesodermal

induction in deuterostomes show that mesoderm
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may be determined in a comparable region near

the blastopore as in the gastroneuralians (Arendt

& Niibler-Jung, 1997). In addition, a demonstra-

tion of thepossibility ofheterochronic shifts in the

timing of mesoderm specification in various taxa,

and the significant proportion of taxa with unknown

origins of mesoderm scored in recent studies

(Nielsen et al., 1996, Zrzavy et al., 1998; Sorensen

et al., 2000), leads us to conclude that mesoderm

derived from the blastopore ridge is not a reliable

synapomorphy for the gastroneuralians.

3) Developmental or morphogenetic mode

“It is reasonable, then, to regard an enterocoelous

method of coelom formation as symplesiomorphic

in Bilateria...” -Dewel (2000: 43)-

“The enterocoelous condition of deuterostomes

apparently is a myth...” -Bergstrom (1997: 11)-

Schizocoely and enterocoely are generally presented

as the two principal alternative morphogenetic modes

for coelom formation in the Bilateria and charac-

teristic for protostomes and deuterostomes, respec-

tively (Hyman, 1951a; Ruppert & Barnes, 1994;

Rieger, 1996a; Brusca etal., 1997). This traditional

division is maintained in recent large scale mor-

phological cladistic analyses of the Metazoa (Brusca

& Brusca, 1990; Mcglitsch & Schram, 1991; Eer-

nisse et al., 1992; Zrzavy et al., 1998) that charac-

terize different taxa by one or the other morphoge-
netic mode. Such a clear dichotomy is perhaps sim-

plistic because it does not accurately reflect the va-

riation seen between or within bilaterian taxa (or

even individuals). The difficulty of maintaining this

clean dichotomy is effectively demonstrated if one

consults different parts of the most recently pub-

lished English language compendium on the com-

parative embryology of the metazoans (Gilbert &

Raunio, 1997). In this work, Brusca et al. (1997)

characterize the deuterostome branch of their phy-

logeny by possession ofan ‘enterocoelous coelom,’

while Whittaker (1997: 371) writes on “...schizo-

coely, a more deuterostomal and vertebrate char-

acteristic.”

A related but not identical division derives me-

soderm either from epithelial or non-epithelial cells.

Mesoderm of epithelial origin forms by evagina-
tion of pouches from the archenteron, and coin-

cides with coelom formation through enterocoely

(Ruppert & Barnes, 1994; Salvini-Plawen& Splccht-

na, 1979). In contrast, non-epithelial mesoderm can

be derived from both ectoderm and endoderm and

is generally referred to as (ecto- or ento-) mesen-

chyme. Hyman (1951a: 19) summarized; “Since in

fact all methods of mesoderm origin except the

enterocoelous are more or less mesenchymal, no

very sharp line can be drawn between them.” Em-

bryonic mesenchyme may either be retained as

mesenchymal mesodermal tissue in the adult, or

reorganized into coelomic epithelium by undergo-

ing a mesenchymal-to-epithelial transition, a pro-

cess referred to as schizocoely. However, it should

be noted that notall schizocoelous mesoderm origi-

nates from non-epithelial mesoderm. Some species
of polychaetes, for example, may derive their me-

soderm from epithelially organized mesoderm bands

(Turbeville, 1986; Rieger, 1986a). At this time not

enough species from different phyla have been in-

vestigated by ultrastructural methods to derive

phylogenetic information from the tissue organi-

zationof the embryonic mesodermal bands in telo-

blasticans (schizocoelians).

The syntecocoel (Salvini-Plawen & Splechtna,

1979; Salvini-Plawen & Bartolomaeus, 1995), or

neocoel (Remane, 1963a), or mesenchymal coelom

(Hyman, 1951a), is usually not discussed and is

never scored in cladistic studies, although it is an

equally distinctive developmental mode ofcoelom

formation as entercoely and schizocoely. It refers

to coeloms lined by an epithelium arising through

a coalition of individual mesenchymal cells, such

as the molluscan pericardium and the phoronid

preoral hood coelom (protocoel). However, it should

be noted that a recent ultrastructural investigation
of the ontogeny of phoronid coeloms by Barto-

lomaeus (2001) could not confirm the presence of

a protocoel. Instead, the presence of a large extra-

cellular cavity is suggested in the actinotroch pre-

oral hood.

It may appear surprising that various authors

regard the mechanically rather simple processes of

schizocoely and enterocoely as so fundamentally

distinct that they cannot even conceptualize how

one developmental mode could have given rise to
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another, for example Inglis (1985), Moore & Will-

mer (1997). These authors favour the convergent
evolution of coeloms over their homology with the

possibility of transformations between their de-

velopmental modes. Other authors have devised

schemes oflinear evolutionary transformations be-

tween schizocoely and enterocoely with opposite
polarities of change such as a change from schizo-

coely to enterocoely in Hadzi (1953), Salvini-Plawen

& Splechtna (1979), Salvini-Plawen (1982), Ivanov

(1988), Dzik (1993), and Christoffersen & Araujo-
de-Almeida (1994), or from enterocoely to schizo-

coely in Remane (1963b), Siewing (1972), Cava-

lier-Smith (1998), Knoll & Carroll (1999), and

Dewel (2000).

Considered as mechanical processes, schizocoely
and enterocoely do not represent complex features

strictly associated with coelom formation. Entero-

coely is mechanically identical to processes of

outpouching, folding, or invagination that are com-

mon in the development of many epithelial struc-

tures in metazoans, such as embolic formation of

the archenteron, neurulation movements in chor-

dates, formation of pharyngeal pouches in verte-

brates, or the formation of the stomodeum and proc-

todeum in many phyla. Schizocoely is the hollow-

ing ot a solid cell mass and is likely to be effected,
at least partially, by the secretion of fluid between

the cells, e.g., schizocoely of polychaete coeloms

by fluid accumulation, although the source of the

fluid has not been ascertained (Bartolomaeus &

Ruhberg, 1999). Secretion is a basic feature of many
cell types, and schizocoelic formation of cavities

can be seen in the development of a host of struc-

tures in many taxa across the Metazoa, from the

development of a spacious blastocoel in mollusc

embryos (Verdonk & Biggelaar, 1983), through the

formation of the gonocoels in nematomorphs (Lan-
zavecchia et al., 1995), to the hollowing out of the

entocodon in hydrozoan gonozoids to form the

subumbrella of the medusa (Boero et al., 1998).
If we accept that schizocoely and enterocoely as

purely (and clearly defined) mechanical processes
that do not constitute features ofgreat complexity,
then it becomes crucial to precisely qualify the spa-

tio-temporal characteristics of these mechanisms,
•t is the link of these processes to a source ofmeso-

dcim that is important for a proper understanding

of theirphylogenetic significance. This realization

holds the key for resolving some problematic char-

acter scorings, notably for brachiopods and phoro-
nids (see discussions below).

Character coding

B19: schizocoel (E17: schizocoel lined by perito-
neum) a/p

B23; body tripartite and enterocoelous (El8: en-

terocoel lined by peritoneum) a/p
B177: no body cavity formed during embryogen-
esis/schizocoelous coelom/enterocoelous coelom

M52; Z27: schizocoel/enterocoel

Cal9: schizocoely/enterocoely/highly modified

enterocoely

RI2, R125: coelom (schizocoel) a/p

C1: schizocoel/anterior three pouches enterocoelic/

all vestiges of schizocoelic metamery are lost

Hyman (1951a), Ruppert & Barnes (1994): mes-

enchymal vs. epithelial origin of coelom

Character scoring and phylogenetic significance

The enterocoelic origin of tardigrade coelomic ca-

vities is an example of a poorly documented char-

acter that nevertheless, and due to paucity of new

investigations, has become ensconced as textbook

fact and a cladistic data matrix entry (Pollock, 1975;

Nelson, 1982; Meglitsch & Schram, 1991; M52).

Nielsen (1995, 1997) expressed serious reservations

about the reliability of the few published works on

tardigrade embryology, and Eibye-Jacobsen (1996/

1997) could not confirm the enterocoelic nature of

tardigrade coeloms. However, a schizocoel has also

not been confirmed (BI77). At present the mode of

coelomogenesis in the tardigrades remains uncer-

tain.

Modern accounts ofonychophoran development
are still primarily based on the observations of

Manton (1949). Following Manton, Siewing (1969),

Anderson (1973), Nielsen (1995), and Scholtz (2002)

describe and depict the origin of solid mesodermal

bands in onychophorans and the subsequent for-

mation of pairs of coelomic cavities by schizocoely.
Walker (1995) confirms schizocoely of somites in

Opisthopatus cinctipes.
I accept schizocoely in the arthropods, for which
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Anderson(1973) summarized the classical support.

However, new studies ofonychophoran andarthro-

pod coelomogenesis will be of considerable inter-

est to illuminate the lingering problem of the homo-

logy or analogy ofmetamerism in onychophorans,

arthropods, and annelids.

Brachiopods have been scored for all possible

modes ofcoelomogenesis throughout almost a cen-

tury of reports (Liiter, 2000). A resolution of their

true mode(s) of coelomogenesis is ofconsiderable

importance considering the conflicting phylogenetic

placements of brachiopods and phoronids suggested

by morphological and molecular sequence data

(rDNA and Hox genes) (Liiter & Bartolomaeus,

1997). Morphological analyses typically support an

affinity of the brachiopods with the deuterostomes,

which frequently, but not universally, exhibit

enterocoely (the protostome relationship supported

by the analysis of Peterson & Eernisse, 2001 is an

exception), and molecular data unambiguously

places them among the protostomes which are typi-

cally schizocoelous. 1 know of no confirmed in-

stances of enterocoely in the protostomes, except

perhaps for the unique mode of ‘enterocoely’ re-

ported for chaetognaths and articulate brachiopods;

Kapp (2000, Long & Strieker (1991).

A process that resembles typical enterocoely, in

which the archenteral epithelium evaginates to form

the rudiments of the coelomic sacs, has been re-

ported for articulate brachiopods only. This mode

of coelomogenesis is usually called modified

enterocoely, and it is characterized by downwardly

growing cellular curtains that subdivide the archen-

teral lumen into a central future gut lumen flanked

by two lateral coelomic sacs (Long & Strieker, 1991).

This is the strongest indication of enterocoely in

the brachiopods, but recent studies by Freeman

(1993) and Liiter (2000) could not confirm this mode

of coelom formation. Instead, Freeman reported that

mesoderm delaminates from the dorsal-anterior

region of the archenteron, and Liiter’s data sup-

ports schizocoely (contra Liiter’s own interpreta-

tion). Below I discuss Liiter’s definitions of schizo-

coely and enterocoely in detail. The presence of

schizocoely is supported by descriptions for the

embryology of inarticulate brachiopods as well

(Hyman, 1959; Kume, 1968a; Chuang, 1990; Long
& Strieker, 1991; Zimmer, 1997), but convincing

pictorial support appears weak (Hyman, 1959;

Kume, 1968a). Enterocoely in one form or another

is not reported for inarticulates.

Nielsen (1991) reported that mesoderm originates

as a single thin sheet of cells in the inarticulate

craniid brachiopod Crania. The mesoderm then

spreads between ecto- and endoderm, a process that

might be interpreted as highly modified enterocoely.

However, a clear evagination of the archenteron,

i.e., the key feature ofenterocoely, was not observed.

Moreover, Freeman (2000) could not confirm

Nielsen’s results. Freeman (2000) instead foundthat

Table !9. Scoring conflicts of mode of coelomogenesis.

Enterocoely Schizococly Polymorphic

(schizococly/

enterocoely)

9

(unknown)

Proposed

scoring

Tardigrada M52 BI77 Z27 7

Onychophora M52, RI2, W59, BI77 E17, E18, Z27 Schizocoely

Arthropoda M52, RI2, W59, BI77 Z27 Schizocoely

Brachiopoda M52, Z27 (articulates). Cal9 (lingulaceans) El7, E18 Z27 (inarticulates), 7

Cl, Cal9, B177 Cal9

Phoronida Cl, E18, Cal9, BI77 M52 Z27 7

Ectoprocta BI77 M52 Cal9, Z27 7

Urochordata Cl, Z27, BI77 El7 (Chordata) ? or schizocoely

Cephalochordata Cl, Z27, M52, BI77 El7 (Chordata) Enterocoely or

polymorphic

Vertebrata Cl, B177 El7 (Chordata) Z27 Enterocoely or ?

Pterobranchia C1.Z27, B23, BI77 M52 Schizocoely or ?

Nemertea M52, E17, BI77 Z27 Schizocoely

Pogonophora El7, M52, RI2 Cl Z27 7
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the mesoderm originates through ingression of in-

dividual cells from the archenteron (also reported
for the inarticulate Discinisca: Freeman, 1999). This

mode ofmesoderm formation excludes enterocoely
as the process of coelomogenesis and is at least

consistent with schizocoely or syntecocoely.
Therecent investigations of brachiopod coelomo-

gcnesis by Liiter (2000) merit special attention.

Being acutely aware of the danger of terminologi-
cal confusion with respect to coelom formation,

Liiter (2000) attempted to give clear definitions of

schizocoely and enterocoely. Unfortunately, he adds

to the confusion by combining mode of coclomo-

genesis and source of the mesoderm in his defini-

tion of enterocoely. Liiter (2000: 23) states that

schizocoely is “only a mechanism,” while in con-

trast enterocoely “describes both a developmental

process and the origin of the mesodermal cells in-

volved.” This definition of enterocoely is not a

problem as long as there is an obligatory link be-

tween the archenteron as the mesoderm source and

the
process of enterocoely, an interpretation fre-

quently promoted by textbooks. For example,
Kozloff (1990: 835) writes: “[deuterostome] me-

soderm is derived from the archenteron, so they
are enterocoelous.” However, this strict correlation

is refuted in exactly those articulate brachiopods
that Liiter (2000) has chosen to study. He clearly
describes that in both investigated species the

mesoderm originates as a solid mass that later hol-

lows out. Consequently he writes that “without

looking at the origin of the mesoderm cells, one

could conclude that proliferation of a solid meso-

dermal anlage ...
is to be considered schizocoely”

(Liiter, 2000: 26). Yet, instead he concludes that

the actual mechanism of coelom formation is “of

secondary interest,” and that “as long as the meso-

derm
... originates from the archenteral epithelium

the modeof coelom formation is to be, describedas

enterocoely” (Liiter, 2000: 23). Liiter clearly gives
primacy to the source of the mesoderm as the final

arbiter on the mode of coelomogenesis. I think this

line ofreasoning only leads to confusion. It is very

important to apply clear definitions, because not to

do so may have major phylogenetic consequences.

Recent authors, perhaps justifiably so, tend to

emphasize the phylogenetic significance of meso-

derm source over that of mode of coelomogenesis

(Liiter, 2000; Nielsen, 2001). This leads to group-

ing of the brachiopods and phoronids with the deu-

terostomes (based on the archenteron as the source

of mesoderm, but see discussion underOntogenetic

source). However, an emphasis on modeof coelomo-

genesis might instead support a position of these

phyla among schizocoelous protostomes such as

the neotrochozoans, a position at least more com-

patible with 18S rRNA/DNA phylogenies. How-

ever, I do not wish to defend here the phylogenetic

primacy of either mesoderm source, or mode of

coelomogenesis. I merely want to stress the im-

portance of clear definitions, and to caution against

unwanted constraining effects that improper defi-

nitions may have on phylogenetic reasoning.
In conclusion, I am reluctant to unambiguously

score a particular mode ofcoelomogenesis as plesio-

morphic for the brachiopods based on my study of

the recent investigations of brachiopod embryogen-
esis (I have been unable to study most of the older

sources). Despite the unambiguous determination

that mesoderm derives from the archenteron or its

base (both in the inarticulates and articulates), I

tentatively conclude that reports ofenterocoely, i.e.,

epithelial folding, appear unsupported, in contrast

to M52, Z27, C1, Ca 19, Nielsen (1991,2001), Liiter

(2000), and Bartolomaeus (2001). This would re-

move one potential synapomorphy for brachiopods

and deuterostomes. However, the archenteral ori-

gin of mesoderm would still support a relationship

to deuterostomes.

How distinct is the mesodermal origin in the

brachiopods and, for example, neotrochozoans? To

answer this question, we first need to estimate which

of the living brachiopod taxa is most likely to be

representative of the primitive mode of develop-
ment. Recent morphological and molecular phylo-

genetic analyses indicate strong support for a mono-

phyletic Articulata, but the monophyly of the inar-

ticulates (lingulaceans, discinaceans, and crania-

ceans) is less robustly supported. In fact, both

morphological and molecular (SSU rDNA) phylo-

genetic analyses provide some support for a para-

phyletic inarticulate grade at the base of a mono-

phyletic Articulata (Carlson, 1995; Williams et ah,

1996; Cohen et ah, 1998; Cohen, 2000). It would

thus be most profitable to consider inarticulate de-

velopment. Interestingly, the mesodermal cells are
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found to arise either at the base of the archenteron

at the junction between ectoderm and invaginating

endoderm(■(Glottidia and Discinisca: Freeman, 1995,

1999), or from various regions of the invaginating
archenteron where they ingress into the blastocoel

as individual cells (Crania: Freeman, 2000) and in

Lingula solid mesodermal cell masses flank the

archenteron (Chuang, 1990; Long & Strieker, 1991;

Zimmer, 1997). These patterns show some striking

resemblances to the origin ofmesoderm in neotro-

chozoans. For example, in polychaetes and molluscs

the 4d mesentoblast is located at the posterodorsal

side of the archenteron, in close connection with it

(Anderson, 1973; Verdonk & Biggelaar, 1983).

Mesodermal bands are also formed as solid cell

masses that cavitate by schizocoely to form the

coeloms. The presence of individual mesodermal

cells or mesodermal cell masses in inarticulates is

at least compatible with schizocoely (or with syn-

tecocoely) and not with enterocoely, but more studies

are definitely needed. The origin of mesodermal

cells from an already invaginated archenteron as

observed in Crania and articulates may be derived

within the Brachiopoda and may simply be the result

of a shift in the timing of mesoderm origination to

somewhat later stages. This also has a counterpart

in the neotrochozoans. For the scaphopod Denta-

lium it has been observed that the left and right

mesentoblasts remain part of the archenteral lining
before they start dividing to form enteroblasts and

mesoblasts (Verdonk & Biggelaar, 1983).

These similarities appear to indicate that a fun-

damental gap in the source of mesoderm and mode

of coelomogenesis does not exist between the bra-

chiopods and various protostomes. This may be a

significant conclusion considering the placement

of brachiopods among the protostomes in molecu-

lar phylogenetic studies, and it underscores the po-

tential importance of considering heterochrony for

understanding the relationships between apparent

differences in mesoderm source and mode of co-

elom formation (see also underOntogenetic source

and Budd & Jensen, 2000). Naturally, more mod-

ern embryological studies are imperative for an

eventual definitive conclusion. It is possible that

the reports on both the different sources of meso-

derm and the different modes of coelomogenesis

are reflections of a highly variable developmental

program in the brachiopods, or that reported varia-

tions (e.g. Nielsen, 1991, Freeman, 2000, and Grobe,

2000 on Crania) are merely artifacts resulting from

the use of different analytical techniques (light or

electron microscopy and noneof the available studies

used a mesoderm specific marker to recognize

mesoderm).
The (modified) enterocoely reported for phoronids

in Emig (1982), Brusca & Brusca (1990, 2003),

Eernisse et al. (1992), Carlson (1995), Williams et

al. (1996), and Bartolomaeus (2001) refers to the

archenteron as the source of the mesoderm and ulti-

mately the coelom. As is discussed above for bra-

chiopods, the source of these problematic scorings

is a conflation of mode of coelomogenesis with

source of the mesoderm. Although phoronid me-

soderm arises from the archenteron, genuine out-

pocketings of the archenteron, i.e., enterocoely, have

not been observed for any phoronid (Bartolomaeus,

2001: 136 cites a study by Malakhov & Temereva,

1999 for a report of a “pouching of entodermal

material” which would hint at true enterocoely.

Unfortunately, I have not been able to consult that

publication). In fact, the phoronids exhibit various

modes of coelom formation during the ontogeny

of a single individual, and between different spe-

cies, depending on which coelom (proto- meso- or

metacoel) is considered (Emig, 1982, 1990; Zimmer,

1991, 1997). However, Bartolomaeus (2001) con-

cluded that a protocoel is absent in the phoronids.

It is also tempting to conclude that a priori hy-

potheses of the phylogenetic placement of the

phpronids have colored the interpretation ofphoronid

mesoderm and coelom development to a certain ex-

tent. For example, the modified enterocoely reported
in some works fits nicely with the deuterostome

affinity of the lophophorates suggested in those same

works (Brusca & Brusca, 1990; Carlson, 1995; Wil-

liams et ah, 1996). In general, the lophophorates

are frequently favored as intermediary taxa bridg-

ing the gap between the protostomes and deuteros-

tomes, as is illustrated in various works including

Hyman (1959), Salvini-Plawen (1982, 1998a, b),

and Christoffersen & Araujo-de-Almeida (1994).

In Ectoprocta one may observe syntecocoely, schi-

zocoely (of tentacle coelom), and unique modes of

coelomogenesis (Reed, 1991; Mukai, 1982). Typi-

cal enterocoely (outpouching of the archenteron)
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has not been observed, in contrast to the scoring of

BI77. The obscure origin of the mesoderm, and the

unique and variable modes of coelomogenesis in

the ectoprocts (Mukai. 1982; Reed, 1991; Zimmer,

1997) have led some authors to doubt the homol-

ogy of ectoproct coeloms with those of other bila-

terians (Nielsen, 1971, 1995; Meglitsch & Schram,

1991). Nevertheless, the ectoprocts do possess a

histologically defined coelom, albeit frequently with

only incomplete coelomic linings (Mukai et ah,

1997). At this time our limited understanding of

mesodermal differentiation in ectoprocts does not

allow any unambiguous character scoring.
The presence of a coelom has not yet been un-

equivocally confirmed for urochordates (see under

Secondary body cavity, coelom for references), with

the pericardium as the best candidate. The appear-

ance of the pericardium within a solid mass of meso-

dermal cells in thaliaceans (Godeaux, 1990) might
be suggestive of schizocoely, but this information

is not sufficient to infer with any certainty the mode

ot urochordate coelomogenesis. Although meso-

derm cells may be derived from the archenteron

wall, enterocoely has never beenreported (Schaeffer,

1987). The observed character scorings thus ap-

pear to be unfounded.

All somites of amphioxus are derived from the

archenteron, and enterocoely of at least the first

pairs of coelomic cavities has been well established

for approximately a century (Schaeffer, 1987; Pres-

ley et ah, 1996; Holland et ah, 1997; Stach, 2000;

Nielsen, 2001). The more posteriorly formed so-

mites, however, are more solid and the cavities that

can be discerned in them may arise through schizo-

coely.

It is difficult to unambiguously determine the

characteristic mode of vertebrate coelomogenesis
(Schaeffer, 1987;Ghiara, 1995; Nielsen, 2001). The

textbook deuterostome character of enterocoely is

not generally present in most major vertebrate taxa

(Romer & Parsons, 1986), and vertebrate enterocoely
is by some authors denied altogether (Ghiara, 1995).

Nevertheless, a mode ofenterocoely similar to that

°t cephalochordates is at least observed for the an-

terior coeloms of the phylogenetically basal lam-

preys, and this may tentatively be accepted as a

vertebrate ground pattern state (Goodrich, 1958;
Schaeffer, 1987; Presley etak, 1996; Nielsen, 2001).

Summarizing the data available for Chordata as a

whole, it can be concluded that their characteriza-

tion as strictly schizocoelous (El7) is clearly in-

correct.

In contrast to the enteropneusts, coelom forma-

tion has not been exhaustively studied in the ptero-

branchs, and consequently the mode of coelomo-

genesis remains uncertain (Hyman, 1959; Hadfield,

1975). For example, Bergstrom et al. (1998) claim

schizocoely, Brusca & Brusca (1990, 2003) and

Zravy et al. (1998) score enterocoely, and Meglitsch
& Schram (1991) score unknown mode of coelomo-

genesis. Since embryological studies have not con-

vincingly demonstrated enterocoely, the scoring of

this character in recent cladistic studies is incor-

rect, and must have a different explanation. The

demonstration of the archenteron as the source of

mesoderm and.the prevalent phylogenetic assump-

tion of enterocoely as a quintessential deuterostome

synapomorphy have likely biased the interpreta-
tion of pterobranch coelomogenesis towards accept-

ing enterocoely (see earlier for a similar explana-
tion of the problematic scorings of enterocoely in

brachiopods and phoronids). Schizocoely of meso-

and metacoels and the pericardial cavity, on the

other hand, has been demonstrated (Lester, 1988a,

b), but this information has so far not entered cla-

distic data matrices.

Lateral vessels in the nemertean Prosorochmus

americanus develop by schizocoely from longitu-
dinal solid mesodermal tissue strands (Turbeville,

1986). This remains the sole recent study support-

ing schizocoely in nemerteans, justifying the scor-

ing for M52 and El7.

Over thirty years of debate about the origin of

pogonophoran (including vestimentiferan) meso-

derm and mode of coelomogenesis have not been

able to resolve the controversy (Ivanov, 1988;
Gardiner & Jones, 1994; Rouse & Fauchald, 1995;

Southward, 1993, 1999; Salvini-Plawen, 2000).

Notwithstanding, great phylogenetic significance
has been attributed to the mode of coelomogenesis
as the ultimate arbiter for either protostome or

deuterostome affinities of the pogonophorans in both

past (Ulrich, 1972) and recent studies (Christoffersen

& Araujo-de-Almeida, 1994; Malakhov etak, 1997),

Those studies that score schizocoely for pogono-

phores (Meglitsch & Schram, 1991; Eernisse et al.,



Ronald A. Jenner - Towards a phytogeny of the Metazoa116

1992; Rouse & Fauchald, 1995) all place them

among the protostomes. Reports for the perviate

(frenulate) pogonophorans range from species with

either schizocoely or enterocoely to species that

exhibit both modes in the embryology of a single

individual, and for the vestimentiferans schizocoely
has been reported. Consequently, recent cladistic

studies have scored the pogonophorans in diverse

ways. Perhaps surprisingly, none of these studies

scored exclusively enterocoely despite that entero-

coely seems to be on a stronger evidential footing
than schizocoely (Ivanov, 1988; Soutward, 1993;

Salvini-Plawen, 2000). I will not attempt to ‘re-

solve’ the issue here by arbitrary allegiance to one

of the alternatives, and I would rather conclude that

it is not possible to assign a typical or primitive
mode of coelomogenesis to the pogonophores.

I do not attach great phylogenetic significance

to mode of coelomogenesis when separated from

the source of mesoderm. This is in agreement with

various other studies that tend to downplay the

phylogenetic importance ofmode ofcoelomogenesis

(Nielsen, 1995; Nielsen et ah, 1996; Bergstrom,

1997; Budd& Jensen, 2000). Variation within phyla
with undoubtedly homologous coeloms, such as in

enteropneusts or ectoprocts, or the presence of more

than one mode of coelom formation during the

ontogeny of different coeloms in a single individual,

such as possibly in cephalochordates, support this

conclusion. This would also imply that the coding
of separate characters for differentmodes ofcoelo-

mogenesis is not warranted: different modes of

coelomogenesis appear to be “the same but differ-

ent” (characters states) manifestations of a single

homologous character.

Coelomocytes

Character coding

H29; Z33: coelomocytes a/p

Character scoring and phylogenetic significance

Haszprunar (1996a) introduced a character on the

presence of coelomocytes into metazoan phylo-

genetics. Although he considered it to be a poten-

tial synapomorphy of the eucoelomates (all the

protostome, lophophorate, and deuterostome coelo-

mates), his restrictive taxon sampling did not al-

low this hypothesis to be tested. Coelomocytes were

scored present for the Nemertea, Sipuncula, Echiura,

and Annelida. Zrzavy et al. (1998) adopted this

character with the same scoring, despite their broader

taxon sampling which included other eucoelomate

phyla. Consequently, coelomocytes were incorrectly
scored as absent in taxa such as the pterobranchs,

enteropneusts, echinoderms, brachiopods, phoronids,

ectoprocts, and possibly cephalochordates (Hein-

zeller & Welsch, 1994; Benito & Pardos, 1997;

Herrmann, 1997; James, 1997; Mukai et ah, 1997;

Ruppert, 1997). Thus, the phylogenetic significance

of coelomocytes still remains to be assessed. This

will be a challenging task if we want to elevate the

definition of coelomocytes above that used in

Haszprunar (1996a): ‘cells within the coelom.’

Coelomocytes come in a variety of forms and func-

tions (including the immune system), and these

undoubtedly include several taxon specific types

that are not useful for elucidating the phylogenetic

relationships between phyla, for example the mul-

ticellular coelomic urns of the sipunculans and the

holothuroid crystal cells (Rice, 1993; Smiley, 1994).

Nervous system and sensory organs

Cerebral ganglion, brain

Anteriorly located ganglion (not necessarily the

largest), typically associated with the anterior sense

organs, and located (antero-)dorsally to the diges-
tive tract when that is present. Also often referred

to as brain or supraesophageal ganglion.

Character coding

HI3; Z237; ZII92: cerebral ganglion a/p

Hallla: central nervous system with paired cere-

bral ganglion at anterior end a/p

BI94; brain (cerebral ganglia) absent/present, ring-

like, encircling proboscis apparatus/present, ring-

like, encircling pharynx/present, not ringlike/brain

collar-shaped, sitting like a saddle on top of the

pharynx/diffuse/brain + dorsal nerve cord

N46; S55; ZI46: dorsal nerve concentration/brain

behind apical organ/apical pole a/p

Z238: dorsal brain, neural concentration a/p
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Character scoring and phylogenetic significance

I will not attempt here to discuss in detail the vo-

luminous literature that deals with the structure and

development of the central nervous systems across

the Metazoa, but some commentson character scor-

ing are nevertheless necessary. The bilaterian cen-

tral nervous system is distinguished from that of

the non-bilaterian phyla by consisting of an ante-

rior nervous concentration (cerebral ganglion) and

one to several main longitudinal nerve cords, but

such an organization is by no means universal within

Bilateria. Habitually, several different organizations
of bilaterian nervous systems are recognized, such

as a deuterostome, a chordate, a gastroneuralian, a

spiralian, and a cycloneuralian nervous system, e.g.,

Rieger (1996a), Salvini-Plawen (1998b), and Nielsen

(2001). The challenge is to examine whether these

distinct configurations of nervous systems can be

regarded as variations upon a common theme. The

problem with the homology of cerebral ganglia in

the different groups is one of the great unsolved

issues.

The observed scoring for H13 and especially Z237

are rather poor reflections of the comparative mor-

phology of invertebrate cerebral ganglia. H13 scored

a cerebral ganglion present in the catcnulid and

rhabditophoran platyhclminths, gnathostomulids,

Lobatocerebrum, nemerteans, entoprocts, myzosto-
niids and neotrochozoans. Zrzavy et al. (1998) co-

pied this character from Haszprunar (1996a) and

adopted the exact same scoring despite consider-

able differences in taxon sampling. Several changes
in scoring can be made.

First, both H13 and Z237 misscored Echiura,
which lack

any anterior or cerebral ganglia (Pilger,
1993; Purschke, 1996; Purschke et al., 2000). How-

over, new detailed immunohistochemical studies

ol the ontogeny of the central nervous system in

Credits
caupo and Bonellia viridis have indicated

slight swellings in the antero-lateral parts of the

pioboscis nerve loop, that might be interpreted as

corresponding to the supraesophageal ganglia of

annelids (Hessling, 2002; Hessling & Westheide,

2002).

Second, in view of the fact that a cerebral gan-
glion is scored for the entoprocts based upon the

presence of a frontal ganglion in the larva, Cyclio-

phora (scored *?’) should be rescored for Z237. All

free living stages in the cycliophoran life cycle

(female, male, Pandora larva, chordoid larva) have

well-developed dorsally located bilobate brains

(Punch, 1996; Punch & Kristensen, 1997), and,

although not included in their analysis, Microgna-
thozoa have bilobed cerebral ganglia as well (Kris-
tensen & Punch, 2000).

Third, adopting the definition of a cerebral gan-

glion provided by Haszprunar (1996a), which is

not restricted to a particular cellular architecture,

it could be concluded that a cerebral ganglion is a

synapomorphy for bilaterians, excluding acoelo-

morphs (see also Haszprunar, 1996b). Many of the

phyla that are scored as ‘?s’ in Zrzavy et al. (1998)

(Z237) could be rescored as
‘

1’, when such a broad

definitionofa cerebral ganglion is adopted, including
Rotifera, Acanthocephala, Gastrotricha, Tardigrada,

Onychophora, and Chaetognatha (Schumann, 1987;

Clement & Wurdak, 1991; Dunagan&Miller, 1991;

Ruppert, 1991b; Ahlrichs, 1995; Dewel & Dewel,

1996; Shinn, 1997). This rescoring would even be

valid if a more circumscribed definition is adopted.

For example, a cerebral ganglion may be defined

as an anteriorly located ganglion (anterodorsal to

digestive system when that is present), which may

be paired or not, with peripherally located perikarya
that are distributed more or less evenly around a

central neuropile, and which may be surrounded

by a basal lamina (subepidermal location) or not

(basi- or intraepithelial location).

In taxa with more complex brains, such as the

arthropods and cephalopods, the perikarya may be

more unevenly distributed across the brain, and the

perikaryal layer may also exhibit variation in its

degree of development according to the brain re-

gion considered (Sandeman, 1982; Joly & Des-

camps, 1987; Budelmann, 1995), but the overall

structural plan is similar. The cycloneuralian brain,

or at least that of the nematoidans and scalidopho-

rans, may be unique (Nebelsick, 1993; Neuhaus,

1994; Schmidt-Rhaesa, 1996; Nielsen, 2001). How-

ever, these taxa possess an anterior circumenteric

brain (cerebral ganglion) with a distinct regionaliza-
tion of perikarya and neuropil.

An anterodorsally located (paired) cerebral gan-

glion is widely considered as a bilaterian autapo-

morphy (Brusca & Brusca, 1990; Ax, 1995; Rieger,
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1996b; Nielsen, 2001), but the observed character

scoring for “brain” characters emphasizes the sup-

posed distinctness ofprotostome and deuterostome

(+ lophophorate) brains. This may lead to appar-

ently contradictory character scorings. For example,

Z237 scores absence ofa cerebral ganglion for deu-

terostomes and lophophorates, while in contrast

Z238 scores the phoronids and deuterostomes as

having a dorsal brain (scored as absent in all proto-

stomes). This scoring can also be observed for N46,

S55, and Z146, which score a dorsal brain present

only in the deuterostomes and phoronids. The

scorings thus assume the evolutionary independence

of“dorsal” gastroneuralian and “dorsal” deuterstome

+ lophophorate brains (and often also the main nerve

cords). This contrast between the widespread ac-

ceptance of an anterior brain as a synapomorphy
of bilaterians on the one hand, and the divergent

scoring for protostome and deuterostome brains on

the other is in need of an explanation.

Furthermore, Zrzavy et al. (1998) score Ectoprocta

as lacking both a cerebral ganglion and a dorsal

brain. This ignores the presence of a cerebral gan-

glion between mouth and anus, a location that is

typically regarded as dorsal (Mukai et al., 1997).

Nevertheless, neither Nielsen et al. (1996), nor

Sorensen et al. (2000) and Zrzavy et al. (2001) score

a dorsal nerve concentration in Ectoprocta. Curi-

ously, these studies do unambiguously score echi-

noderms and enteropneusts (or hemichordates: ZI46)

as possessing dorsal brains (Zrzavy, 2003 also scored

the echinoderms as possessing a cerebral ganglion).
The unique organization of the echinoderm body
and nervous system defies any straightforward

comparison with any other bilaterian, and recent

authors have not even reached any consensus about

the orientation of body axes in the echinoderms.

Interestingly, two recent attempts to tackle this

problem converged upon the same interpretation

ofechinoderm anteroposterior axis orientation: the

A/P axis runs from the anteriorly located mouth

through the adult coeloms to the posteriorly located

right somatocoel (Hotchkiss, 1998; Peterson et al.,

2000b). This model implies that the five ambulacra

are outgrowths from the primary body axis, and

thus analogous to limbs. This body orientation ap-

pears to shed some light on earlier ideas about the

circumoral nerve ring as the coordinating center,

or brain, of echinoderms by suggesting that this

nerve ring is located anteriorly in the body. How-

ever, recent studies do not support the idea that the

circumoral nerve ring is the coordinating echino-

derm “brain” (Cobb, 1995). When the issue is ap-

proached morphologically, it can be concluded that

the nerves that come off the circumoral ring in taxa

such as the ophiuroids, asteroids, and holothuroids

are more complexly organized and ganglionated

(Byrne, 1994; Chia & Koss, 1994; Smiley, 1994)

than the nerve ring itself. In any case, we must

conclude that a clear dorsal (or ventral) brain is

not present in the echinoderms, and the character

scorings in the cladistic studies should be adjusted

accordingly.

Thepresence ofa dorsal brain in the enteropneusts

is equivocal at best. A well-defined cerebral gan-

glion is not present (Bullock, I965d). The neuro-

chord that is located dorsally in the collar can be

excluded as a brain since its functions merely as a

through-conducting fiber tract, but the thickened

nerve fiber layer that is located in the posterodorsal

region of the proboscis has been considered as an

equivalent ofa brain (Niibler-Jung & Arendt, 1999).

Yet, that does not explain why the adopted charac-

ter scorings suppose that this morphology is more

reminiscent of that in the other deuterostomes rather

than that of the gastroneuralians, especially in view

of the presence of a well-defined ventral nerve cord

in the enteropneusts.

In conclusion, I regard the currently adopted cha-

racter scorings for brain characters as artificially

rpaintaining a dichotomy betweenprotostomes and

deuterostomes(+ lophophorates) while being a rather

poor reflection of the actual comparative morphol-

ogy of bilaterian brains.

A tentative basis for a revised character scoring

may be offered by recent gene expression studies

that increasingly appear to support a common plan.

By extrapolation, a single evolutionary origin of

the protostome and deuterostome central nervous

systems, including brains and major nerve cords

(Arendt & Niibler-Jung, 1996, 1999a; Nielsen, 1999;

Niibler-Jung & Arendt, 1999). These recent ideas

are part of a widespread reconceptualization of

dorso-ventral body axis organization throughout the

Bilateria that was initiated in the early 1990s by

the discovery of a strikingly similar dorso-ventral
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patterning system that operates during the devel-

opment of the insects and vertebrates. The prob-

able homology of several of the involved genes in

the vertebrates and insects lead to the hypothesis
that this dorso-ventral patterning mechanism is

retained from Urbilateria, the last common ances-

tor of the vertebrates and arthropods. These find-

ings fostered the beginnings of a fruitful interdis-

ciplinary synthesis that explored the underlying unity
of bilaterian “backs” and “bellies” from an fasci-

nating diversity of perspectives, including devel-

opmental genetics, embryonic fate maps and gas-

trulation patterns, nervous system morphology,

pharyngeal and endostyle morphology, and dorsal-

ventral orientation during chordate locomotion

(Arendt & Niibler-Jung, 1994, 1997; Robertis &

Sasai, 1996; Kimmel, 1996; Lacalli, 1996d; Berg-

strom, 1997; Holley & Ferguson, 1997; Bergstrom
et ah, 1998; Nielsen, 1999; Niibler-Jung & Arendt,

1999; Ruppert et al. 1999; Gerhart, 2000; Biggelaar

et ah, 2002). At the same time, these developments
have led to a remarkable, if somewhat anachronis-

tic, rehabilitation of some of the seemingly more

fanciful ideas of the leading 19"’ century French

transccndendal morphologist Etienne Geoffroy

Saint-Hilaire, a few years after he resurfaced in the

current biological literature in connection with the

discovery of homologous Hox genes in vertebrates

and insects (Gould, 1986, Niibler-Jung & Arendt,

1994; Panchen, 2001). This exciting conceptual flux

may eventually form the foundation for a cladistic

character scoring that is logically fully consistent

for all metazoans with respect to dorso-ventral body

organization, notably those relating to the position

of the components of the central nervous system in

bilaterians.

Adult brain derived from or associated with larval

apical organ

In several phyla, notably the neotrochozoans, platy-

helminths, and nemerteans, it has beenreported that

the adult brain develops in close association with

the larval apical organ (sometimes with portions

of the apical organ actually being incorporated into

the brain). However, modern cell tracing methods

and electron microscopy will have to reveal the

intimacy of this association and the degree of varia-

tion between different taxa.

Character coding

NI45; ZI45: adult brain derived from or associated

with larval apical organ a/p

N44; S53; Z145: adult brain derived from or asso-

ciated with larval apical organ/apical pole a/p

Z146: larval apical organ incorporated into brain

(special case of Z145)

M62; brain not derived from any part of larval apical

organ/brain in part derived from larval apical or-

gan, main nerve cord ventral

Table 20. Scoring conflicts for adult brain derived from or associated with larval apical organ

Absent Present 9
Proposed scoring

Cnidaria M62; ZI45 (diploblasts) N44; NI45; S53 Z145 Absent

Ctenophora M62; Z145; Z146
f

(diploblasts)

Z145; N44; N145; S53 Absent or ?

Echiura S53 Z145; ZI45: M62 Absent or ?

Myzostomida ZI45 ZI45; Z146 ?

Nemertca M62; S53; Z146 Z145; N44; NI45; ZI45 Present

Arthropoda N44; N145; S53; Z145;

M62

Z145 Absent

1 ardigrada M62 N44; NI45; S53; Z145; Z145 Absent

Onychophora M62 N44; NI45; S53; Z145; Z145 Absent

Platyhelminthes M62 N44; NI45; S53; ZI45

(Rhabditophora)

Z145 Absent

Cycliophora Z145 S53; ZI45 Absent or ?

Pogonophora M62 Z145 7
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Character scoring and phylogenetic significance

Although it is commonly reported that cnidarian

planula larvae often possess a ciliated apical or-

gan, these are only known from anthozoan planu-

lae, and theirpresence is probably correlated with

their planktotrophic habits (Chia & Bickell, 1978;

Fautin & Mariscal, 1991; Schafer, 1996). Because

neither the anthozoans, nor any other cnidarians

develop an adult brain, N44, NI45, and S53 should

be rescorcd.

The ctenophores possess a complex apical or-

gan, part of which is a concentration ofnerve cells

which has been referred to as “an ‘ancestor’ of a

cephalic ganglion” (Hernandez-Nicaise, 1991).

However, a proper larval stage is never developed,
and development proceeds directly to a juvenile

stage (cydippid ‘larva’) that already contains the

apical organ that is retained in the adult stage (Komai,

1968; Martindale & Henry, 1999). Thus, strictly

speaking there is no larval apical organ, which

contradicts the scoring of Z145, N44, NI45, and

S53. On the other hand this scoring can be regarded

legitimate because the adult apical organ derives

directly from the cydippid apical organ. It is dif-

ficult to decide what the potential relationship of

the apical organ of the ctenophores could be to the

bilaterian brain, but its unique structure suggests

that it may be considered as a ctenophoran autapo-

morphy (Nielsen, 2001).

Because adult echiurans do not possess a well-

defined brain (but see the new studies of Hessling,

2002, and Hessling & Westheidc, 2002), Z145, Z145,

and M62 should be rescored. Ax (1999), however,

reported that the prostomial nerve ring develops
from the “Gehirnanlage in der Episphare der

Trochophora” on the basis of work by Korn (1960).

Unfortunately, 1 have not been able to consult this

source, but more recent reviews of echiuran devel-

opment have not commented upon the origin of the

prostomial nerve ring (in contrast to the origin of

the ventral nerve cord) (Pilger, 1978, 1997; Davis,

1989).

I am not aware of any studies that have traced

the development of the nervous system from lar-

vae to adults in the myzostomids, justifying the

scoring of ZI45 and Z146, as opposed to Z145.

Heteronemerteanpilidium larvae possess largely
non-neural apical organs, that exhibit no relation-

ship to the developing adult brain (Lacalli & West,

1985; Hay-Schmidt, 1990, 2000). In contrast, in

the directly developing palaeonemerteans the adult

cerebral ganglia develop from a single pair of ec-

todermal cells located laterally to the apical organ

(Iwata, 1960, 1968; Cantell, 1989; Nielsen, 2001).

Because direct development appears primitive for

the phylum (see elsewhere in this paper), this in-

formation supports the scoring of Z145, N44, NI45,

and ZI45.

The scoring in various studies of an adult brain

derived from a larval apical organ in the panar-

thropods is very weak. None of these taxa exhibit

a larval apical organ, and scoring them as present

for a brain derived from a larval apical organ would

reduce a specific character to one that could be scored

for any taxon with a roughly anteriorly located adult

brain.

A close contact between the larval apical organ

and the developing juvenile/adult brain has clearly
been established for the polyclads that develop

through a Goette’s larval stage (Ruppert, 1978;

Younossi-Hartenstein & Hartenstein, 2000). Nev-

ertheless, the assumption of this trait in the platy-

helminth ground pattern is unlikely given the ex-

istence of serious doubts about the primitiveness

of indirect development in Platyhelminthes (see

under Larva with strongly reduced hyposphere).
Both scorings observed for Cycliophora have

some support. A larval apical organ has not been

found, justifying the scoring of Z145, but the ab-

sence of any data on the embryology of the ner-

vous system alternatively supports the scoring of

\S53 and ZI45.

I have not beenable to locate any study that sup-

ports the scoring of M62 for Pogonophora. The data

of Callsen-Cencic & Fliigel (1995) show a connec-

tion between the apical organ and the main larval

nervous system in settled larvae ofSiboglinum, but

no information on later stages is available to show

whether the adult brain that is developed in the

antero-ventral part of the cephalic lobe bears any

relationship to the larval apical organ.

The cephalochordates deserve some mentionhere

even though there are no evident scoring conflicts

between different studies. All cladistic analyses that

included a character coding for the presence or ab-

sence ofan apical organ have scored Cephalochor-

data as possessing one (Nielsen et al., 1996; Zrzavy
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et al., 1998; S0rensen et al., 2000; Nielsen, 2001;

Peterson & Eernisse, 2001; N21, Z144, S27, Nil9,

and P45 respectively). This scoring is largely based

upon the detailed and wide-ranging morphological
studies of T. C. Lacalli, part of whose work has

focused on elucidating the morphological unity of

chordate and non-chordate deuterostome larvae as

is seen reflected in various tissues and organs no-

tably larval ciliary bands, nervous systems, and

mesodermal derivatives (see Lacalli, 1994, 1996a,

b, c, 2001; Lacalli et al., 1990, 1999). Part of his

work is a proposal that the frontal eye complex in

larval amphioxus and the apical organs that are

widespread in marine invertebrate larvae are ho-

mologous (Lacalli, 1994, 1996a). This homology

proposal has now been incorporated into cladistic

data matrices. In order to maintain logical consis-

tency throughout the data matrix, the scoring of an

apical organ in Ccphalochordata would have to be

accompanied by the scoring of the adult brain be-

ing derived from or associated with the apical or-

gan because the larval central nervous system, in-

cluding the frontal eye complex, is retained in the

adult. Interestingly, none of the cladistic studies

lollowed this scoring, resulting in scoring conflicts

within the different analyses: N119 versus NI45,
N2I versus N44, and S27 versus S53.

Nielsen (1995, 2001) states that in the brachio-

pods “there is no indication that the apical organ

becomes incorporated in the adult nervous system”
(Nielsen, 2001: 403), and brachiopods are scored

accordingly in all the studies considered here. How-

ever, the fate of the brachiopod apical organ is at

best uncertain. While it appears certain that the apical
cilia of various articulate brachiopods are cast off

after settlement (Chuang, 1990), this does not nec-

essarily provide any information on the fate of the

neuronal cells in the apical organ. In fact, Hyman
(1959; 574) and Kume (1968a) report that cells from

the apical plate of articulate larvae contribute to
the adult supraenteric (supraesophageal) ganglion
111 a manner that is “extremely reminiscent of the

trochophore larva” (Kume, 1968a: 277), and Hay-
Schmidt (1992: 203) states that “both the larval

upical ganglion and the ventral ganglion must be

retained as the adult nervous system” in the inar-

Oculates, but Hay-Schmidt does not supply empirical
support for this statement. Clearly, the currently

adopted scoring for brachiopods is uncertain at best

and potentially erroneous. Until more reliable in-

formation is obtained the best solution is to score

the brachiopods as '?’ for fate of the larval apical

organ.

Zrzavy et al. (1998) coded five characters for

the presence, ontogenetic fate, and morphology of

the apical organ (Z144-148) that reveal several

scoring problems. First, Z144 codes for the pres-

ence of an apical organ, and misscored non-antho-

zoan cnidarians and Cycliophora as possessing an

apical organ. Second, the scoring ofZ 145 and Z146

is in conflict for Ctenophora, with the first charac-

ter implying the development of the adult brain from

or near the apical organ, but with the second im-

plying that the adult brain does not develop from

the apical organ. However, the ctenophores do not

develop separate larval and adult anterior nervous

concentrations, and the ‘larval’ apical organ there-

fore equals the adult ‘brain’ (see also discussion

above). Third, Cycliophora do not possess a larval

apical organ and should therefore not be scored as

losing it during metamorphosis (Z148).
The phylogenetic significance of this character

very much depends upon the adopted character

coding. Nielsen et al. (1996), Zrzavy et al. (1998),

and Sorensen et al. (2000) coded for adult brains

that are derived from, or develop in association with

the larval apical organ or apical pole (N44, S53,

ZI45). Their later cladistic studies (Nielsen, 2001;

Zrzavy et al., 2001) revised the character coding
so that it no longer encompassed taxa where the

adult brain only develops in association with the

apical pole (NI45, ZI45), which merely means that

the brain is developed anteriorly. Zrzavy et al. (1998)

included a separate character (Z146) strictly cod-

ing for adult brains derived from the apical organ.

Strictly adopting the first coding strategy would

necessitate the rescoring for N44, S53 and ZI45

for all phyla that, although lacking an apical or-

gan, develop their brains at the anterior (apical)
end of the body. This would yield a character that

is merely redundant with respect to a character that

simply scores the presence or absence of an ante-

rior cerebral ganglion (see underCerebral ganglion,
brain). The second coding method yields a much

more specific, and truly novel, character that should

only be scored as present in taxa where the adult
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brain develops from, or in association with the lar-

val apical organ.

In this context, it is important to be able to dis-

tinguish between an adult brain that is “derived or

initiated from” the apical organ, which is thought

to be characteristic for the spiralians (Salvini-Plawen,

2000: 140), or one that develops largely indepen-

dent of the apical organ, even if they are closely

apposed. Modern ultrastructural and cell labeling

techniques need to be applied to reassess the dif-

ferences and similarities of the fate of the apical

organ in different phyla because classical observa-

tions based on light microscopy may not always

be reliable. Even when contact between the apical

organ and the developing brain can be discerned,

that does not necessarily imply that the larval api-

cal organ has contributed to the developing adult

brain. This is illustrated by the development of the

brain in the indirectly developing polyclad, Imagine

megrathi, where brain development is already well

underway before one axon bundle establishes con-

tact with the apical tuft cells (Younossi-Hartenstein

& Hartenstein, 2000). This contrasts with claims

of the “inductive role” (Salvini-Plawen, 2000: 140)

of the apical organ in the differentiation of cere-

bral ganglia. In fact, although characters such as

NI45 and ZI45 unambiguously score the neotrocho-

zoans as developing the adult brain from, or in

association with the apical organ, such scorings are

actually fairly imprecise.
If we consider the Mollusca, for which the mor-

phology and developmental fate of the larval api-

cal organ haverecently been most intensely inves-

tigated with ultrastructural and immunocytochemical

techniques, especially for the gastropods, no clear

message is yet emerging. Although some papers

claim that parts of the primary larval nervous sys-

tem, including the apical organ, may be incorpo-
rated into the adult central nervous system, includ-

ing the cerebral ganglia, e.g., Dickinson et al. (2000),
others claim that the apical organ may be closely

adjacent to the adult brain (cerebral commissure).
These structures nevertheless, either are clearly de-

lineated from each other (Kempf et al., 1997), or

they may develop entirely independent from each

other (Marois & Carew, 1997 for the opisthobranch

Aplysia; Raineri, 2000). There may be variations

between different molluscan taxa, because in con-

trast, Lin & Leise (1997: 184) report that in the

prosobranch llyanassa the “cerebral commissure

was continuous with the neuropil of the apical

ganglion.” However, later in development one of

the most conspicuous changes in the nervous sys-

tem was the decrease in the size of the neuropil of

the apical ganglion and eventually in the postme-

tamorphic juvenile the complete loss of the apical

ganglion. In fact, Lin & Leise (1997: 192) con-

clude that the “apical ganglion appears to be the

only significant neural structure that is lost during

prosobranch metamorphosis.” A similar conclusion

is reached for the loss of the apical organ during

metamorphosis in the polyplacophoran Mopalia

muscosa (Friedrich et al., 2002). In addition, a re-

cent study of aplacophoran development by Okusu

(2002) indicates that the cerebral ganglia develop
from ectodermal depressions that are located some

distance away from the apical organ. These find-

ings may indicate that the role of the apical organ

is strictly limited to the larval phase, without con-

tributing significantly to the adult nervous system.

This invites a reconsideration of the supposedly
distinct relationship between apical organs and brains

in the deuterostomes and protostomes, with only

the former being characterized by a complete sepa-

ration of larval and adult nervous systems in all

taxa. A proper understanding of the relationship

between the apical organ and adult brain in the

deuterostomes is complicated considerably by taxa

such as the echinoderms and enteropneusts (Dautov

& Nezlin, 1992; Hay-Schmidt, 2000; Nezlin, 2000;

Beer et ah, 2001), which despite the possession of

well-defined apical organs never develop well-de-

fined cerebral ganglia as adults. One would expect

this to be reflected in the scoring of the echino-

derms and enteropneusts, for which N44, NI45, S53,

ZI45, and ZI45 are thus inapplicable. Instead they

are scored the same way as taxa that do possess

larval apical organs andadult cerebral ganglia which

develop independently, e.g., Phoronida. Recent data

on the expression of various developmental genes

in the apical organs of polychaete and molluscan

trochophore larvae and enteropneust tornariae, and

the role of their presumed homologs in the devel-

opment of adult brains in chordates and insects are

difficult to interpret at this time. However, they

offer further tantalizing clues for the resolution of
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this fascinating issue (e.g. Tagawa et ah, 2000;

Arendtet ah, 2001; Lespinet et ah, 2002; Nederbragt

et ah, 2002). In conclusion, we are nowhere near

to a proper understanding of the potential phylo-

genetic significance of these characters.

Serial repetition of nerve collaterals

This character is defined in Eernisse et ah (1992)
as “ladder-like nervous system with ventrolateral

nerve cords and lateral connectives.” To avoid con-

fusion, it should be noted that longitudinal nerve

cords are typically called connectives and the con-

nections between them commissures instead of

lateral connectives.

Character coding

Z236; E53: serial repetition of nerve collaterals

a/p

Character scoring and phylogenetic significance

Eernisse et ah (1992) introduced this character into

metazoan cladistics, and the subsequent analysis
of Zrzavy et ah (1998) took over the character with

virtually identical scoring, except for Rhabditophora.

Although platyhelminths exhibit a substantial

amount of variation in the organization of the cen-

tral nervous system, the homology of the orthogo-
nal organization of the rhabditophoran nervous

system appears to be generally agreed upon (Rci-

singer, 1972; Reuter et ah, 1998; Reuter & Halton,
2001).

According to the character coding all taxa that

possess at least two longitudinal connectives that

form serially repeated commissural connections

should be scored as present. That, however, does

not explain the observed character scoring. For

example, both Priapulida and Pogonophora are

scored as having serially repeated nerve collaterals.

Yet, Priapulida possess unpaired ventral nerve cords,

and Pogonophora possess only small paired regions
in their ventral nerve cords but apparently without

serially repeated commissures (Bullock, 1965d;

Gardiner & Jones, 1993; Southward, 1993; West-

heide, 1996). Also, when Kinorhyncha are scored

as present for this character, then there is no rea-

son why, for example, Nematoda should not be

scored as possessing it as well. The nematodes pos-

sess similar (but asymmetric) commissures between

the longitudinal nerve cords just as the kinorhynchs

(Bullock, 1965c; Wright, 1991; Nebelsick, 1993).

A complicating factor for accurately coding and

scoring this character is the uncertainty about the

homology of the longitudinal nerve cords in dif-

ferent taxa, and consequently, about the homology
of the commissures between them. A certain de-

gree of convergent evolution seems likely, for ex-

ample, within Platyhelminthes where particular

commissural patterns within various subtaxa are

thought to have evolved independently (Reuter &

Gustafsson, 1995; Reuter et ah, 1998; Reuter &

Halton, 2001). Also, the scored taxa may exhibit

strikingly different organizations, even in arguably

closely related phyla, for example the tardigrades

and onychophorans, with the tardigrades showing

only four segmental ganglia as the only ‘commis-

sures’ between the paired ventral nerve cords, and

the onychophorans which possess numerous com-

missures betweentwo ventral cords that lack clearly
demarcated ganglia (Schumann, 1995).

Eernisse et ah (1992) and Zrzavy et ah (1998)
code separate characters for an orthogonal nervous

system (E103, Z245), and because regularly repeated

transverse commissures are an integral part of an

orthogon, the taxa scored for these characters should

also be scored for E53 and Z236. Nevertheless, this

is not the case, indicating that the scoring for both

characters could be improved by careful restudy.

Orthogonal nervous system

The orthogonal nervous is a system with a number

of longitudinal nerve cords that are regularly inter-

connected by transverse commissures.

Character coding

M20; E103; Z245; Z148; Z1I97: orthogonal ner-

vous system a/p

Table 21. Scoring conflicts of serially repeated nerve collater-

als.

polymorphic 9

Rhabditophora E53 Z236
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HI4: orthogonal nervous system a/p/kamptozoan

(entoproct) condition

Rather than tabulating and attempting to resolve

the many scoring conflicts for this character among

the different studies, 1 think that metazoan cladis-

tics is better served by elucidating the confusion

about the definition of this character. Meglitsch &

Schram (1991) defined the orthogonal nervous

system as an anterior nerve ring and several longi-

tudinal cords (M20). In contrastEernisse et al. (1992)

defined it as a dense diffuse neural plexus with short

peripheral connections and very long interganglionic
connections (El03). Not surprisingly, M20andE103

are scored for very different phyla. More impor-

tantly, the phyla that are scored as possessing an

orthogonal nervous system for either M20 or El03

do not show any obvious unique similarities. For

example, various protostome phyla such as the

molluscs and onychophorans have nervous systems

answering the definition of M20, but they are not

scored accordingly. Similarly, Eernisse et al. (1992)
scored an orthogonal nervous system as being pre-

sent in phyla such as the echinoderms, molluscs,

and nematodes, but not in the onychophorans and

annelids. This scoring is scarcely based on a proper

comparative study of nervous system morphology.

In contrast, the definition of an orthogonal ner-

vous system in later studies (Haszprunar, 1996a;

Zrzavy et al., 1998, 2001; Zrzavy, 2003) can be

traced back to the work of E. Reisinger. Reisinger

(1972: 1) definedthe primitive formofan orthogonal

nervous system as “a system of multiple, initially

equivalent longitudinal nerve cords with, often

pseudometamerically arranged commissures” (my

translation). Although Reisinger envisaged the or-

thogonal nervous system to be plesiomorphic for

the gastroneuralians, he recognized that a typical

orthogon is only present in a few taxa, such as certain

platyhelminths. He hypothesized that subsequent

evolutionary changes to the nervous system may

erase all traces of the original orthogonal nervous

system. Reisinger envisaged evolutionary modifi-

cations to follow two main lines: reduction of the

number of longitudinal nerve cords, and increas-

ing ganglionization of the nerve cords.

Zrzavy et al. (2001) and Zrzavy (2003) score an

orthogonal nervous system as present in all non-

sessile protostome protostome phyla, including the

scalidophorans (Priapulida, Loricifera, Kinorhyn-

cha), and Nematoida (Nematoda and Nemato-

morpha). Micrognathozoa and Cycliophora are

scored as However, when we take into account

the disparate nervous system morphologies in the

positively scored phyla, we could score an orthogo-

nal nervous system as present in the latter two phyla

as well. More importantly, comparative study of

nervous system morphology makes clear that an

orthogonal nervous system is certainly not present

in all these phyla. For example, the tardigrades have

paired ventral nerve cords, but without regular com-

missures. The only connections between the longi-
tudinal cords are the segmental ganglia. Similarly,

the gnathostomulids have paired longitudinal ven-

trolateral nerve cords, but regular commissures are

absent (Lammert, 1991; Sterrcr, 1996). Even if we

broaden the definitionby removing the requirement

of regular transverse commissures between the

longitudinal connectives, we cannot defend the

scorings of Z245, ZI48, and ZII97. For example,

the priapulids, nematomorphs, and nematodes pos-

sess unpaired ventral nerve cords (Storch, 1991;

Schmidt-Rhaesa, 1997/1998; Nielsen, 2001; A.

Schmidt-Rhaesa, personal communication). These

scorings are not based on observations. They can

only be defended by the a priori assumption that

an orthogonal nervous system is a plesiomorphy

for the gastroneuralians, and that this would imply
that a failure to observe an orthogonal nervous sys-

tem indicates a secondary absence. Rather than

basing character scoring on an unsupported evolu-

tionary assumption, a cladistic analysis should aim

at testing the assumption. In conclusion, current

cladistic characters coding for an orthogonal ner-

vous system have not contributed useful informa-

tion to the phylogenetic analyses.

Statocysts

The statocysts are sense organs that function as re-

ceptors ofgravity, directional acceleration, or vibra-

tion, and they are widely distributed throughout the

animal kingdom. They are usually rounded cham-

bers containing a heavy inclusion called otolith or

statolith, and lined by sensory cells. There is con-

siderable variation in the organization ofstatocysts



Contributions to Zoology, 73 (1-2) - 2004 125

between, or even within, different phyla including
the absence or presence of special sensory cells,

ciliation of the receptor cells, association with ner-

vous elements, location in the body (associated with

the brain, intraepidermal, cuticular), source and

chemical composition of the statoliths (endogenous

products of various kinds or extraneous elements

such as sand grains), fixed or free statoliths, simple
orcompound statoliths, and the numberof statoliths.

Their distribution within individual phyla is fre-

quently patchy making it difficult to infer their

evolutionary origins and to verify theirpresence in

the ground patterns of phyla. A rigorous compara-

tive study is necessary to elucidate the complex

evolutionary history of statocysts throughout the

Metazoa.

Character coding

Wal7; Me60: statocysts a/p
Z252: number of statoliths one to few/10-40

Z253: number of statocyst parietal cells few/many

Character scoring and phylogenetic significance

Wallace et al. (1996) introduced a character cod-

ing tor the
presence of statocysts into a phyloge-

netic analysis of the aschelminth phyla, and their

analysis suggested that the secondary loss of stato-

cysts is an unambiguous synapomorphy of (Gna-

thostomulida Gastrotricha Syndermata Nematoida

Scalidophora). Subsequently, two new cladistic

analyses (Melone et al., 1998; Zrzavy et al., 1998)
introduced statocyst characters into an analysis of

the gnathiferans and the entire Metazoa, respec-

tively. However, these latter analyses introduced

considerable character scoring problems.

Although neither the analysis of Wallace et al.

(1996), nor that of Melone et al. (1998) fulfilled

the domain of definition for statocysts, the prob-
lems of character scoring introduced in the analy-

ses of Melone et al. (1998) and Zrzavy et al. (1998)

seriously compromise the results. Available in-

formation resolves the recorded scoring conflicts

in favor of the analysis by Wallace et al. (1996)

versus the analyses of Melone et al. (1998) and

Zrzavy et al. (1998). No convincing report of sta-

tocysts in syndermates exists in the literature. The

acanthocephalans definitely lack statocysts (Bul-

lock, 1965c; Dunagan & Miller, 1991), whereas

early reports ofrotiferan statocysts are likely erro-

neous (Bullock, 1965c), and more recent studies

do not describe any statocysts (Clement & Wurdak,

1991; Lorenzen, 1996c). Similarly, statocysts are

not reported for the nematoidans, scalidophorans,

or gnathostomulids (Bullock, 1965c; Bresciani,

1991; Kristensen, 1991a; Kristensen & Higgins,

1991; Storch, 1991; Wright, 1991), whereas the

presenceof unicellular statocysts in the gastrotrichs

is equivocal (Bullock, 1965c) and not confirmed

in recent studies (Ruppert, 1991b; Lorenzen, 1996e).

Consequently, the presence of statocysts is not a

valid synapomorphy of Gnathifera as suggested by
the analysis of Melone et al. (1998).

Zrzavy et al. (1998) included two characters

(Z252, Z253) that code for specializations of sta-

tocysts, although a character coding for absence or

presenceof statocysts was not included in that anal-

ysis. Additionally, Z250 coded for the presence of

an endon, which is defined as a median cerebral

ganglion and adjacent aboral statocyst. The scor-

ing of Z250 for taxa such as the acoelomorphs,

gnathostomulids and polychaetes is a problem. The

gnathostomulids lack statocysts, and therefore also

an endon. The unique organization of the anterior

portion of the acoelomorph nervous system indi-

cates that a true cerebral ganglion is lacking (Raikova

et al., 1998; 2001), and therefore also the endon.

The scoring of the polychaetes is ambiguous be-

cause of serious uncertainty about the ground pat-

Scoring for Zrzavy et al. (1998) is deduced from the scoring
°f Z252 and Z253; positive scoring for these characters

presupposes the presence ofstatocysts.

Table 22. Scoring conflicts for statocysts.

Absent Present 1 Proposed

scoring

Syndermata Wal7 Zrzavy et al.

(1998); Me60

(Rotifera)

Absent

Nematoida Wal7 Zrzavy et al. (1998) Absent

Scalidophora WaI7 Zrzavy et al. (1998) Absent

Gastrotricha

Gnathosto-
Wal7 Zrzavy et al. (1998) Absent or ?

niulida Wal7 Zrzavy et al. (1998);
Me60

Absent
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tern. Statocysts are only known in a few burrow-

ing and tubicolous families that are spread through-

out the Polychaeta, and they were unknown in

Oligochaeta (Verger-Bocquet, 1992; Jamieson,

1992; Rouse & Fauchald, 1997) until the recent

study by Locke (2000) showed that the enchytraeid

oligochaetes of the genus Grania possess statocysts.
The patchy distribution of statocysts within phyla

creates uncertainty about the ground patterns for

various phyla, and the unambiguous scoring ofZ252

and Z253 for several taxa should be reconsidered

accordingly. For example, cnidarian statocysts have

only been demonstrated in the medusae of

medusozoans, being absent in medusozoan polyps

and anthozoans, which is in agreement with their

evolution within this phylum (Bullock, 1965b;

Bridge et al., 1995; Grimmelikhuijzen & Westfall,

1995; Schafer, 1996). For the nemerteans, stato-

cysts have only been reported for two interstitial

genera of hoplonemerteans (Bullock, 1965a;

Turbevillc, 1991, 1996). For the echinoderms, sta-

tocysts are only known from several holothuroids,

and they do probably not belong in the ground pattern

of Holothuroidea (Goldschmid, 1996a; Ehlers,

1997). Sometimes statocysts are reported for the

echinoids (Ruppert & Barnes, 1994), but these

presumed ambulacral sensory organs are usually
called sphaeridia, and neither their anatomical po-

sition, nor their structure indicate homology to the

statocysts known from holothuroids (Cavey &

Miirkel, 1994; Ehlers, 1997). These considerations

make a certain degree of convergent evolution of

statocysts very likely. Finally, the scorings for many

phyla in Zrzavy et al. (1998) have to be adjusted.

Statocysts are unknown in Cycliophora (Punch,

1996; Punch & Kristensen, 1997), Phoronida

(Hyman, 1959; Bullock, I965d; Herrmann, 1996),

Chaetognatha (Shinn, 1997), Cephalochordata

(Ruppert, 1997), and the aschelminth phyla as dis-

cussed above. Furthermore, for those taxa that may

possess statocysts in their ground pattern problem-
atic scorings remain. Although the ctenophores and

brachiopods are scored to possess one to a few

statoliths, the compound ctenophore statolith is made

up of 100 smaller statoliths (Hernandez-Nicaise,

1991), while 40 statoliths have been reported for

the inarticulate brachiopods (James, 1997).

In conclusion, the scoring of statocyst charac-

ters across the Metazoa needs to be carefully reas-

sessed taken the above comments into consider-

ation. So far, the phylogenetic significance of sta-

tocysts and associated characters remains unknown.

Nephridial characters

Protonephridia

Protonephridia are widespread in the Metazoa, and

although variations in morphology are manifested

in different ways (see following characters) pro-

tonephridia are clearly definable as ciliated tubes

that open through the epidermis through a nephro-

pore, but that are proximally closed by one or more

terminal cells (cyrtocytes). The distal part of the

terminal cell forms a hollow cylinder typically

perforated by clefts, and which serves to support

an extracellular filtration membrane. The terminal

cells are joined to canal cells and nephropore cells,

although theexact configuration varies betweentaxa.

Wilson & Webster (1974), Ruppert & Smith (1988),

and Bartolomaeus & Ax (1992) provide useful re-

views of protonephridial structure and function

throughout the Metazoa. Ruthensteineret al. (2001)

found that the protonephridia of larval and juve-

nile scaphopods are composed of only two cells,

which contradicts the universality of the tripartite

structure (terminal cells, canal cells, and nephropore

cells) ofprotonephridia proposed by Bartolomaeus

& Ax (1992). Although Nielsen (1995, 2001) re-

stricts the definition of protonephridia to ectoder-

mally derived canals, his scoring for NI54 in the

oladistic data matrix does not exhibit this restric-

tion. Taxa where mesoderm has been implicated to

contribute to the formation of the protonephridia

(either as the sole source or as a partial contribu-

tor), such as the molluscs and annelids (Verdonk

& Biggelaar, 1983; Bartolomaeus, 1999), are scored

as well. The paucity of reliable information on the

germ layer source of protonephridia leads me to

conclude that the application of a structural homol-

ogy criterion without consideration of the embry-
onic source is currently the best diagnosis for

protonephridia across the Metazoa (see Ruppert,

1994 for an example of varying contributions of

mesoderm and ectoderm to the homologous ne-

phridia in larval enteropneust and asteroids). The
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significance of heterotopic shifts in the origin of

protonephridia remains to be studied, and the po-

tential role of heterochrony may illuminate the

relationships betweenlarval and adultprotonephridia
■n several taxa, such as the polychaetes.

Character coding

H20; Halllb; N54; NI54; S63; Z48; Z129; Z1I66;

R139; L56; Wa40; Es6; E99 (emphasis on multi-

eiliatcd cells): protonephridia a/p
hh6; loss of protonephridia a/p
M31: no special excretory organ/protonephridia
R17: protonephridia/metanephridia/pericardioducts

Character scoring and phylogenetic significance

A numberof these scoring conflicts can be reduced

to different decisions about the choice of compa-
rable semaphoronts. Rouse & Fauchald (1995)

scored their characters according to adult morphol-

ogy, and while explicit mention is lacking, the scor-

ing of protonephridia in Meglitsch & Schram (1991)
and Eernisse et al. (1992) is also consistent with

an exclusive scoring of adults. This would explain

their character scoring for the phoronids, annelids,

echiurans, and molluscs (all scored as lacking

protonephridia). In these taxa, protonephridia are

likely to be present in the larval ground pattern

(Heimler, 1988; Smith & Ruppert, 1988; Bartolo-

maeus, 1989a, b, 1993b, 1995, 1998, 1999; Zimmer,

1991, 1997; Hermann, 1997; Rouse, 1999; Hasz-

prunar & Ruthensteiner, 2000; Ruthensteiner et ah,

2001), while adult protonephridia are entirely lacking

(phoronids), or restricted to isolated cases not likely

to be representative for the phyla’s ground patterns

(dwarf male Bonellia in Echiura; adult paedomor-

phic Rhodope in Mollusca; various polychaete

annelids; Westheide, 1986; Bartolomaeus, 1989c;

Schuchert, 1990; Haszprunar, 1996d, 1997; Rouse,

1999; Rouse & Fauchald, 1997). Adoption ofa struc-

tural homology criterion necessitates that all sema-

phoronts are taken into account during character

scoring.

Table 23. Scoring conflicts for protonephridia.

Absent Present 9 Polymorphic Proposed

» i scoring

Phoronida M31; E99 Z48; ZI29; N54;

NI54; S63; ZII66

Present

Loricifera Z48; N54; NI54;

S63; Wa40; ZII66

M31 Present

Nematoda Z48; ZI29; N54;

NI54; S63; M31; E99;

ZII66

L56 Absent

Annelida M31;E99; R17 N54; N154; S63; Z48;

ZI29; H20; ZI166 Wa40 (for

polychaetes)

Present

Pogonophora R17; E99; M31 Z48 9

Echiura M31; E99; RI7 Z48; ZI29; S63;

R139; H20; ZI166

Present

Sipuncula N54; N154; M31;

S63; ZI29; RI7; R139;

E99; ZII66

H20; Z48 Absent

Mollusca RI7; M31; E99 H20; N54; N154;

S63; Z48; R139;

Z129; ZII66

Present

Ncmcrtea E99 H20; N54; N154;

S63; Z48; ZI29;

M31; ZII66

R139 Present

Brachiopoda ZI29; E99, M31; N54;

NI54; S63; ZII66

Z48 Absent
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Loricifera possess protonephridia (Kristensen,

1991a), as opposed to M31 (the chapter on lorici-

fcrans in Meglitsch & Schram, 1991 does report

protonephridia as contrast to the scoring in their

data matrix).

Nematodes lack protonephridia (Wright, 1991),

contra L56.

Protonephridia have been reported for both po-

gonophore larvae as well as adults (reviewed in

Rouse & Fauchald, 1995; 1997; Salvini-Plawen,

2000) but not in adult vestimentiferans (Schulze,

2001) Pending a comparative ultrastructural analysis

of nephridia in differentpogonophores, the ground

pattern state may be scored as uncertain (Z48)

(Southward, 1993; Rouse & Fauchald, 1995).

Protonephridia have never been reported for

sipunculans, neither for adults nor for larvae. Be-

cause protonephridia are typically present in the

trochophore larvae ofother spiralian phyla, this may

lead to a scoring ofa as for H20 and Z48. How-

ever, because we cannot predict whether future

studies will identify sipunculan protonephridia, and

because theirabsence is an accurate representation

of our current knowledge, it is better justified to

score ‘absence of protonephridia’ as is done in the

remaining cladistic analyses.

The scoring of E99 for the nemerteans is obvi-

ously erroneous. Nemerteans evidently do have

protonephridia in the adults, and reports for larvae

exist as well (Bartolomaeus, 1985; Turbeville, 1991).

The scoring of a *?’ for the nemerteans for RI39

can also be changed to ‘presence of larval proto-

nephridia.’ Rouse (1999) considers them unknown

because “they appear late and do not really func-

tion in larvae per se.” However, he reports their

demonstration in pilidium larvae, and Bartolomaeus

(1985) reported their presence in a Desor’s larva

(generally regarded as a modified lecithotrophic

pilidium larva). This would make the evidence for

scoring larval protonephridia present in the nem-

erteans just as strong as that which justifies Rouse’s

scoring of larval protonephridia for the platyhelm-

inths (based on their demonstration in Muller’s

larvae: Ruppert, 1978; see Rohde, 2001, figs. 19.1

and 19.8 for illustrations of protonephridia in a

Gotte’s larva). However, considering that the pres-

ence of polyclad and pilidium larvae in the ground

patterns of the platyhelminths and nemerteans is

highly unlikely (see above), these findings are not

relevant for the scoring of larval protonephridia in

these phyla.

Protonephridia have never been observed dur-

ing any stage of the brachiopod life cycle, and this

warrants their scoring as ‘absent’ contra Z48.

E99 defined protonephridia as being character-

ized by multiciliated cells. However, this does not

explain the adopted scoring. For example, the nem-

erteans typically have protonephridia with multi-

ciliated cells, but were scored as lacking these,

whereas gnathostomulid protonephridia possess only

monociliated cells (the terminal cell), but they were

scored as having multiciliated protonephridial cells

(Lammert, 1991; Bartolomaeus& Ax, 1992). Fur-

thermore, considering the variation in protonephri-

dial designs throughout the Metazoa, including the

existence of non-ciliated, mono-, bi- or multiciliated

cells, and the observation that taxa such as the poly-

chaetes and nemerteans may change the number of

cilia per cell during ontogeny indicate that E99

adopts an unnecessarily restricted definition. Fur-

thermore, it is essential to specify which protone-

phridial cells are multiciliated, because ciliation of

terminal cells, duct cells, and nephropore cells may

vary independently between taxa.

Littlewood et al. (1999a) infused the scoring of

their character L56 with an unwarranted a priori

assumption about the direction of evolutionary

change for the acoelomorph platyhelminths. These

were scored as ‘0/1’ instead of ‘0’ because their

phylogenetic placement in previous studies would

that they may have lost protonephridia, rather

than that these were primitively absent. However,

several recent molecular and morphological phy-

logenetic analyses have suggested that the acoels

and also the nemertodermatids may be the basal-

most extant bilaterians, and may consequently have

never possessed protonephridia (Haszprunar, 1996b;

Ruiz-Trillo et al., 1999, 2002; Baguha et ah, 2001;

Jondelius et al., 2002; Telford et al., in press). Little-

wood et al.’s a priori assumption about the evolu-

tion of protonephridia in the acoelomorphs reflected

in the character coding can only lead to circular

reasoning.

Note that Rouse (1999) accidentally recorded the

scoring for character R139 (protonephridia) in the
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wrong column of his Appendix 4, that of character

R138.

All cladistic studies considered here, with the

exception of Haszprunar (1996a, b), surprisingly

suggest that protonephridia are homoplastic within

Bilateria, and have evolved notat the base, but within

the Bilateria, usually at the base of a large protostome

clade. Instead, Haszprunar (1996a, b) suggest that

protonephridia are a unique synapomorphy of all

bilaterians except Acoelomorpha. However, for a

proper interpretation ofHaszprunar’s analyses, one

should take into account that his taxon selection

did not fulfill the domain of definition for pro-

tonephridia. Interestingly, Nielsen et al. (1996),
Nielsen (2001), Zrzavy et al. (1998, 2001), and So-

rensen et al. (2000) indicate that phoronid actinotroch

larvae have independently evolved protonephridia.

Furthermore, the analyses of Meglitsch & Schram

(1991), and Zrzavy et al. (1998, 2001) indicate that

the protonephridia of scalidophorans may have

evolved convergently with respect to those of the

other protostomes. Finally, multiple losses of pro-

tonephridia are indicated for taxa such as Panar-

thropoda, Nematoida, and Acoelomorpha (Nielsen
et al., 1996; Nielsen, 2001; Sorensen et al., 2000;

Zrzavy et al., 1998, 2001).

Protonephridia with channel cell completely sur-

rounding lumen

This character refers to protonephridia in which the

lumen is located intracellularly in the canal cells.

This contrasts with the situation in which the canal

cells are folded around the protonephridial lumen,
which can be recognized by the presence of inter-

cellular junctions that close off the extracellular

lumen. Unfortunately, some terminological confu-

sion is present in the literature. Some authors re-

strict the term “percellular” lumen to instances of

a truly intracellular lumen (Ahlrichs, 1995), whereas

other authors apply this term also to instances in

which the protonephridial canal cell is foldedaround

the extracellular lumen as long as it enwraps the

cilia and microvilli in the lumen (Bartolomaeus,
1993b, 1995).

Character coding

A15; HaVIIIc; P68; Z52: protonephridia with chan-

nel cell completely surrounding lumen a/p

Character scoring and phylogenetic significance

This character is uniformly scored for Gnatho-

stomulida and Syndermata, but insufficient infor-

mation exists on the ultrastructure of acanthoceph-

alan protonephridia to allow the unambiguous de-

termination of their canal morphology. Conse-

quently, Z52 needs to be rescored as ‘?’ for Acan-

thocephala. When assessing the phylogenetic sig-

nificance of intracellular canal lumens in rotifer and

gnathostomulid protonephridia, it should be kept
in mind that those of the former are mainly syncy-

tial (although the cellular canal components also

appear to have an intracellular lumen), whereas those

of the latter are cellular (Ahlrichs, 1993a, b). Al-

though not scored in the studies that included this

character, further instances of true intracellular

protonephridial ducts have been reported for vari-

ous other phyla, including the platyhelminths, gas-

trotrichs, and polychaetes (Smith & Ruppert, 1988;

Rieger et al., 1991b; Ruppert, 1991b). Neverthe-

less, the scattered distribution of these features

causes doubt about their phylogenetic significance.

The computer-assisted cladistic analyses of Zrzavy

et al. (1998) and Peterson & Eernisse (2001) sug-

gest convergence of this trait in the rotifers and

gnathostomulids.

Podocytes/terminal cells/nephrocytes

Character coding

P67: podocytes/terminal cells/nephrocytes a/p/ex-

cretory organ of apomorphic design with cells

without any obvious similarity to podocytes

H21; Z43: podocytes a/p

Character scoring and phylogenetic significance

Haszprunar (1996a) and Zrzavy et al. (1998) both

scored podocytes for Nemertea and Neotrochozoa,

while the latter study additionally scored them

present for Phoronida and Enteropneusta. As noted
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in Jenner (2001a), a variety of misscorings for Z43

could be identified, including the onychophorans,

arthropods, echinoderms, pterobranchs, and verte-

brates, which were all incorrectly scored as lack-

ing podocytes (Ruppert & Smith, 1988; Storch and

Ruhberg, 1993; Hesslerand Elofsson, 1995; Nielsen,

1995; Benito and Pardos, 1997). Note that the scor-

ing of a ‘?’ for podocytes in the pogonophorans in

Zrzavy et al. (1998) can be changed to ‘0’ since a

recent study failed to find support for their pres-

ence (Schulze, 2001). Similarly, the scoring of

podocytes for pogonophorans and brachiopods in

table 4 of Haszprunar (1996d) is unsupported by

data. The true phylogenetic significance of the

podocytes will only emerge after this character is

correctly scored across the Metazoa.

Peterson & Eernisse (2001) did not code a char-

acter solely for podocytes, but instead P67 proposes

a primary homology ofdifferent cell types that are

all thought to be part of filtration nephridia (the

podocytes and nephrocytes are components of

metanephridial systems, but the latter is a term

usually restricted to the arthropods and onycho-

phorans, and terminal cells are part of protone-

phridia). This scoring is supported by data on the

ontogenetic continuity of protonephridia and

metanephridia in certain polychaetes and phoronids,

and by a continuum in cytological differentiation

and function between the different cell types in-

volved (Ruppert & Smith, 1988; Smith & Ruppert,

1988; Bartolomaeus & Ax, 1992; Smith, 1992;

Ruppert, 1994; Haszprunar, I996d).

Muscles

Muscle cells

Muscle cells contain a system of contractile fila-

mentous actin-myosin. They exist in two distinct

varieties (Rieger & Lombardi, 1987; Bartolomaeus,

1994). First, apolar cells that are completely sur-

rounded by extracellular matrix, and which are called

myocytes or muscle cells. Second, cells with a clear

apical-basal polarity, basally resting on extracellu-

lar matrix (a basal lamina), and with the apical end

facing an inner body space.

Character coding

M6: no special muscle cells/well-developed muscle

cells (note that coding of Schram (1991) is differ-

ent and should be rescored accordingly)

P35: endomesodermal muscle cells a/p

Z257: muscles a/p

Character scoring and phylogenetic significance

Muscle cells are universally considered as a eume-

tazoan autapomorphy, which is in agreement with

the analyses of Meglitsch & Schram (1991) and

Zrzavy et al. (1998). However, M6 misscored the

platyhelminths, gnathostomulids, and gastrotrichs.

These three phyla possess well-defined muscle cells

(Rieger et al., 1991b; Lammert, 1991; Ruppert,

1991b). These accidental misscorings may be un-

derstood by considering the data matrix of Schram

(1991). Although the data matrices of Meglitsch &

Schram (1991) and Schram (1991) are virtually

identical, several characters have differing charac-

ter codings, amongthem M6. M6 codes as the primi-

tive state “no special muscle cells” while character

6 in Schram (1991) codes “locomotion by action

of cilia or flagella.” With identical character scorings

this results in correct scorings for the three phyla

in Schram (1991) but incorrect scorings for M6.

The scoring of the poriferans deserves a comment.

Porifera is scored as lacking muscle cells in both

Meglitsch & Schram (1991) and Zrzavy et al. (1998),

but contractile cells superficially resembling ver-

tebrate smooth muscle cells are present in many of

\the cellularian sponges (Harrison & de Vos, 1991).

These cells are usually referred to as myocytes, a

term typically used for eumetazoan muscle cells.

Nevertheless, contractile cells with a functional sys-

tem of fibrillar actin and myosin are also found in

other, unicellular non-metazoaneukaryotes (Bovee,

1991). The probable presence of an actin/myosin

system in sponges (Harrison & De Vos, 1991) is

therefore no straightforward argument for the pres-

ence oftrue muscle cells or myocytes, and accord-

ingly special homology of contractile sponge cells

with eumetazoan muscle cells is not accepted here.

Trichoplax also possesses contractile cells (fiber

cells) (Grell & Ruthmann, 1991), and these may

perform both muscle and nerve cell functions.
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Although M6 scores the mesozoans as entirely

lacking muscle cells, contractile cells have been

demonstrated in the orthonectids (Ax, 1995; Hasz-

prunar, 1996c), and these may be muscle cells as

is reflected in the scoring of Z257.

Endomesodermal muscle cells are considered

an autapomorphy ofAcrosomata by Peterson& Eer-

nisse (2001) in agreement with other recent works

(e.g. Martindale & Henry, 1998). However, many

taxa were not scored for P35, presumably because

cell lineage data is not present to confirm the exact

source of the mesoderm. Interestingly, strict appli-
cation of the definition ofendomesoderm (see also

under Secondary body cavity, coelom; ontogenetic

source) would necessitate the rescoring of several

taxa that were unambiguously scored as only pos-

sessing endomesoderm. As an example let us con-

sider Nematoda. For Caenorhabditis elegans the

entire cell lineage is known, which should in prin-

ciple allow us to make a definite conclusion on the

source of mesoderm. Strikingly, the cell lineage of

C. elegans clearly shows that all mesoderm is de-

rived from cells that only form ectoderm and me-

soderm (e.g. Table 37.1 in Nielsen, 2001), while

the nematode endodermal cell lineage is already

completely separated from the sources of other

organs at the eight cell stage (Voronov et ah, 1998;

Voronov, 1999). This leads to the inescapable con-

clusion that this worm only possesses ectomeso-

derm! Similarly, although the resolution of the cell

lineage of the gastrotrichs is limited, it neverthe-

less shows that all mesoderm derives from precur-

sor cells that will only produce ectoderm and me-

soderm (Table 35.1 in Nielsen, 2001), and thus

represent ectomesoderm. Similar indications for the

presence of ectomesodermal muscles are reported
for the rotifers (Nielsen, 2001: 300). Freeman &

Martindale (2002) recently showed that part of the

mesoderm in the phoronids also deriyes from ecto-

derm, and these authors suspect that the same holds

true for the brachiopods as well, and so, modern

cell lineage tracing techniques hold great promise
whenapplied to the

many poorly studied phyla (see
Martindale & Henry, 1999 and Henry et ah, 2000

lor nice examples of recent advances in our under-

standing ot mesoderm sources in the ctenophores
and acoels). Obviously, we also need to sample
multiple species within phyla to assess character

variability, but these considerations at least show

that the widely adopted interpretation of endome-

soderm as a acrosomatan or bilaterian autapomorphy
deserves closer scrutiny.

Digestive system

Intestinal cell ciliation

To create an accurate character definition, it should

be clearly specified what part of the gut is scored

for ciliation. Many phyla possess cuticularized fore-

and hindguts from which cilia maybe lacking, while

at the same time the digestive midgut region with-

out a cuticle can be ciliated. It is therefore impor-

tant to distinguish pharynx, esophagus, stomach,

intestine, and rectum. I assume the coding of“gut”
in P93, ZII49,_and Wa22 to refer to the intestine.

Character coding

Z225: intestinal cells ciliated/non-ciliated

ZII49: non-ciliated gut a/p

P93: digestive gut without cilia a/p
Wa22; ciliated gut a/p

Character scoring andphylogenetic significance

The chaetognaths possess ciliated absorptive and

glandular intestinal cells (Shinn, 1997), justifying

a rescoring for Z225.

Although the nematomorphs possess a reduced

digestive tract that some authors claim is not in-

volved in the uptake of nutrients (explaining the

scoring of Wa22 and Z225), the nematomorphs

nevertheless dopossess some genuine intestinal cells

adornedwith microvilli, but lacking cilia (Bresciani,

1991; Schmidt-Rhaesa, 1996). This is in accordance

with the scoring of P93 and Z1I49.

Most of the gastrotrichs lack intestinal cilia, but

the several species in which ciliated intestinal cells

do occur may be phylogenetically the most basal

macrodasyoids (Hochberg & Litvaitis, 2000,2001a).
The resulting uncertainty about the gastrotrich

ground pattern is therefore best reflected in the

scoring of Wa22.

When an intestine is present in rotifers, its lin-

ing cells are abundantly ciliated (Clement & Wurdak,
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1991), in agreement with the scoring of P93 and

Z225.

The acoel platyhelminths appear to lack intesti-

nal cilia, while earlier reports of intestinal cilia in

the nemertodermatids (Rieger et ah, 1991b) so far

have not been confirmed. A recent cladistic analy-

sis of the Nemertodermatida (Lundin & Sterrer,

2001) showed that the nemertodermatidsprimitively

lack intestinal cilia. Ciliated intestinal cells do occur

in the catenulids, macrostomids, and various other

rhabditophorans, but the majority of the turbel-

larians is reported to lack intestinal cilia (Rieger

et ah, 1991b). Consequently, the rhabditophoran

ground pattern remains at this time uncertain.

Although there may be polychaetes that lack in-

testinal cilia, the sources available to me suggest

their unambiguous presence throughout the anne-

lids, in agreement with the scoring of P93 and Z225

(Michel, 1988; Saulnier-Michcl, 1992; Jamieson,

1992; Fernandez et ah, 1992).

The nemertean intestine is ciliated (Turbeville,

1991), in agreement with the scoring of Z225.

However, an unpublished revised version of the data

set of Peterson & Eernisse (2001) (K. J. Peterson,

pers. comm.) corrected the scoring of P93.

Z225 also scored Xenoturbella as having non-

ciliated intestinal cells. However, in view of the

fact that Zrzavy et al. (1998) do not provide an

exact source for this information, and because ul-

trastructural studies of the gastrodermis of Xeno-

turbella have not yet been performed (Israelsson,

2000), scoring of a ‘?’ appears at this time to be

the best option.
Z225 and Z1149 score Lobatocerebrum as pos-

sessing ciliated gut cells. However, both the esopha-

gus and midgut of Lobatocerebrum are generally

non-ciliated. Only the pharynx and the hindgut cells

are generally ciliated (Rieger, 1981). However, be-

cause sporadic midgut cells may bear cilia the scor-

ing of Z225 and ZII49 has some support.

It should be noted that P93 should be rescored

for Fungi, Choanoflagellata, Porifera, and Placozoa

since these taxa lack a digestive gut, and are thus

‘inapplicable’ for this character.

Irrespective of which morphological phylogeny

of the Metazoa is consulted, it can be concluded

that intestinal cilia havebeen lost at least a number

of times independently, namely in introvertans and

panarthropods, in GnathostomulidaandLimnogna-

thia maerski (Micrognathozoa), which also totally

lacks intestinal cilia (Kristensen & Punch, 2000),

and possibly in the acoelomorph platyhelminths.

The loss of intestinal cilia may thus be a synapo-

morphy (albeit convergent) of ecdysozoans addi-

tional to those discussed by Schmidt-Rhaesa et ah

(1998) and Nielsen (2001) (see also Z225 in Zrzavy

et ah, 1998), albeit a homoplastic one. Moreover,

the newly defined clade Gnathifera that includes

Micrognathozoa may also be supported by the loss

of intestinal cilia, with a subsequent reversal to

ciliated intestinal cells in the rotifers. Isolated in-

stances of intestinal cilia occurring in phyla that

are otherwise characterized by the lack of intes-

tinal cilia, such as the arthropods and nematodes,

perhaps can reasonably be assumed to have con-

vergently evolved within the respective monophyla

(Nielsen, 2001).

Table 24. Scoring conflicts for intestinal ciliation.

Absent Present ? Polymorphic Proposed

scoring

Chaetognatha P93; Z1I49 Z225 Present

Nematomorpha P93; ZII49 Wa22; Z225 Absent

Gastrotricha P93; ZII49 (Chaetonotida) Z225; ZII49 (Macrodasyida) Wa22 ?

Rotifera P93; Z225; Z1I49 Wa22 Present

Acoelomorpha P93; ZII49 (Acoela) Z225; Wa22 (Turbellaria) Z1I49 (Nemer- Absent

toderma-tida)

Rhabditophora P93 Z225; Wa22 (Turbellaria); 7

ZI149

Polychaeta Z225; P93 (Annelida); ZII49 Wa22 Present

Nemertea P93 Z225; ZII49 Present
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Anus

A variety of studies included characters that coded

for the presence of an anus. Different character

codings have been designed to incorporate infor-

mation on the presence of a hindgut, rectum, or

proctodeum.

Character coding

Ml6; P94: no anus/anus

RI5: digestive tract with mouth only/anus present
(at least transiently)
Z72: anus a/gnathostomulid-like/p
Hll; anus a/gnathostomulid type/true hindgut
E96: anus with proctodeum (completely unidirec-

tional alimentary canal) a/p
Z125: reduction of hindgut/anus system a/p
ZII50; hindgut/anus a/p
HaXIa; L54; true hindgut with anal opening a/p
Wa21: complete gut terminating with a functional

anus a/p

NI32: mouth and anus a/p (misscored platys)

Character scoring and phylogenetic significance

All comprehensive morphological cladistic analy-
ses support (although not unambiguously in all

studies) the evolution ofa unidirectional digestive
tract with an anus as an autapomorphy for Bilateria

(Zrzavy et ah, 1998; Giribct et ah, 2000; Mcglitsch
& Schram, 1991; Nielsen, 2001; Peterson & Eer-

msse, 2001). Consequently, the absence ofan anus

ln taxa such as the platyhelminths (misscored for

N132), pogonophorans, articulate brachiopods, and

acanthocephalans must be considered secondary.
In contrast, other studies suggested the indepen-
dent evolution of an anus in the protostomes and

deuterostomes (Brusca & Brusca, 1990; Rouse &

Fauchald, 1995; Ax, 1989, 1995; see further dis-

cussion under Nemertea). However, these studies

only considered a restricted set of metazoan phyla,

and consequently, their results do not constitute real

tests of the homology of anuses throughout the

Metazoa.

The distinctive morphology ofthe gnathostomulid

anal system defies unambiguous interpretation (see

discussion under Platyhelminthes for details). Un-

til very recently, the morphology of the terminal

end of the gnatkostomulidan digestive tract appeared

to be unique among metazoans as is reflected in

the character coding of Z72 and Hll. However,

the anus system found in the newly described

Micrognathozoa is very similar in ultrastructural

detail (Kristensen & Punch, 2001). At present, all

the adopted character scorings listed in the above

table can reasonably be defended, with the excep-

tion of L54. L54 included the presence of a “true

hindgut” in the character definition. Gnathostomu-

lids unequivocally lack a distinguishable (cuticle-

lined) hindgut. Inclusion of the presence of a hind-

gut in the character definition may also necessitate

rescoring of gastrotrichs for L54, ZI25, and ZI150

(Ruppert, 1991 b). The distribution ofhindguts within

Gastrotricha (only in paucitubulatinid chaetonoti-

dans) suggests they evolved within the phylum

(Hochberg & Litvaitis, 2000).

The scoring of M16 and E96 for the pogono-

phorans is misleading. The presence of an anus is

well documented for earlier ontogenetic stages in

the vestimentiferans (Gardiner & Jones, 1993: fig.

36A; 1994: fig. IE; Southward, 1999: fig. 6.9), and

an anus has also been reported for at least one spe-

cies of perviate pogonophore (Fliigel & Callsen-

Cencic, 1992). This is in accordance with our pref-

erence for scoring characters across entire life cycles,

rather than focusing on arbitrarily chosen sema-

phoronts (Jcnner, 2001a). Furthermore, none of the

recently proposed phylogenetic hypotheses for the

placement of the pogonophorans has raised doubt

Table 25. Scoring conflicts of anus.

Absent
■ J

Present Polymorphic 9

Gnathostomulida Ml6; E96; Wa21 Z72 (autapo.); H11 L54; ZII50

(autapo.); P94; NI32

Pogonophora M16 R15 E96

Acanthoccphala Ml6; L54 Z72; ZII50
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as to the derived nature of the lack of an anus. The

phylogenetic significance of the ontogenetic reduc-

tion of the anus in pogonophorans is therefore re-

stricted to being apomorphic for the group.

The acanthocephalans entirely lack a digestive

system and M16 and L54 should therefore be

rescored (Dunagan & Miller, 1991).

It should be noted that several phyla that are

habitually scored as possessing a digestive tract with

an anus, in fact possess a cloaca that functions as

a shared opening for the gut and the reproductive

system, as is foundfor instance in nematodes, nema-

tomorphs, and rotifers.

Finally, the character coding for ZI25 knowingly
introduces an a priori phylogenetic conclusion (the

lack ofanus in the platyhelminths as evolutionarily

derived), resulting in a character that only serves

to unite the catenulids and rhabditophorans on the

basis of circular reasoning. Furthermore, although

the gnathostomulids may posses an anus, justify-

ing their scoring of a they should instead be

scored as lacking a “true hindgut with anal open-

ing” since the gnathostomulids definitively lack a

true hindgut (Lammert, 1991). As argued above,

hindguts may have evolved within Gastrotricha.

Miscellaneous characters

Frontal gland complex

A broad definitionof a frontal gland complex (frontal

organ) specifies a collection of various glands (mu-

cous, rhabdite, rhammite), that may or may not be

associated with ciliary sensory cells, and that is

located at the anterior end of the animal. A frontal

organ is a more narrowly defined frontal gland

complex that describes the special configuration

found in the acoelomorph platyhelminths, in which

several independent gland cell necks join in a com-

mon apical pore (Smith & Tyler, 1986; Rieger et

al., 1991b; Elders, 1992; Littlewood et al., 1999a:

L47).

Character coding

PI08: frontal complex a/p

Hale; Z224; Z156; ZIII05: frontal glandular sys-

tem a/p

HaVIIc: loss of frontal glandular complex

HI7: frontal gland a/p/entoproct type

HaVIIId: frontal (=praepharyngeal) glands a/p

Character scoring and phylogenetic significance

Zrzavy et al. (1998, 2001) and Zrzavy (2003) score

a frontal glandular complex present in the platy-

helminths (acoelomorphs and rhabditophorans),

entoprocts, Lobatocerebrum, and nemerteans. In

contrast, Peterson & Eernisse (2001) only score it

present in the platyhelminths, in agreement with

Ehlers (1992) and Ax (1995). A precise definition

is the first requisite needed for an accurate estima-

tion of the phylogenetic significance of the frontal

glands foundin such distantly related taxa. Expect-

edly, the central feature of all frontal glands is the

presence of glandular cells that may synthesize and

secrete a variety of products. However, authors may

differ with regards to the inclusion of sensory ele-

ments in the character definition. For example, with

respect to the acoelomorph frontal organ, Smith &

Tyler (1986: 77) conclude that it “is strictly a glan-

dular organ and evidently is not sensory.” In con-

trast, Rieger (1996c: 223-224) writes about “das

Frontalorgan, ein in einem speziellen Poms an der

Vorderspitze ausmiindendes Driisen- und Sinnesor-

gan...” To avoid confusion about homology, the

precise morphological conformation should be

clearly specified. For example, it should be noted

that the frontal organ in entoproct larvae is not con-

sidered glandular itself, rather glandular cells are

reported to surround the frontal organ in loxoso-

(nellid entoproct larvae (apparently not in pedicel-

linids and barentsiids) (Nielsen, 1971, 2001). The

frontal organ sensu stricto is regarded as a sensory

organ (Nielsen, 1971,2001; Emschermann, 1996).

However, a close association of glandular and sen-

sory cells appears to be common, though not uni-

versal, for frontal complexes in the different taxa,

e.g., platyhelminths (Ruppert, 1978, Smith & Tyler,

1986), entoprocts Nielsen (1971, 2001), nemerte-

ans (Turbeville, 1991).

The phylogenetic significance of frontal glan-

dular complexes has so far not been resolved. Based

on morphological differences between the systems

in different phyla, and the presence of similar but

apparently convergent glandular systems in other
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taxa such as the polychaetes and bryozoans, Hasz-

prunar (1996a) estimated a low probability of ho-

mology. Friedrich et al. (2002) described the de-

velopment of anterior frontal glands in a chiton,

with similarities to frontal glands described in other

phyla. Turbeville (1997) has doubts about the ho-

mology of the platyhelminth and nemertean fron-

tal complexes. The phylogenetic distributionof Z224

is equivocal about a single evolutionary origin of

this character, but ZI56 indicates unambiguous

convergenceof frontal glands in the rhabditophorans
and a clade of Entoprocta + Lobatocerebrum + Ne-

mertea. The analysis by Zrzavy (2003) shows at

least unambiguous convergenceof the frontal glands
in acoelomorphs versus the other bilaterians, while

the cladistic analysis of Haszprunar (1996a) sug-

gested unequivocal convergence in Acoelomorpha,

Rhabditophora, Entoprocts and probably Lohato-

cerehrum + Nemertea. Finally, it should be noted

that although Zrzavy et al. (1998,2001) and Zrzavy

(2003) included the Cycliophora in their analyses,

they did not score the large glands that open at the

anterior end of the body of cycliophoran Pandora

larvae, chordoid larvae, and the free swimming
females (Punch, 1996; Punch & Kristensen, 1997).

Considering the range of morphologies scored

present for Z224, Z156, and Z1I105, it would be

reasonableto score Cycliophora present for this trait

as well. The newly described Micrognathozoa lacks

anterior glands (Kristensen & Punch, 2000).

Locomotion

Character coding

2132: free locomotion p/absent in adult

2258: locomotion in adults ciliary/muscular

Character scoring and phylogenetic significance

2132 suffers from a major problem, namely the

lack of any morphological similarity that would

justify homology of the character states in differ-

ent phyla. Moreover, many character scorings are

puzzling. For example, homology is proposed for

the inability to locomote freely as an adult in taxa

as diverse as the myzostomids, rotifers, echiurans,

pterobranchs, ectoprocts, brachiopods, poriferans,

and cnidarians. This scoring totally contradicts

morphological evidence. For example, individual

zooids of the cephalodiscid pterobranchs are freely

movable within the common coenecium, and the

zooids and their attached adhesive disc may even

move out of the coenecium to start building a new

one elsewhere in the face of adverse local condi-

tions (Goldschmid, 1996b; Nielsen, 2001). Echiura

are active burrowers in soft sediments or inhabit-

ants of rock crevices, and although they are some-

times described as semi-sessile, they are anything
but unable to move freely as adults. It is further-

more unexplainable that the enteropneusts, which

inhabit similar environments and exhibit compa-

rable habits to the echiurans, are in contrast scored

as having free adult locomotion. Although the myzo-

stomids live on, or in, echinoderm hosts, and sessile

species do exist, others can certainly move freely
about as adults (Grygier, 2000). Finally, scoring

of the inability to move freely as adults is rather

surprising for medusozoan cnidarians. The rotifers

are also typically free living. Homology of the

supposed inability to move among these taxa, and

in taxa with truly sessile adults, such as the ectoprocts

(excepting the rare occurrence of actively moving

colonies) and articulate brachiopods, is entirely

unsupported. The high degree of homoplasy of this

character on the morphological phylogeny ofZravy

et al. (1998) is in agreement with the expected lack

of any phylogenetic significance of the inability to

move as adults across distantly related phyla.

A logical conflict is introduced into the datamatrix

of Zrzavy et al. (1998) for character Z258 for taxa

that are scored as not typically moving as adults.

These taxa are scoredby default as moving by means

ofmuscular action. This leads to conflicting scorings

for taxa such as the cycliophorans, ectoprocts and

brachiopods, which are claimed to be non-locomo-

tory as adults, but which are also scored as moving

by muscle action. Moreover, various taxa that ex-

hibit adult locomotion are erroneously scored, in-

cluding Ctenophora (incorrectly scored for mus-

cular locomotion: Hemandez-Nicaise, 1991), mono-

gonont rotifers (scored “?’, but they move mainly

by ciliary action; Lorenzen, 1996c), and Lobatoce-

rebrum which glides mainly through ciliary action

rather than through muscle activity. (Rieger, 1980).

However, in several taxa locomotion may be ef-
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fected through the combined action of both cilia

and muscles. For example, the exclusive scoring

of the molluscs for muscular adult locomotion ig-

nores the importance of muco-ciliary gliding on a

ventral foot, which is widely considered as one of

the key autapomorphies of the phylum (Salvini-

Plawen, 1968, 1980a, 1990; Haszprunar, 1992; Ax,

1999; Nielsen, 2001). Consequently, it must be

concluded that both ZI32 and Z258 have merely

contributed noise to the cladistic analysis ofZravy

et al. (1998).

Lack of mitosis in somatic orepidermal cells (eutely)

Despite frequent reference to eutely, or constancy

ofcell numbers, in the morphological literature such

as zoology textbooks, it is actually a very poorly
understood character. Although eutely is tradition-

ally discussed in reference to adult animals, a clue

to better understanding the evolutionary and bio-

logical significance of constancy of cell numbers

may reside in better understanding cell fate deter-

mination in metazoan embryos and pre-metamor-

phic larvae.

Character coding

Z191; E28; K7 (eutelic epidermis a/p); epidermal

mitosis a/p

E10: epidermal mitosis by parenchymal kinetosome-

containing cells a/p

M28; Z10; A13 (absence mitosis in somatic cells):

cutely a/p

Additional scoring conflicts exist for Platyhelm-
inthes which is scored as having no eutely in

Mcglitsch & Schram (1991) but polymorphic for

the various subtaxa in Zrzavy et al. (1998).

Character scoring andphylogenetic significance

Based on the abundance of character scoring con-

flicts for eutely of epidermis or whole organisms,

it is obvious that further detailedcomparative study
is required to evaluate the phylogenetic significance

and evolution of eutely in the Metazoa. Although

1 made no effort here to resolve the observed scor-

ing conflicts, a number of comments can be made.

Various, typically small-bodied phyla, e.g., the

aschelminths, tardigrades, appendicularian urochor-

dates, are thought to be characterized by constancy

in cell numbers, either of all somatic cells (eutely)

or ofselected tissues or organs such as the epider-
mis. Eutely is related to the lack of mitosis in dif-

ferentiated cell types, but taxa that lack mitosis in

selected body parts are not necessarily eutelic. The

platyhelminths provide a clear example. Platyhel-

minthes lack mitosis in the epidermis or even all

differentiated cells (Littlewood et al., 1999a; L49).

This is correlated with the presence of neoblasts

that function as replacement cells responsible for

the maintenance of a healthy population of differ-

entiated somatic cells (Rieger, 1996c; Gschwentner

e( al., 2001).

The presence of eutelic tissues, organs or entire

organisms is difficult to verify. Large-bodied (mac-

roscopic) metazoans pose an obvious challenge. It

is difficult to precisely determine cell numbers in

a large organism, and available comparative data

suggest that cell number variability is higher in larger

species (Azevedo & Leroi, 2001). Data matrix entries

of eutely in large-bodied animals should therefore

be interpreted with caution. For example, M28

scored eutely present in priapulids and acanthoceph-
alans. For the priapulids it is probable that at the

very least the macrobenthic species are not eutelic

(Lorenzen, 1996d), as is suggested by the posses-

sion ofa body cavity filled with free cells (erythro-

Table 26. Scoring conflicts of epidermal mitosis.

Table 27. Scoring conflicts of eutely.

9 Absent Present

Nematoda E28 ZI91

Acoelomorpha Z191 E28

Tardigrada E28 Z191

Kinorhyncha E28 Z191

Syndermata K7 Z191

Priapulida E28 Z191

9 Absent Present

Gastrotricha Z10 M28

Priapulida Z10 M28

Kinorhyncha Z10 M28

Gnatho$toimilida Z10 M28

Nematomorpha M28 Z10

Mcsozoa M28 Z10
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cytes and amebocytes; Storch, 1991) that are likely
to be replenished throughout life, and the docu-

mentationofregenerative abilities (Hyman, 1951b;

195; Land, 1975). Although most extant priapulid

species are macrobenthic, the plesiomorphic body
size of the priapulids cannot be determined with

certainty when only extant taxa are considered. The

two phyla that are most closely related to the

priapulids are the microscopical kinorhynchs and

loriciferans. However, a clearer picture emerges

when fossil priapulids are also considered. Wills

(1998) performed a cladistic analysis of extant and

fossil priapulids, also including several Cambrian

palaeoscolecidans. His analyses indicated with rea-

sonably certainty that the extant meiobenthic

priapulids are derived within the Priapulida.

Similarly, the acanthocephalans may reach con-

siderable body size, ranging from a few to as much

as 70 cm in some species. Interestingly, recent

molecular (18S rDNA) and morphological phylo-

genetic data (Nearet ah, 1998; Near, 2002; Garcia-

Varela et al., 2000, 2002; Monks, 2001; but see

the phylogeny of Herlyn et al., 2003) indicate that

the largest acanthocephalans are found in the

basalmost taxon (which may be paraphyletic), the

Archiacanthocephala. This may indicate that small

body size and the possibility of eutely may have

evolved within this phylum.
It is therefore logical to expect a bias of reliable

information for small-bodied taxa, given the diffi-

culties of determining exact cell numbers in large-
bodied taxa. Cunha et al. (1999) and Azevedo et

ah (2000) showed that application of a strict defi-

nition of eutely cannot even be applied to the para-

gon of eutelic metazoans, the Nematoda. On the

other hand, for many taxa not enough studies have

been directed towards determining the exact cell

numbers, and it could well be that various eutelic

tissues and organs await discovery in different phyla.
For example, Shinn (1997) reports a eutelic epi-
dermis in the chaetognaths, a scoring not yet in-

cluded in any cladistic study. Also generally non-

eutelic animals may have eutelic tissues and or-

gans. Drosophila wings and leech nerve ganglia,
for example, could be considered eutelic, and cell

number variability in organs of reputed eutelic

animals such as the rotifers (Shull, 1918) or nema-

todes
may actually be higher than cell number

variability of selected organs in non-eutelic organ-

isms (Azevedo et ah, 2001). Interestingly, although

eutely is habitually mentioned for adult animals,

pre-metamorphic larvae of non-eutelic macroscopic
animals can also exhibit eutely. For example, echi-

noderm larvae may possess fixed numbers of cells

forming skeletal rods, endoderm, muscles, neurons,

etc. Davidson et al. (1998: 3287) write:”...excluding
the set-aside cells, the [sea urchin] embryo/larva is

essentially eutelic: its cells divide only a set num-

ber of times and only a few times after cleavage

has ended.” These data do not increase confidence

in eutely as a robust indicator of phylogenetic af-

finity. Entirely different genetic regulatory machin-

ery underlies the development of eutelic organs in

different animals, such as sea urchin larvae or Droso-

phila wings (Davidson, 2001). In conclusion, the

probability of overall homology of eutelic organs

in unrelated animals appears negligible (but see

Sorensen, 2003 for a suggestion that eutely of par-

ticular organs in the syndermates and Micrognatho-

zoa might be a synapomorphy). The homology of

eutely of whole organisms remains very poorly doc-

umented, giving little support to eutely as a synapo-

morphy for Platyhelminthes and Gnathifera (mi-

nus Micrognathozoa), or for Plathelminthomorpha

in Ahlrichs (1997) and Ax (1995), respectively.

Lophotrochozoan Hox cluster

Rosa et al. (1999) showed that distinct Hox genes

could be characterized by specific amino acid resi-

dues or peptides that flank, or are part of the

homeodomain of the proteins. Sharing such dis-

tinct Hox genes could then indicate phylogenetic

relatedness between different phyla (see also

Balavoine, 1997, 1998; Adoutte et ah, 2000). The

Hox genes that were proposed to be characteristic

of the lophotrochozoans are: Lox2, Lox4, Lox5, Post-

1, and Post-2.

Character coding

ZI59; ZI1110: lophotrochozoan complement of Hox

genes a/p
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Character scoring and phylogenetic significance

Although ZI59 scores the presence of a lophotro-

chozoan Hox cluster in Rhabditophora, it should

be noted that at that time not all the supposedly

characteristic lophotrochozoan Hox geneshad been

documented in the platyhelminths, but continual

progress is being made (see Salo et al., 2001 for a

recent overview of platyhelminth Hox genes). More

importantly, however, Telford (2000,2001) warned

that the lack of information on Hox genes in the

non-bilaterians creates ambiguity with regards to

character polarization. Finally, the very restricted

scoring of ZI59 clearly indicates that lack of data

for most taxa currently prevents the full phyloge-

netic significance of this promising character to be

revealed. Yet, Hox signatures so far known in platy-

helminths are at least consistent with a derived

spiralian affinity, rather than a basal placement in

the Bilateria.

Septate junctions

Septate junctions are a type of occluding junction

that bridge the intercellular space between adja-

cent cells, and they function in sealing off the in-

tercellular spaces from the surrounding environ-

ment. They typically appear in electronmicroscopical

pictures as parallel oriented septa.

Character coding

N61; NI3; S3; P3; Z179: septate junctions a/p

H6: septate junctions a/cnidarian type/type of re-

maining taxa/acoelomorph type

B4: septate/tight junctions a/p

BI4: epidermal epithelia with septate or tight junc-

tions a/p

Character scoring and phylogenetic significance

Septate junctions have been described for both the

calcareans and silicisponges (Green & Bergquist,

1982; Harrison & De Vos, 1991), contrary to the

scoring of Z179.

Hernandez-Nicaise (1991) report that septate

junctions have not been found in the ctenophores,

contra N6I, NI3, and S3.

I have not been able to resolve the scoring con-

flict between Z179 and H6 for the catenulids.

In contrast to H6, a septate junctional complex

has been described for the gnathostomulids, albeit

weakly developed (Rieger & Mainitz, 1975).

In contrast to Z179, the presence of septate junc-

tions in Lobatocerebrum remains to be confirmed

(Rieger, 1981).

I have not been able to resolve the scoring con-

flict between H6 and the other analyses for ento-

proct septate junctions.

Contra H6, septate junctions have been demon-

strated in the myzostomids (Eeckhaut, 1995).

Contra H6, septate junctions have been demon-

strated for the echiurans (Schuchert & Rieger, 1990).

Septate junctions have been described for virtu-

ally all phyla, including Porifera and Placozoa. A

striking exception is Ctenophora, which appears to

lack septate junctions completely, however, the

phylogenetic significance of this finding remains

uncertain. The interpretation of septate junctions

as an autapomorphy for Metazoa therefore remains

probable.

Compound cilia

Compound cilia are composed of closely apposed

single cilia that are borne on either monociliate,

e.g., phoronid actinotroch larva, or multiciliate cells,

e.g., prototroch of trochophore larvae, and they beat

as a unit, functioning in feeding and/or locomo-

tion.

Table 28. Scoring conflicts for septatejunctions.

Absent Present 9

Porifera Z179 N61; NI3; Z179

(Calcarea) S3; P3 (Silicispon-

gea)

Ctenophora Z179; H6;

P3

N61; NI3;

S3

Catenulida Z179 H6

Gnathostomulida Z179; S3 116

Lobatocerebrum Z179 H6

Entoprocta N61; NI3;

S3; P3; Z179

H6

Myzostomida Z179 H6

Echiura N61; NI3;

S3; P3; Z179

116
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Character coding

H5; Z186; ZI24: compound cilia a/p
S13: epidermis with compound cilia on multiciliate

cells a/p

Character scoring and phylogenetic significance

The scorings of the characters on compound cilia

in recent cladistic analyses are primarily based upon

the detailed studies of Nielsen (1987, 1995, 2001),

and it thus appears that the observed scoring con-

flicts reflect divergent interpretations of his data.

Ctenophoran comb plates are composed of large

compound cilia arising from several multiciliate

cells, but their unique structure and function make

evaluation of their homology with other compound
cilia difficult, so that all observed scorings appear

to be justified. Curiously though, none of the stud-

ies actually scored ctenophoran compound cilia as

present to test their homology to other ciliary sys-

tems of compound cilia by character congruence.

The telotroch (called archaeotroch by Nielsen)
of

enteropneust planktotrophic tornaria larvae is

composed of compound cilia on multiciliate cells.

Because a telotroch is also a conspicuous feature

°f the lecithotrophically, “directly” developing
harimaniids (Hadfield, 1975; Goldschmid, 1996b)
it can be assumed that a telotroch is an enteropneust

ground pattern character, even though the phytog-
eny of the group remains unclear (but see Halanych,
1995; Cameron et ah, 2000; Peterson et ah, 2000a;

Peterson & Hernisse, 2001).

Although the ectoprocts have multiciliate epi-
dermal cells, they do not form compound cilia

(Nielsen, 1987, 1998b; Nielsen & Riisgard, 1998),

contra ZI24.

Compound cilia have been reported in the gas-

trotrichs (Nielsen, 1987 based on Rieger, 1976),
but their presence in the gastrotrich ground pattern

appears uncertain. Note that basal gastrotrich taxa

all possess monociliate epidermal cells (Hochberg

& Litvaitis, 2000).

Sorensen et al. (2000) scored Micrognathozoa
as *?’ for compound cilia. This scoring can be

changed, since it has been found that the so-called

head and trunk ciliophores, of which at least the

latter are used for locomotion, consist of compound
cilia (Kristensen & Punch, 2000).

One can find various other scoring conflicts for

compound cilia in the recent literature, for example
for the urochordates, eChinoderms, pterobranchs,

eedysozoans, acanthocephalans, gnathostomulids,

clitellates, and platyhelminths, but with the excep-

tion of the last phylum where multiciliate cells are

present but compound cilia have not been reported,
all these apparent conflicts merely reflect whether

taxa without epidermal cilia or withonly monociliate

cells, should be scored ‘inapplicable’ or ‘absent’

for compound cilia. Although different decisions

may effect different phylogenetic results, these

alternative scorings can all be defended. However,

if one accepts the possible homology ofcompound

cilia arising from both monociliate cells (reported

for phoronid actinotroch larvae and an anthozoan

Zoanthina larva; Nielsen, 1987) and multiciliate cells

(a proposal not followed in any of the studies con-

sidered here), than it wouldbe inappropriate to score

taxa with monociliate cells as ‘inapplicable.’

The morphological analysis ofZrzavy et al. (2001)

suggest a single evolutionary origin of compound

cilia, which contrasts with the two independent ori-

gins suggested by Zrzavy et al. (1998) (for rotifers

and the rest) and Sorensen et al. (2000) (for en-

teropneusts and the rest). The evolution of com-

pound cilia within Anthozoa, probably Gastrotricha,

and Nemcrtea (only observed in pilidium larvae

that are not likely plesiomorphic for the phylum),
indicate that the homology of compound cilia across

the Metazoa is unlikely. Further analyses at least

Table 29. Scoring conflicts for compound cilia.

Absent Present 9
Proposed scoring

Ctenophora H5 Z186; S13 Present

Enteropneusta ZI86; ZI24 (Hemichordata) S13 Present

Ectoprocta Z186 ZI24 Absent

Gastrotricha Z186; ZI24 S13 ?
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incorporating the proper scorings for both the

enteropneusts and Micrognathozoa may further help

us to decide whethercompound cilia may be at least

homologous within the protostomes.

Respiratory pigments

Respiratory pigments is a catch-all term for oxy-

gen transporting proteins that may either occur freely

(extracellular) dissolved in the body fluids (hemo-

globin, hemocyanin) or in ‘blood’ cells (hemoglo-

bin, hemerythrin).

Character coding

H24; Z44: respiratory pigments (called blood pig-

ments in Haszprunar, 1996a) a/p

Ca49: no special respiratory pigments/hemoglobin/

hemerythrin

PI 15; Zlll 13: hemerythrin a/p

Character scoring and phylogenetic significance

Although free blood pigments reminiscent of he-

moglobin have been reported from some species

of the enteropneusts (Benito & Pardos, 1997), they
have apparently not been reported for the ptero-

branchs, contra Z44.

Being unable to find any reports supporting the

scoring ofrespiratory pigments in the myzostomids,

I tentatively support the scoring of H24.

Jenner (2001a) discussed some additional scor-

ing problems of Z44, but a more important prob-

lem is that of inappropriate character coding for

Z44, H24, and Ca49. These characters code argu-

ably non-homologous respiratory proteins as parts

of a single character, at least hemoglobins and he-

merythrin. Molecular support for this assumption

is lacking. Current molecular phylogenetic data in-

stead suggests that the different oxygen-transport-

ing proteins have evolved independently from each

other, including separate origins of the arthropod

and molluscan hemocyanins, although these latter

two may share a more distant common ancestry

(Holde, 1997; Hokle et ah, 2001; Burmester, 2001;

Kusche et ah, 2002).

Gliointerstitial cell system

This is a system of granular cells that connects the

system of glia cells in the central nervous system

with glia-like cells elsewhere in the body, often

where the peripheral nervous system connects to

other tissue such as epidermis (then called basal

cells), gastrodermis, or muscles, but glia-like cells

sometimes also occur as free cells.

Character coding

H16; HaXlIa; PI 10; Z223; ZI50, ZII98: gliointer-

stitial cell system a/p

Character scoring and phylogenetic significance

This character was introduced into metazoan cla-

distics by Haszprunar (1996a, b) and his scoring

has been adopted in various later studies (Zrzavy

et ah, 1998, 2001; Peterson & Eernisse, 2001). The

gliointerstitial system was first and best described

in the molluscs and annelids (see review in Rieger,

1981), but potentially homologous cells are scored

as present in Lobatocerebrum, nemerteans, echiu-

rans, and sipunculans. Turbeville (2002) reports that

all major nemertean taxa have a gliointerstitial cell

system, and that this system is absent in the non-

tylaterians, platyhelminths, and the deuterostomes.

The scoring of gliointerstitial cells in deuterostomes

in Peterson & Eernisse (2001) was changed to absent

in an unpublished new version of their matrix (K.

J. Peterson, pers. comm.). The currently adopted

character scoring probably does not properly re-

flect the phylogenetic significance of this feature.

First, glia cells (which form part of the gliointerstitial

system) associated with the central nervous sys-

tem have a much wider distributionamong the Meta-

zoa, as they occur in all major protostomian and

deuterostomian clades, e.g., the echinoderms, cha-

etognaths, gastrotrichs, platyhelminths (Rieger et

al., 1991b; Ruppert, 1991b; Byrne, 1994; Shinn,

1997), and they may come in an impressive vari-

Table 30. Scoring conflicts of respiratory pigments.

Absent Present

Ptcrobranchia Ca49 Z44

Myzostomida H24 Z44
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ety of forms, as for example in the arthropods

(Carlson, 1987). Second, equally compelling evi-

dence for the presence of a gliointerstitial system

as exists for echiurans and sipunculans, is avail-

able for several other phyla, including the brachio-

pods, cycliophorans, cephalochordates, and espe-

cially vestimentiferans (contra the scoring ofZ223,

PI 10) (Gardiner & Jones, 1993; Punch& Kristensen,

1997; James, 1997; Ruppert, 1997). In these taxa,

glia cells are observed at neuro-muscular synapses

(Cycliophora), in association with nerves in the

connective tissue (Brachiopoda, Cephalochordata),
and as part of a well-developed basal cell system

(Vestimentifera). I therefore conclude that further

study of this character is necessary for a complete

elucidation of its evolutionary history.

Conclusions: progress and prospects

Contemporary morphological cladistic analyses of

the Metazoa are seriously flawed. The process of

distilling phylogenetic signal from a given matrix

typically receives disproportionate attention when

compared with the efforts invested in the compila-
tion ofa reliable data set. In this paper 1 show that

recent morphological phylogenetic analyses of

metazoan relationships are riddled with character

scoring errors. Similarly, character coding has so

far received only minimal attention (Jenner, 2002).

Metazoan cladistics has to be properly rebalanced

by returning comparative morphology to the cen-

ter ofattention. The health ofphylogenetic hypoth-
eses ultimately depends on the vigor of their em-

pirical lifeline. Although this is generally endorsed

m theory, in actuality current practice can be sig-

nificantly improved.
This study attempts a first step to redress the

balance of metazoan cladistics. The character sup-

port for all competing sister group relationships of

•he ‘acoelomate’ worms Platyhelminthes, Nemertea,

and Gnathostomulida is evaluated. All conflicts in

•he scoring of characters shared between cladistic

analyses are identified, and where possible resolved.

The overall phylogenetic significance of the char-

acters is discussed, and gaps in our understanding
°l the characters and knowledge of their distribu-

tions across the Metazoa are pointed out. Several

conclusions can be drawn.

Progress in our understanding of the phyloge-
netic placement of the ‘acoelomate’ worms is based

on the incorporation of new empirical data into

cladistic data matrices. For example, the incorpo-
ration of characters on the ultrastructural similari-

ties of gnathiferan jaw elements into the most re-

cent studies, implies that older studies (Meglitsch
& Schram, 1991; Eernisse et ah, 1992), for which

much of this information was not available, can no

longer be considered as effective summaries of cur-

rent evidence. This study also shows that our knowl-

edge of many characters for many phyla should be

improved significantly before we can hope to fill

our matrices with unambiguous character scorings.
It is much more difficult to identify true progress

in our understanding of the overall placements of

the ‘acoelomate" worms within the Metazoa because

the published analyses differ substantially with

regard to various analysis parameters, notably char-

acter choice and character scoring. Many charac-

ters introduced into metazoan cladistics at a cer-

tain time are only incorporated into some of the

more recent studies, or they may be excluded from

all newer studies altogether. However, character

selection criteria are typically not made explicit.

Consequently, an effectively random pattern of

character selection becomes obvious when differ-

ent studies are compared. This can be observed for

characters coding for mode of sperm deposition,

mode of fertilization, sperm morphology, gonad

organization, blastula, larval ciliary bands, coelom,

coelomogenesis, cerebral ganglia, statocysts,

protoncphridia, muscle cytology, compound cilia,

and so forth. A comparison of character selection

in two successive studies by the same research group

provides a convincing epitome. Of the 18 synapo-

morphies supporting sister group relationships of

platyhelminths, nemerteans, and gnathostomulids

in Zrzavy et al. (1998), only two were also coded

in Zrzavy et al. (2001)! Two additional characters

in the latter study are reminiscent but not identical

to characters coded in the first study. Strikingly,

Zrzavy et al. (2001) provide no explanation at all

for the exclusion of more than 75 % of the charac-

ters that proved to be most relevant for placing
‘acoelomate’ worms in their previous analysis.
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Obviously, given such lack of transparency and

uncritical compilation of the data matrix, it seems

hardly possible to claim an increase in our under-

standing of metazoan relationships, rather than a

mere change of opinions.

During personal communications with several col-

leagues, the surprising opinion has repeatedly been

aired that as long as the percentage of scoring er-

rors in a given matrix is not too high, the cladistic

analysis may not be fatally weakened.Unfortunately,

this suggestion rests on a misunderstanding of the

nature of cladistic data matrices. The overall phy-

logenetic accuracy of a cladistic analysis is not

simply inversely correlated with the percentage of

errors because a matrix does not contain a single

phylogenetic signal. A data matrix is a mosaic of

characters with distinct phylogenetic signals at

different levels. This hierarchical structure in the

matrix implies that the proper placement of differ-

ent taxa to an important extent depends on differ-

ent characters. Any errors in the set of features most

important for placing a certain phylum (or

supraphyletic clade), even when they constitute only

a minute percentage of the overall information

content of the matrix, will mislead us about the

relationships of these taxa.

It has been shown that single decisions about

character coding can have profound effects on the

outcome of the analyses. This became apparent, for

example, for the decision to code sperm acrosome

and subacrosomal material (perforatorium) as ei-

ther one or two characters in the matrix ofPeterson

& Eernisse (2001). Similarly, incorrect character

scorings can distort the outcomes of a cladistic

analysis. As discussed above, rescoring ofone taxon

for muscle type, and two taxa for shape of pharynx

lumen in the data matrix of Walllace et al. (1996)

resulted in the complete collapse of the strict con-

sensus. Relatively few changes to the contents ofa

data matrix can result in profound changes in the

outcome of a cladistic study (see also Jenner &

Schram, 1999; Jenner, 2001a, 2002; Turbeville,

2002). Consequently, it is impossible to accurately

predict the outcome of the analysis before all prob-
lematic data entries have been corrected. Because

all analyses evaluated here can be adjusted in vari-

ous ways, it thus becomes impossible to say at this

point whether the heretofore published results will

withstand scrutiny.

We can now see that further study is necessary

to elucidate the overall phylogenetic significance

of many characters. Several characters have been

introduced in cladistic analyses with a restricted

sampling of phyla, and despite the fact that later

more comprehensive studies took over these char-

acters, this has not always been accompanied by a

careful reconsideration of character scoring, e.g.,

the characters concerning the presence of cerebral

ganglia, cuticle layers, and coelomocytes. Other

characters blend a proper morphological compo-

nent with an unwarranted assumption about evolu-

tionary transformation, e.g. a larva with reduced

hyposphere for the parenchymians, reduction of the

hindgut in the platyhelminths, and presence of an

orthogonal nervous system in the nematodes. Other

characters appear to uphold an artificial dichotomy

between broadly protostomian and deuterostomian

organization, such as the source of mesoderm and

possession of a dorsal brain. Still other characters

only introduce noise into the analyses because there

appears to be no reason for primary homology, e.g.

prototrochal lobes in the larvae of nemerteans and

molluscs, whereas overall homology of other char-

acters across the Metazoa is very doubtful, viz.,

filiform sperm, and internal fertilization. The scor-

ing of all these characters merits special attention

in future cladistic analyses.

Given that phylogenetic analyses of 18S rDNA

sequences have proven not to be the panacea for

placing the ‘acoelomate’ worms, continued atten-

tion to morphological evidence remains crucial. A

Ifuture consensus is dependent upon the continued

reassessment of morphological data included in

cladistic data matrices. Uncertainties about the

ground pattern character states for the phyla (due

to both the paucity of morphological information

within taxa, and uncertainty about their internal

phylogenetic relationships), differing assumptions

about semaphoront choice, and different decisions

about character coding make this a very challeng-

ing task.

The observation that the different cladistic analy-

ses exhibit substantial differences in character se-

lection leads to the conclusion that the unique

strength of cladistics to arbitrate between alterna-

tive hypotheses has not yet been fully exploited.
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To achieve this, all pertinent information has to be

included into a single analysis to prevent the re-

sults from being determined by biases in the selec-

tion of input data (see also Jenner, in press). If our

goal is to translate time’s arrow of merely chang-

ing opinions about metazoan phylogeny into genu-

ine progress in understanding, we have to abandon

the use of cladistics as an easy tool to generate
“novel” hypotheses of metazoanrelationships, and

employ cladistics more critically as an effective in-

strument to test the relative merit of available

multiple alternative hypotheses.
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