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Preface

The phylum Platyhelminthes, which comprises up to
50,000 species, free-living and parasitic, would be one
among the many obscure bilaterian phyla were it not for
the fact that some of its parasitic groups (tapeworms,
flukes, and relatives) are important scourges to human
populations all over the world. However, the free-living
Platyhelminthes, still referred to by the old, non-cladistic
term ‘Turbellaria’, do bear two features that make them
somewhat more than taxonomical oddities. Firstly, some
have extraordinary powers to regenerate a new, whole
individual from tiny fragments of their bodies. This has
turned them into well known classroom models as well as
one of the best model systems for the study of regenera-
tion and pattern formation. Secondly, the structural and
functional simplicity of turbellarians, apparent and/or
real, has suggested a privileged phylogenetic position as
the likely earliest bilaterians and, therefore, a key group in
the study of metazoan evolution.

The four years elapsed since the 8th International
Symposium on The Biology of the Turbellaria (8 ISBT)
held in Brisbane, Australia, in August 1996 have wit-
nessed an increasing interest in Platyhelminthes in gen-
eral, and turbellarians in particular. Firstly, studies on
regeneration have been boosted by the finding of a wealth
of genes related to this process, by the setting-up of the
first functional genetic assay using interference RNA, and
by the recent successful labelling of turbellarian stem-
cells or neoblasts. Secondly, molecular phylogenies have
shattered the long-held position of Platyhelminthes as the
most basal bilaterians. Trees based on 18SrDNA
sequences, as well as on other nuclear genes, have
reshaped the bilaterian tree and shown that the bulk of
Platyhelminthes, the so-called Rhabditophora, can no
longer be regarded as primitive but as members of one of
the three big clades into which the Bilateria is currently
divided: viz. the Lophotrochozoa. However, one order of
Platyhelminthes, the Acoela, has been proposed as a true
basal bilaterian, thus rendering the Platyhelminthes poly-
phyletic. Finally, improvements in DNA sequencing,
which have already resulted in the elucidation of the full
genome sequence of several other organisms, are also fos-
tering elucidation of the full sequence of the genome from
the parasitic platyhelminth Schistosoma mansoni.

The 9 ISBT Symposium, held in Barcelona, Spain, in
June 2000 was the first of the new millenium and also the
first set in a mediterranean country. This Symposium tried
to bring in and to convey the excitement in the new con-
ceptual and methodological advances, as well as to bridge
the gap between those working with free-living flatworms
and parasitologists. To that aim, nine world-reknowned
specialists were invited to summarize the state-of-the-art
in a broad range of relevant scientific fields and topics,
and a full plenary session was scheduled on the Biology
and Molecular Biology of Parasitism. A fair balance
between the more traditional ‘morphology-based’ fields
and those more ‘molecularly-driven’ was set. To most
accounts, the outcome was highly enjoyable and scientif-
ically productive. One of the most interesting conclusions
of the meeting was the realisation that merging morpho-
logically-based and molecularly-based approaches to any
problem in turbellarian biology is the most fruitful way
forward. Also worth mentioning is the special session
held to honour the memories of three leading turbellariol-
ogists who had passed away since the 8" Symposium in
Brisbane: Professors Tor G. Karling, Mario Benazzi and
Ian R. Ball. In recognition of their many acomplishments
and contributions to the study of turbellarians, their biog-
raphies and selected lists of their publications appear on
the following pages.

Approximately 85 people from 18 countries attended
the meeting, presenting 40 oral communications and 30
posters. In these proceedings, 42 contributions are pre-
sented: 22 of them as full papers, 12 as short notes. Eight
abstracts summarise contributions the results of which
have been published elsewhere. The contributions have
been grouped into six “chapters”, although several of
them touch upon various disciplines and techniques, and
the grouping may seem rather arbitrary. Nevertheless,
these proceedings represent an excellent “state of the art”
publication in flatworm research, and a stepping stone for
future research.

Jaume BAGUNA
Barcelona, October 2000
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In Memoriam: Mario Benazzi (1902-1997)

Vittorio Gremigni

Dipartimento di Morfologia Umana e Biologia Applicata, Universita di Pisa, Italia
Address: Dipartimento di Morfologia Umana e Biologia Applicata, Universita di Pisa,
via A. Volta 4, 1-56100 Pisa, Italia

Professor Mario Benazzi a few years before passing away

Professor Mario Benazzi passed away in Pisa about
three years ago, on the 16th December 1997 at the age of
95 years. He was born on August 29th 1902 in Cento a
small town in the province of Ferrara, central Italy. At the
time of his passing he was still lucid in mind and in a rel-
atively good physical health although often confined to a
wheelchair, and his pupils were hoping to celebrate his
100 birthday by organizing a special anniversary event
in his honour in the new century. He had recovered from
several more or less serious illnesses and fractures and
above all he seemed to have coped well with the loss of
his beloved wife Giuseppina who had passed away three

Corresponding author: V. Gremigni, e-mail: gremigni@biomed.unipi.it

Professor Mario Benazzi and his wife Giuseppina at the Libbie
Hyman Memorial Symposium, Chicago, December 1970

years earlier, on April 28th, 1994, but unfortunately, a new
fall from the wheelchair caused him multiple fresh leg
fractures and proved fatal. During the present commemo-
ration I shall devote a few words also to Professor
Giuseppina Benazzi-Lentati, who was his faithful com-
panion both in work and personal contexts for about 70
years. She too was an eminent student of turbellarians,
produced a large number of outstanding scientific works
and attended some of our meetings.

Benazzi was the older son of a well-off cloth tradesman
and was destined to succeed his father in the family busi-
ness, but from the time of his youth he revealed a great
passion for animal, plants and all natural phenomena.
After repeated unsuccessful attempts to integrate him into
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the cloth trade, his father was obliged to drop his own
project, and allow Mario to follow his natural instinct.
After lengthy reflection, Benazzi decided to attend the
Natural Science course at the University of Bologna
where he graduated in 1925 under the guidance of
Professor Ercole Giacomini. In the same year, he was
summoned by Professor Alfredo Corti, a pupil of Camillo
Golgi, to fill the post of assistant professor of
Comparative Anatomy and Physiology at the University
of Torino. Giuseppina Lentati, three years his junior,
being born on October 10th 1905 and curiously enough
also the daughter of a well-off carpet dealer, was accepted
as a student for her degree thesis into the same Institution
at the same time. The two young naturalists immediately
discovered many shared interests and a common way of
thinking, and in 1931 they married, so becoming an insep-
arable pair, cemented by a profound connivance and a
common passion for nature and biological research. Pina,
as he liked to call her, was a tiny woman, fragile in
appearance, but with a strong personality; she was the
true guide of the family and mistress of the house.

After a brief stay in Sassari, Sardinia (1934-1936) and
a longer stay in Siena, Tuscany (1936-1946), where the
investigations into triclads began to gain the upper hand
over other research projects, at the end of the second
World war the Benazzis moved to Pisa where Mario was
called to fill the chair of General Biology, Zoology and
Genetics at the Faculty of Medicine. He also became the
Director of the Institute of Zoology and Comparative
Anatomy, where he uninterruptedly continued to work
and guide a remarkable group of capable and affectionate
students up to 1972 when both he and his wife retired. In
the course of his academic career he was also elected fel-
low of the “Accademia Nazionale dei Lincei”, President
of the Italian Society of Zoology, Dean of the Faculty of
Science and Emeritus Professor of the University of Pisa;
he was also a Founding Fellow of various scientific soci-
eties including the Italian Group of Embryology (G.E.L.)
and the Italian Association of Genetics (A.G.L.), and
received several national and international awards,
although he was always humble and did not devote much
of his time to university political lobbying.

During their time in Pisa, Mario and Giuseppina
Benazzi approached morphological, karyological, taxo-
nomic, zoogeographical and evolutionary problems of
planarians, and investigated in particular the cytogenetic
aspects of the reproductive biology of these worms. Since
the study of meiotic oocytes required the collection of
abortive, or freshly laid cocoons very early in the morning
(usually between 5 and 6 am), they adapted a small area
of the Institute as a tiny apartment with two beds, a table,
a gas-ring and a bathroom. The whole apartment corre-
sponded to what is now my study. In fact, their physical
requirements were very simple, and eating habits particu-
larly frugal (Giuseppina rarely exceeded 40 kg in weight,
and Mario was only slightly heavier), as they believed that
such a diet was good for their health and could contribute

towards having a longer life. Nevertheless, Mario appre-
ciated good cooking as he showed on numerous occasions
of graduation or congress dinners, when he was either
alone or seated at table at a far distance from Giuseppina.
They practically lived permanently in the Institute except
for some week-ends and summer holidays when they
went to their house in Marina di Pisa or to their cottage in
San Marcello Pistoiese on the Appennino mountains,
where Mario devoted much of his time to his favourite
readings on history, particularly on the origins and devel-
opment of the Christian religion, and to listening to opera
music, and Giuseppina enjoyed gardening. During the
week all their fellows and students were able to meet and
talk to them from dawn to late at night.

Shortly after moving to Pisa the Benazzis bought a villa
in Marina di Pisa and some years later built an annexe in
the garden consisting of a small apartment for their
domestic staff on the ground floor, and on the first floor a
library, a bathroom and a laboratory, inhabited, housed in
crowded glass aquaria as well as in small tubes, by thou-
sands of different planarians that they often collected,
nourished and cared for personally. Here they continued
to study until their deaths.

I met professor Benazzi for the first time at the begin-
ning of the 60’s when I was attending the Biology course.
He was my Zoology teacher and I found his lessons fasci-
nating and enthusiastically conducted, and at the same
time clear, simple and permeated through and through with
his immense naturalistic culture. As soon as I had passed
his examination he asked me if I would like to prepare my
degree thesis with him, an offer that I obviously accepted
with great enthusiasm. Because of his heavy academic
duties in those days, he sent me to his wife’s laboratory for
a short training session. She immediately involved me in
her research projects and experiments and later guided me
towards the attainment of my honours degree.

A few years later, around the end of 60’s, I was
Assistant Professor of comparative anatomy and I
revealed my intentions to dedicate my energies to ultra-
structural investigations on triclad oogenesis. When I told
Benazzi of my wishes, although he realised that this new
experimental approach would progressively exclude both
himself and his wife from my research, he wished me well
and introduced me to a well-known electron microscopist
working at the Institute of Pathological Anatomy in Pisa,
Professor Vittorio Marinozzi and later to Professor Giulio
Lanzavecchia in Milan. So thanks to Professor Benazzi I
was able to embark on the line of research that led me to
the Chair of full Professor within about ten years.

In the following years, even when the Benazzis were
retired, I often went to visit them in Marina di Pisa to talk
about both my and their research, and my family develop-
ments, and always I nurtured a filial feeling of love and
gratitude towards them, as indeed did all those who had
been “brought up”, initiated and encouraged along the sci-
entific pathway by Professor Benazzi before me.
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Coming now to the scientific work of Professor Benazzi
and trying to briefly summarize his main topics of interest
and significant results, first of all it must be underlined that
he made about 300 publications in total, among them sev-
eral text books, divulgative articles, obituaries and so on,
in addition to scientific papers. All those of you who knew
Mario Benazzi personally or indirectly through his papers,
know that he was a devoted scholar of planarians, but per-
haps only a few, except those studying or working in Pisa,
know that he concentrated his attention on these turbellar-
ians only after he moved to Tuscany, especially to Pisa, in
the second half of the 40’s. In previous years he alternated
his occasional investigations into planarians with those
into mammals, newts, insects and marine animals (the last
investigated during his repeated stays at the famous
Stazione Zoologica in Naples). In particular, when he was
in Turin and Sassari, he was definable as a comparative
anatomist, specialist in histophysiology of the thyroid,
pituitary gland and female reproductive apparatus of ver-
tebrates. Only after he gained the Chair of Zoology (in
1940, when he was in Siena) and then taught General
Biology and Genetics for the scholars of medicine (from
1946 in Pisa), did he modify his scientific inclinations and
goals, directing them to his better known specialities, the
systematics, cytogenetics and evolution of freshwater tri-
clads. It is noteworthy in this regard that among his first 87
papers published up to 1940, only 13 concerned triclads
and they were initially produced at a rate of one every two
years, while among the other 220 scientific papers, more
than 190 concerned planarians. Equally noteworthy is that
about 70 papers were published after he retired and that the
last two were published in 1997, one a few months before,
and the other just a few days after his death (23, 24).

His first paper on planarians was published in 1928 and
concerned the reproductive biology of Polycelis cornuta
(1), the second in 1930 dealt with some zoogeographical
aspects of Planaria alpina (2), the third in 1932 ecologi-
cal considerations on Planaria subtentaculata (3). In
1938 a comprehensive paper on the freshwater triclads of
Sardinia (4) and a monograph on the reproduction of pla-
narians (5) were published. Then, starting from 1941, a
series of papers on the maternal heredity of body pigmen-
tation was published (6; 7; 8), which some years later,
thanks to the careful cytological experiments and obser-
vations carried out by his wife and his pupil Glauco
Lepori and the brilliant insight of the latter, culminated
with the discovery of pseudogamy in planarians (9; 10;
11; 12). In the same period Benazzi initiated a cytogenetic
approach to the systematics and microspeciation events of
freshwater triclads, and a karyological study of their
reproductive biology that carried on together with his
wife. These research lines culminated in a number of out-
standing papers among which the following deserve to be
cited: a review paper on the genetic influence on pla-
narian reproduction published in 1963 by University
California Press (13), a work on the nature and role of
neoblasts in 1966 (14), which stimulated me to undertake

an ultrastructural and karyological approach to the cellu-
lar aspects of regeneration, a comprehensive paper on fis-
sioning in planarians from a genetic standpoint presented
at the Libbie Hyman memorial symposium held in
Chicago, December 1970 and published by Mc Graw-Hill
in 1974 (16), and one on the genetic and physiological
control of fissioning and sexuality (15). Moreover,
Benazzi and his wife wrote a number of monographs that
remain milestones for every student of Turbellaria, among
which I would like to remember one by Benazzi-Lentati
on gametogenesis and egg fertilization in planarians pub-
lished in 1970 in the International Review of Cytology
(17), a very outstanding one on the cytogenetics of
Platyhelminthes published in 1976 (18), one on speciation
events in Turbellaria (19) and another on developmental
biology of planaria (20), both published in 1982 by Alan
R. Liss, and a final two, one on sexual differentiation and
behaviour (21), and one on asexual propagation and
reproductive strategies of Triclads (22) published a few
years ago for the multivolume treatise on the reproductive
biology of invertebrates by John Wiley and Sons.

To conclude, I would like to remember that a number of
foreign, other than Italian, turbellarian specialists, as well
as zoologists, cytogeneticists and students of other natural
sciences went to Pisa and later to Marina di Pisa to col-
laborate or simply to meet Professor Benazzi. Among
them I would like to remember the late Ian Ball, the
President of the organizing committee of this Congress
Jaume Baguna, Nicole Gourbault and Elisabeth De Vries.
I am sure that each one of them, as well as all other peo-
ple who had the fortune to meet him, appreciated his calm
character, naive curiosity, sincere friendship and profound
honesty and will maintain a pleasant memory of him.

BIBLIOGRAPHY CITED IN THE TEXT

1. BeNAzzi, M. (1928). Modalita di riproduzione osservate e
sperimentate in Polycelis cornuta Johnson (Planaria triclade
paludicola). Riv. Biol., 10: 630-640.

2. BENazzi, M. (1930). Planaria alpina Dana nelle Alpi Cozie.
Boll. Mus. Zool. Anat. Comp. R. Univ. Torino, ser. 11, n. 7,
41:1-3.

3. BENAzzi, M. (1932). Osservazioni sulla euri- ¢ stenotermia
nelle planarie. Boll. Soc. It. Biol. Sperim., 7: 1094-1097.

4. BEeNazzi, M. (1938). Tricladi Paludicoli della Sardegna.
Arch. Zool. Ital., 25: 85-94.

5. BeNazzi, M. (1938). Ricerche sulla riproduzione delle pla-
narie Tricladi Paludicole con particolare riguardo alla molti-
plicazione asessuale. Atti Accad. Naz. Lincei, 7: 31-89.

6. BENAzzi, M. (1941). Eredita materna della pigmentazione
nelle planarie. Boll. Zool., 12: 149-151.

7. BeNAzzi, M. (1944). Peculiare comportamento ereditario
della pigmentazione in razze di Dugesia (Euplanaria) gono-
cephala. Atti Accad. Fisiocr. Siena, 12: 65-66.

8. BeNAzzi, M. (1948). Eredita materna nella planaria
Polycelis nigra. Atti Soc. Tosc. Sci. Nat.ser. B, 55: 108-111.



Vittorio Gremigni

10.

12.

13.

14.

15.

16.

17.

BeNazzi, M. (1949). Sviluppo ginogenetico in planarie.
Boll. Soc. Ital. Biol. Sperim., 25: 666-667.

LEepor1, G. (1949). Ricerche sulla ovogenesi e sulla fecon-
dazione nella planaria Polycelis nigra Ehrenberg con parti-
colare riguardo all’ufficio del nucleo spermatico.
Caryologia, 1: 280-295.

. BENAZzI, M. (1950). Ginogenesi in Tricladi di acqua dolce.

Chromosoma, 3: 474-482.

BENAzz1, M. & G. BENAZZI-LENTATI (1950). Ulteriori osser-
vazioni sulla ovogenesi e sul ciclo cromosomico del biotipo
G di Dugesia benazzii della Sardegna. Arch. Zool. Ital., 35:
251-263.

BENAZzI, M. (1963). Genetics of reproductive mechanisms
and chromosome behaviour in some freshwater triclads. In:
The Lower Metazoa, University California Press, Berkeley
& Los Angeles: 405-422

BENAzzi, M. (1966). Considerations on the neoblasts of pla-
narians on the basis of certain karyological evidence.
Chromosoma, 19: 14-27.

GRASSO, M. & M. BENazzi (1973). Genetic and physiologic
control of fissioning and sexuality in planarians. J. Embryol.
Exp. Morphol., 30: 317-328.

BENAZzI, M. (1974). Fissioning in planarians from a genetic
stand-point. In: Riser N.W. and M.P. Morse (eds), Biology
of the Turbellaria, Libbie Hyman mem. vol. McGraw-Hill
Co. New York: 475-492.

BENAZzZI-LENTATI, G. (1970) Gametogenesis and egg fertil-
ization in planarians. Intern. Rev. Cytol., 27: 101-179.

19.

20.

21.

22.

23.

24.

. BENAzzI, M. & G. BENAZzZI-LENTATI (1976). Platyhelmin-

thes. In: Joun, B. (ed), Animal Cytogenetics, vol. 1,
Gebriider Borntriger, Berlin-Stuttgart, 182 pp.

BeNnAzzi, M. (1982). Speciation events evidenced in
Turbellaria. In: C. BariGozz (ed), Mechanisms of specia-
tion, A.R. Liss, New York: 307-344.

Benazzi, M. & V. GREMIGNI (1982). Developmental
Biology of Triclad Turbellarians (Planaria). In: HARRISON,
F.W. & R.R. CowpeN (eds), Developmental Biology of
freshwater invertebrates, A.R. Liss, New York: 151-211.

BENAzzI, M. (1992). Platyhelminthes-Turbellaria. In:
Apiyopl K.G. & R.G. Apiyopi (eds), Reproductive Biology
of Invertebrates, Vol. V: Sexual differentiation and behav-
iour, Oxford and IBH Publ. Co. PVT. Ltd. New Delhi,
Bombay, Calcutta: 53-74.

BeNAzzi, M. & G. BENAZzI-LENTATI (1993). Platyhelmin-
thes-Turbellaria. In: Abryopr K.G. & R.G. Abiyobr (eds),
Reproductive Biology of Invertebrates, Vol. VI, Asexual
propagation and reproductive strategies, Oxford and IBH
Publ. Co. PVT. Ltd. New Delhi, Bombay, Calcutta: 107-
139.

BeNAzzi, M. & E. GIANNINI-FORLI (1997). New study on the
reproductive biology of a sexual strain of Dugesia
(Girardia) tigrina, found in southern Italy: a genetic
approach. Atti Accad. Naz. Lincei, 8: 109-110.

GIANNINI-ForLI, E. & M. BenAzzi (1997). Effects of
imbreeding on the fertility of Planaria torva. Ital. J. Zool.,
64: 115-116.



Belg. J. Zool., 131 (Supplement 1): 15-17

April 2001

Tor G. Karling —
65 years of research on turbellarian flatworms
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Tor G. Karling making notes during collection of material near Tvarminne
Biological Station on the south coast of Finland, 1973.

Tor G. Karling, professor emeritus at the Swedish
Museum of Natural History, Stockholm, Sweden, died on
the 23" of September 1998 at the age of 89 years. His first
scientific paper, dealing with a rhabdocoel turbellarian,
was published in 1930. His two last ones were published
in 1995. During this period of 65 years he published a lit-
tle less than one hundred scientific papers. The majority
of them dealt with the morphology, taxonomy and sys-
tematics of turbellarian flatworms.

The third international symposium on the biology of
the Turbellaria was held in honour of Tor G. Karling, in
Diepenbeek, Belgium, in 1980. At that time I was asked
to give a biography of him which was published
(HENDELBERG, 1981). Much of what was reported then,
after his first 50 years of research, will not be repeated
here. I will just focus on some of his most important con-
tributions to our knowledge of the Platyhelminthes.
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Karling’s doctoral dissertation (KARLING, 1940) was
defended during a peace-period of the Second World War
in an icy cellar in Helsinki, Finland, with Alex Luther as the
opponent. It dealt with the morphology and systematics of
the Prolecithophora, a new order Karling recognized for the
Cumulata of the divided earlier order Alloeocoela, and the
Neorhabdocoela (nowadays just called Rhabdocoela),
another new order for the Lecithophora of the earlier order
Rhabdocoela which also included the Macrostomida. The
thesis meant a big step forwards for the systematics of the
turbellarian flatworms. It is interesting to see that many of
the conclusions drawn by Karling at that time about the
interrelationships of the taxa he included in the
Prolecithophora, are strongly supported sixty years later by
a parsimony-based hypothesis, based on analysis of 18S
rDNA sequences (JONDELIUS ef al., 2001).

Karling early adopted Hennig’s ideas of cladistic analy-
sis. An example of this was given at the first international
symposium on the Turbellaria, the Hyman Memorial
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Symposium in Chicago, 1970, where he discussed the
affinities of the turbellarian sub-groups (KARLING 1970,
1974). He also constructed a theoretical turbellarian
archetype. His detailed discussions have been of great
value for later generations of turbellarian scientists.

A lot of Karling’s papers contained descriptions of new
species. Already in the field he made careful notes about the
habitat from which he collected his material (Fig.), mostly
turbellarians of meiofauna-size. In the beginning he mainly
studied turbellarians collected at the Finnish and Swedish
coasts of the Baltic, and he described about a fourth of the
turbellarian species known from this brackish water sea.
Eventually he published a synopsis of the turbellarian fauna
of the Baltic (KARLING, 1974). This contains keys to the
identification of all the species, based on morphological
characters easy to observe, and also valuable information
about the ecology and biogeography of the species.

Later on Karling continued to describe turbellarian
species from many other geographical regions, always in
the same careful way and with concise interpretation of
structural details. As an example of this I showed, at this
ninth international symposium on the biology of the
Turbellaria, in Barcelona 2000, overheads of some of the
figures in ‘New taxa of Kalyptorhynchia (Platyhelmin-
thes) from the N. American Pacific coast’ (KARLING,
1989). Like most of his taxonomic papers with descrip-
tions of new species, this one contains a lot of detailed
drawings of live unsqueezed and squeezed specimens,
drawings of reconstruction from series of sections, and
also photographs of details in squeezed specimens and of
sections, all of very high quality.

A rich source of knowledge about turbellarians in the
North Sea and the Baltic was published by Josef Meixner
just before the Second World War (MEIXNER, 1938).
However, this book contained a lot of nomina nuda, as the
second special part of the publication, intended to
describe the species, was never published. The reason for
this was the death of the author in the war. A great num-
ber of the nomina nuda belonged to species of the taxon
Kalyptorhynchia. Karling, who probably knew this group
better than any other scientist, devoted much of his time
to identifying the many nomina nuda species of this group
(KARLING, 1992). He also gave additional information
about their morphology and distribution. This meant that
Meixner’s book became a much more valuable source of
information.

Most of Karling’s papers contained a lot of information
about the morphology of the free-living flatworms, based
on studies by light microscope methods. But he did not
only describe the morphology. He also discussed the func-
tion and evolution of structures, e.g. the male copulatory
organs (KARLING, 1956) and the proboscis (KARLING,
1961) of the Kalyptorhynchia, the defecation apparatus in
a genus of the Proseriata (KARLING, 1966b) and the nema-
tocysts and similar structures in some other turbellarians
(KARLING, 1966a). One of his ideas was that the evolution

from a primitive to a more complex structure often fol-
lows the same course in different turbellarian organs, for
instance those formed by the body wall, e.g. the pharynx,
the copulatory apparatus, and the proboscis starting with
a simple folding of the epidermis and its underlying mus-
cular layers, and continuing with more complicated
changes (KARLING, 1963)

Karling will not only be remembered for his contribu-
tion to our knowledge of the turbellarian flatworms. He
was always very helpful and encouraging. He led interna-
tional courses and took part in organizing symposia. And
wherever he was, he made friends who will remember
him as the great man he was.
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Jan Raymond Ball (1941-2000) at the height of his scientific career. Picture
taken from the group picture of delegates at the 3" ISBT held in Diepenbeek,

Belgium, August 1980

One of the best and most influential papers on triclad
phylogeny and biogeography (BALL, 1974a) ends with a
quotation from Schopenhauer “Thus, the task is not so
much to see what no one has seen yet, but to think what
nobody has thought yet, about that which everybody
sees”. Professor Ian Raymond Ball, a creative scientist,
good polemist and excellent writer was the author of the
paper (BALL, 1974a) and the quote seems to encapsulate
his perspective on science. Ian died in Kingston, Jamaica,
on 26" of January 2000 at the young age of 58.

One of Ian’s main concerns was to bring some rational-
ity into turbellarian classification, particularly within his
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favoured group the freshwater triclads, and to relate the
phylogeny of the group with ecology and biogeography.
He believed classification must be based on phylogeny
and not vice versa; hence, recency of common ancestry
and not phenetic distances have to be the core of classifi-
cation. He was the first to bring cladistic analysis to tri-
clad phylogeny and to extrapolate from it a sound
biogeographical explanation of today’s world-wide triclad
distribution. He had a unified, holistic attitude to system-
atics and was assertive to any new development, concep-
tual, methodological or technical, helping to improve
extant classifications. Thus, to the usual morphological
characters, he added karyological characters from the mid
1970s, and embraced molecular techniques from the mid
1980s. Had it not been for several personal problems
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plaguing him since the late 1980s, which undermined
both his health and his scientific career, the modern
molecular and combined (morphology+molecules)
approaches to triclad and turbellarian phylogeny may
have had Ian Ball as one of the leading figures.

A BIOGRAPHICAL AND SCIENTIFIC SKETCH

Born in Southport (Lancashire, UK) on June 13, 1941,
Ian Ball graduated in Zoology and Botany at the
University of Liverpool in 1962. Up to May 1964 he
served as Officer/Naturalist at the Letchworth Museum,
Hertfordshire (UK) in charge of the educational services
of the museum and carried out research on different fresh-
water invertebrates, planarians among them. His first pub-
lications on triclads stemmed from this period (BALL,
1964, 1965, 1967). From 1964-66 he held a position of
Research Officer in the Huntington Research Centre (UK)
studying the effects of drugs and pesticides on mammals,
fish and aquatic invertebrates, and from 1966-67 as
Assistant Experimental Officer at the Water Pollution
Research Laboratory at Stevenage, UK, carrying out
research on the lethal and sublethal effects of pollutants
on fish and on biological surveys of polluted rivers.

In 1967 he moved to the University of Waterloo,
Ontario (Canada) to undertake a Ph.D. thesis on the sys-
tematics and biogeography of freshwater Turbellaria. In
April 1971 he was awarded the Ph.D. degree in Biology
with a dissertation “A contribution to the Phylogeny and

- it '\j -
Ian Raymond Ball (right) at the first ISBT Meeting, held in
Chicago (1970), in honour of Libbie H. Hyman, in which he
delivered a talk on his new taxonomy and biogeography of
Tricladida. Left: Prof. Th. Lender: center: Prof. M. Kawakatsu.
Photograph kindly provided by Prof. M. Kawakatsu.

Biogeography of the Freshwater Triclads (Platyhelmin-
thes, Turbellaria)” (BALL, 1971). A year earlier, he
received a National Science Foundation award to read, as
invited speaker, a summary of this work at the Libbie H.
Hyman Memorial Symposium sponsored by the
American Society of Zoologists, the Society of Syste-
matic Zoology and the American Microscopical Society
within the meeting of the AAAS in Chicago (USA). This
work, published 4 years later (BALL, 1974a) has been
extremely influential to people working on triclad taxon-
omy, phylogeny and biogeography. His research on
Turbellaria continued as Postdoctoral fellow at the
National Museum of Natural Sciences in Ottawa (1971-
72) and as Assistant Curator at the Royal Ontario Museum
in Toronto (1973-75). Between 1968 and 1976 Ian Ball
published almost 30 papers related to turbellarian (mostly
triclad) taxonomy and biogeography. Prominent among
them are those in biogeography and plate tectonics (BALL
& FERNANDO, 1969), on triclads from the Oriental Region
(BALL, 1970), from Central and South America (BALL,
1971), from Australia (BALL, 1974b), a methodological
paper on the nature and formulation of biogeographical
hypotheses (BALL, 1975) and revisions and monographs
on different genera of the family Dugesiidae: Cura and
Neppia (BALL, 1974c¢) and Spathula (BaLL, 1977a). He
found time to travel and sample in Central America,
Brazil, and Australia and to pay visits to different world
museums. | regard the 10 years spanning from 1968 to
1977 as the most productive and influential of Ian’s
career.

In 1976, then 35 years old, he was appointed Reader of
Special Zoology at the University of Amsterdam (The
Netherlands) to become a Professor in 1980, holding the
post up to 1985. At Amsterdam, Ball established a pro-
ductive research programme and gained some funding for
his own research. He attracted several promising students,
some of them (e.g. Ronald Sluys) now at the forefront of
triclad taxonomy and phylogeny. Always ready to chal-
lenge authority he followed his path, both personal and
professional, with little regard to consequences. He could
be fun and charming but also outrageous. His personality
frequently drew attention and could engender both good
and bad feelings amongst those with whom he interacted.
Throughout this ‘Dutch period’, he extended his descrip-
tion of new species and genera of freshwater triclads from
all over the world, and in particular from Australia, North
and South America and Europe (BALL, 1977b, 1980;
BALL & TRAN, 1979; BALL et al, 1981 ; DE VRIES & BALL,
1980); reviewed and reshaped his views on the phylogeny
of triclads (BALL, 1977c, 1981a); published a series of
conceptual papers on taxonomy, phylogeny and biogeog-
raphy (BALL, 1981b, 1982, 1983) and, with Professor Tom
B. Reynoldson, co-authored the handy and useful book on
British Planarians within the series of synopses of the
British Fauna (BALL & REYNOLDSON, 1981). Additionally,
he supervised the Ph.D. dissertations of his students
Elisabeth De Vries and Ronald Sluys, on the taxonomy
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and phylogeny of the genus Dugesia (DE VRIES, 1987),
and on a taxonomical revision of maricolan triclads
(SLuys, 1989). Ball also encouraged them to publish inde-
pendently (see summaries of their publications in DE
VRIES, 1987; and SLuys, 1989). Altogether, the numbers
of papers of him and his team during the ‘Dutch period’
went up to 40.

In September 1985 he left Amsterdam and moved to the
Memorial University of Newfoundland in St. John
(Canada) as Professor of Biology and Head of the
Department of Biology. There, he tried to initiate a group
on molecular evolutionary studies and raise some funds.
The outcome was close to a failure since, as far as I am
aware, only a short technical note stemmed from that
period. He became dispirited with science, and physical
accidents and personal troubles soared. In 1992 he made
his last professional move, becoming Professor at the
Department of Zoology of the University of West Indies
(UWI) in Kingston, Jamaica. Unfortunately he could not
fulfil the trust UWI put on him to move the Department
ahead. Personal and professional problems escalated
beyond Ian’s control.

SOME PERSONAL RECOLLECTIONS

I first met Ian in Amsterdam in 1979 though we had
corresponded earlier. So impressed was I by his 1974
paper (BALL, 1974a) that in February 75 I wrote him a
long letter praising his new taxonomy of triclads and
dugesiids and his new biogeographical explanation of its
world-wide distribution. However, I also expressed my
dissent on several aspects of his phylogenetic tree of the
genera of Dugesiidae. At that time, I firmly believed kary-
ology was a highly important phylogenetic character. That
made it difficult for me to understand his placement of the
genus Schmidtea as a rather derived group compared to
the basal position held in that tree for Girardia and related
genera. He was kind enough to send me in May 1975 a
long and beautiful letter. This letter was my first introduc-
tion to the new world of cladistics. I was impressed but, to
be fair, not convinced. In 1977 he published in Acta
Zoologica Fennica (BALL, 1977c) a somehow different
view on the phylogeny of dugesiids. There, Schmidtea
was placed close to Cura and to other basal genera, now
in the new family erected by Ronald Sluys, the
Dimarcusidae (SLUYS, 1990). Later on, and recalling these
letters, he said I was probably right on the placement of
Schmidtea but for the wrong reasons. I think he was right.
I had the intuition; he had the right methods, which,
whilst we should follow them, do not always produce the
correct result.

A Dbit later, and oddly enough, we joined forces on
Schmidtea. In 1980, one of his students in Amsterdam,
Elisabeth De Vries, found an asexual Schmidtea popula-
tion in the island of Mallorca bearing an anomalous
karyotype. Back in 1970, I had already observed a similar
anomaly in an asexual population of Schmidtea mediter-

ranea found in the city of Barcelona (BAGUNA, 1973). In
the first papers dealing with Schmidtea mediterranea (at
that time Dugesia mediterranea), which 1 published
together with Professor Benazzi and colleagues (BENAZZI
et al, 1972, 1975) this anomaly was not even mentioned.
Professor Benazzi was, to say the least, not prone to even
consider a chromosome anomaly as the cause of asexual-
ity in this or any other species. He believed mendelian
factors were the actual cause. Now, it is fair to say that
asexuality may have different causes, some mendelian,
some due to chromosomal changes. Elisabeth De Vries,
Ian Ball, and I made a detailed analysis of the anomalous
karyotypes of Schmidtea mediterranea from Barcelona
and Mallorca, and together with rather wild speculations
on this species distribution in the Mediterranean based on
microplate dispersal, published it in 1984 (DE VRIES et al,
1984). The chromosomal anomaly, the unequal size of the
third chromosomal pair, was interpreted as a duplication.
Later on, in our lab in Barcelona, my student Maria Ribas
showed very convincingly that such an anomaly was actu-
ally not a duplication but a translocation from one of the
first pair chromosomes to one of the third pair (RiBAS,
1990). These results were formally published, rather iron-
ically, in a paper in tribute to professor Benazzi (BAGUNA
et al, 1999).

In February 1981 lan visited Barcelona for the first
time. He lectured on ‘The problems of historical biogeog-
raphy’ and on ‘Philosophy, phylogeny and classification’.
Accidentally, his visit coincided with the last, and luckily
failed, ‘coup d’etat’ in Spain. He told me he couldn’t
imagine | was so kind to organise such an event for him.
Shortly after he moved from Amsterdam to Newfound-
land (October 1985) I had the chance to referee a grant
application from him to the NSERC of Canada:
“Evolutionary Genetics and the Systematics and
Biogeography of Freshwater Planarians”. Even though
the application preceded the seminal paper of HILLIS &
Davis (1986) on the utility of ribosomal DNA restriction
patterns, Ball was advocating the use of this tool to place
the Platyhelminthes among the Metazoa and to sort out
the phylogenetic relationships among freshwater planari-
ans. Although he was not acquainted with molecular tech-
niques he had the feeling, and had the nose, that this was
the right way to go. In that sense he was prescient. The
last time I met Ian Ball was in Barcelona in January 1989.

From October 1990 I lost track of him. He did not
attend the Hirosaki (1990), Abo (1993) and Brisbane
(1996) ISBT Meetings. The only news from him came
through Ronald Sluys and later on from Tim Littlewood
who met him two or three times when vacationing in
Jamaica.

In several ways, lan Ball was a multifaceted figure.
Besides science, he was very interested in classical music
as listener, performer, teacher and critic. He wrote a book
of piano music for beginners. He was fond of history and
philosophy and seems to have been good at fencing (as a
sport and during controversies). To me he was a friendly
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guy, very brilliant, very good at arguing, and extremely
good at writing. We clashed on particular musical tastes
(he preferred the music-maker, pompous Handel to the
true genius of my beloved J.S. Bach, and overrated some
19th and 20th century British composers). Nevertheless,
we had a lot of fun together. But he also had a complex
and troubled family life. He married twice and had three
children and a step-son. And I know he had also, as every-
body has, a dark side which other people know better than
I do.

But as regards science is concerned, and to flatworm
and triclad biology in particular, he made clear and sig-
nificant contributions. He will be mainly remembered for
his contributions on the taxonomy, phylogeny and vicari-
ance biogeography of the Tricladida and, namely, the
Dugesiidae, by his contributions to the knowledge of
Australasian faunas, by starting to clear the mess of the
Dugesia gonocephala species complex and by his contri-
butions to systematic and taxonomic theoretical thinking.
He published close to 70 papers and could have published
a lot more were it not for his policy, rather uncommon
those days and today, to encourage graduate students to
publish independently. Although Ian Ball’s contribution to
turbellarian and evolutionary biology was highly influen-
tial and earned him an international reputation, I believe
that his personal character and circumstances, from the
mid 1980s, prevented the full realization of his talents
when may be the best was yet to come.
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ABSTRACT. Some recent molecular phylogenetic studies suggest a regrouping of the bilaterian superphyla
into Deuterostomia, Lophotrochozoa (Lophophorata, Spiralia and Gnathifera) and Ecdysozoa (Cycloneuralia
as the remaining Aschelminthes, and Arthropoda). In some of these trees Platyhelminthes have a more derived
position among the Spiralia. On the other hand, taxa within or close to the Platyhelminthes have been singled
out as possible plesiomorphic sister groups to all other Bilateria (Acoela and Xenoturbellida). For both pro-
posals there exists conflicting evidence, both when different molecular features are compared and when molec-
ular and phenotypic characters are used. In this paper we summarise the phenotypic models that have been
proposed for the transition between diploblastic and triploblastic organisation (Planula- Phagocytella-
Archicoelomate-, Trochaea-, Gallertoid-, Coeloplana-, Colonial- concept). With very few exceptions such
models construct a vermiform organism (acoelomate/pseudocoelomate or coelomate) at the base of the
Bilateria while the finding of similarities in the genetic regulation of segmentation in vertebrates and arthro-
pods has stimulated the search for larger, more complexly designed ancestors. Because of the possible signif-
icance of vermiform organisation for understanding the origin of the Bilateria, we present new data concerning
the development and evolution of the complex body wall muscle grid of platyhelminths and new findings on
their stem cell system (neoblasts). We show that studying the various features of the development of the body
wall in a variety of basal platyhelminths (eg. Acoela, Macrostomida) with cytological and molecular tech-
niques would provide essential data for discussions of the diploblast/triploblast transition, because it is the cen-
tral element in the biology of vermiform organisms.

KEY WORDS: Evolution of Bilateria, diploblastic/triploblastic transition, Acoela, Xenoturbellida,

Platyhelminthes, vermiform organisation, body wall muscle differentiation, neoblasts.

INTRODUCTION

The reconstruction of the ancestral organisation of the
Bilateria has regained interest rapidly with the accumula-
tion of molecular data (see lit in PETERSON et al., 2000;
PETERSON & DaviDsoN, 2000; ADOUTTE et al., 2000;
JENNER, 2000). The recent proposals concerning the evo-
lution of the early Metazoa illustrate the major shift in
emphasis that has occured over the last decade in the
search for clues for the major transitions in animal body
plans. Especially the advances in understanding the evo-
lution of Hox genes, from the bilaterian crown groups
such as arthropods and vertebrates down to the level of
the sponges, together with 18S rDNA sequences form a
new backbone for interpretations of the evolution of the
metazoan phenotype.

Corresponding author: R. Rieger, e-mail: reinhard.rieger@uibk.ac.at

This paper addresses three points in relation to this
topic. We highlight some aspects of body plan evolution
and the most recent proposals that Acoela and/or the
Xenoturbellida may be the basal-most branches in the
Bilateria. Secondly, we give an overview of models, in
particular those using the organisation of certain platy-
helminth taxa, for the origin of the Bilateria. Finally we
give some examples from our own investigations (studies
of the platyhelminth body wall musculature and of the
neoblast system) which could contribute to an under-
standing of the origin of the Bilateria.

BODY PLAN EVOLUTION IN LOWER METAZOA
AND RECENTLY PROPOSED SISTER GROUPS
OF BILATERIA

One of the most significant changes in the phenotype to
the level of the Eumetazoa certainly was the appearance
of definite epithelial tissue. Steps involved here were spe-
cializations of apical junctional complexes to control the
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paracellular flow across these covering cell sheaths, as
well as the arrangement of the ECM at the base of these
sheaths into complex molecular layers, the basal matrices
(see RIEGER & WEYRER, 1998 for lit.). A more defined
control of two fluid compartments is the result of this evo-
lution: one is surrounded by the basal matrix (the
mesogloea of dipoblasts, the primary body cavity, primi-
tive blood vascular systems, and connective tissue fluids
of triploblasts), the other one by the apical side of epithe-
lial tissues (the gastrovascular system of diploblasts and
the gut, secondary body cavities and duct systems for
excretion and for reproduction in the triploblasts).

The most advanced level of eumetazoan organisation is
seen in the triploblastic Eumetazoa, the Bilateria. Central
for their evolution is the mesodermal tissue developing
from the entoderm. This entomesoderm led to the further
elaboration of muscle tissues and connective tissue. It
occurs in two tissue grades: 1) in the coelomate organisa-
tion (the coelom or secondary body cavity) originally as
myoepithelial lining, 2) in the acoelomate/pseudocoelo-
mate organisation where muscle tissue is part of the con-
nective tissue. It either fills the space between gut and
body wall (acoelomate) or surrounds - in a non-epithelial
organisation - fluid-filled compartments derived from the
primary body cavity. In the life cycle of such animals,
macroscopic adults with coelomic organisation often
alternate with mm-sized, acoelomate/pseudocoelomate
larvae.

According primarily to molecular studies, the Bilateria
have been grouped into three major clades (ADOUTTE et
al., 1999; KNOLL & CARROLL, 1999; VALENTINE et al.,
1999; GAREY & SCHMIDT-RHEASA, 1998): 1) the
Deuterostomia, originally with pseudocoelic larvae and
enterocoelous adults, shown by many studies to be most
similar to the coelenterate level of organisation (lit in
CAMERON et al., 2000), 2) the Lophotrochozoa, which
include in addition to the lophophorate phyla the taxon
Spiralia and the former aschelminth taxa Rotifera and the
Acanthocephala, with the Spiralia very likely representing
a monophyletic subunit (BOYER et al., 1998 ; HENRY et al.,
2000). It seems possible that indirect development with a
trochophore-like larva is primitive also in the
Lophotrochozoa (PETERSEN et al., 2000; PETERSEN &
DaviDsoN, 2000). However, ROUSE (2000) concludes that
only a lecithotrophic larva and not a planctotrophic tro-
chophore may be plesiomorphic. 3) the Ecdysozoa, direct
developers with secondary larvae due to the molting
process. They include the Arthropoda and the taxon
Cycloneuralia, the remaining aschelminth taxa.

While the concept of the Ecdysozoa is gaining recogni-
tion, very little is yet clarified when in comes to deriving
segmentation of arthropods and annelids independently or
from an unsegmented bilaterian stem species (see KNOLL
& CAROLL, 1999; VALENTINE & COLLINS, 1999 ; JENNER,
2000). In the interpretation of the evolution of the
Lophotrochozoa the question whether their common

ancestor had an acoelomate/pseudocoelomate design or
whether it was a coelomate animal also remains unsolved.

Based on 18S rDNA Ruiz-TrILLO et al. (1999) have
singled out one lophotrochozoan taxon, the acoel flat-
worms, to represent the first branch among all Bilateria.
JONDELIUS et al. (this volume) could resolve one major
point of critique raised against that data set by showing
that the nemertodermatids branch close to the basal
branching point of the Acoela. Another recent molecular
study using sequences of elongation factor 1-Alpha does
not support such an early branching of the Acoela but sug-
gests them to group within the Platyhelminthes (BERNEY
et al., 2000).

Phenotypic evidence has led EHLERS & SOPOTT-EHLERS
(1997) to suggest a similarly unique basal position for the
enigmatic Xenoturbella bocki (see also LUNDIN, this vol-
ume). There are claims now that this species belongs to
the Mollusca and is derived progenetically from proto-
branch larvae (ISRAELSSON, 1999; NOREN & JONDELIUS,
1997). Xenoturbella’s basiepithelial nervous system and
uniquely constructed extracellular matrix (PEDERSEN &
PEDERSEN, 1986; 1988) remain an obstacle for morpholo-
gists to accept this proposal. In addition, complex charac-
ter similarities in the epidermal ciliation link Xenoturbella
and the Acoela (LUNDIN, 1998; this volume). Together
with the digestive tract they represent an impressive mor-
phological character sequence that at present can be read
only from Xenoturbella to the Acoela with the
Nemertodermatida as an intermediate taxon (see lit. in
LunpIN, 1998).

A recent cell lineage study shows that the Acoela lack
ectomesoderm and that all of the musculature and periph-
eral parenchyma in the convolutid Neochildia fusca is of
entomesodermal origin (HENRY et al., 2000). In this fea-
ture they are set apart from all other spiralians, but resem-
ble the Ctenophora (MARTINDALE & HENRY, 1999).
Ctenophores offer new possible scenarios for the origin of
the Bilateria and the description of a fossil ctenophore
with 80 comb rows is an unexpected incentive for recon-
sidering the ctenophores as the plesiomorphic sister taxon
of the Bilateria (see MARTINDALE & HENRY, 1998 for lit).

PUBLISHED MODELS FOR THE TRANSITION
FROM DIPLOBLASTIC TO TRIPLOBLASTIC
ORGANISATION

In the main models proposed for the origin of the
diploblastic organisation (Haeckel s Gastraea-, Biitschli’s
Placula-, Lankester’'s Planula-, Metschnikoff’s
Phagocytella and Gutman's Gallertoid- hypothesis) origi-
nal metazoan cell colonies are derived from flagellate uni-
cellular eukaryotes that had developed the characteristic
metazoan ECM (see RIEGER & WEYRER, 1998 for lit.).
Monociliated cells with one functional cilium and an
accessory centriole in a precisely defined position relative
to the basal body of the functional cilium represent almost
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certainly the plesiomorphic character state of all somatic
cells in the early cell colonies.

For the transition from the diploblastic to the triploblas-
tic organisation three groups of models can be distin-
guished:

The first bilaterians - vermiform organisms with direct
development

Vermiform organisation is most often used in recon-
structions of the bilaterian stem species. Such organisms
have a cylindrical or flattened body profile and use their
flexible body wall for locomotion (Fig. 1). The body wall
contains helically wound fibers in the cuticle, in the cell
web and/or in the basal matrix of the epidermis for reten-
tion of shape, and at least two layers of muscles — circular
and longitudinal — intimately associated with the basal
matrix (RIEGER, 1998). This body wall acts against the
extracellular compartments formed by the gut, the pseudo-
coel and/or the coelom or against intracellular hydrostats
of muscle and connective tissue in acoelomates.

Flwill
1%l I: —
- muscle grid
on gu
epidermis | circular longitudinal
muscles muscles
basal diagonal
matrix muscles
Fig. 1. — Diagram of vermiform body organisation in
acoelomates.

Summaries of ideas for the transition at the diplo-/
triplobast boundary can be found in REISINGER (1961),
SALVINI PLAWEN (1978) and WILLMER (1990). Most
widely wused are the Planula and Phagocytella
(Parenchymula)-concepts where acoels and nemertoder-

matids are model organisms for the original Bilateria. The
main differences between the two models are the assump-
tions concerning the original organisation of the gastro-
dermis and the muscle tissue: in the Phagocytella
hypothesis the gastrodermis is assumed to be a connective
tissue including muscles. In the planula hypothesis gas-
trodermis and muscles are seen as derived from epithelial
tissue.

A basiepithelial nerve plexus with first condensations
of longitudinal cords is postulated as ancestral in both the
Planula and the Phagocytella concept. The epidermal api-
cal organ of the planula would be the structure giving rise
to brain differentiations. In immunocytochemical prepara-
tions the organisation of the brain of various Acoela
appears rather different from all other platyhelminth taxa
(REUTER et al., 2001). These findings underscore the
unique and possibly basal position of this taxon among
living platyhelminths.

Other proposals are the Gastraea-Bilaterogastrea-con-
cept and the Gastraea-Archicoelomate-concept. Both
hypotheses propose an enterocoelic entomesoderm, envi-
sioned to have originated from gastric pouches of the coe-
lenterate organisation. Also these concepts assume a
vermiform stem species for all Bilateria, however, this
organism would have been a coelomate.

Vermiform organisation is as well assumed in two more
hypotheses: LANG's (1884) Coeloplana-concept and the
Gallertoid concept by Bonik et al. (1976) and GUTMAN
(1981).

The first bilaterians - vermiform organisms with a
biphasic life cycle

The Trochaea hypothesis (Gastraea-Trochaea- concept,
see lit. in NIELSEN, 1998), going back to the concept of the
benthopelagic life cycle of Jagersten, assumes an acoelo-
mate/pseudocoelomate vermiform ancestor for the proto-
stome line of evolution and a vermiform archicoelomate
ancestor for the deuterostome line of evolution. The ver-
miform benthic adults alternate in a life cycle with
pseudocoelic pelagic larvae, the latter ones representing
the phylogentically older body plan. This hypothesis is
supported by the recent proposal resulting largely from
developmental studies (lit. in PETERSON et al., 2000, see
RousE, 2000 for different view).

The biphasic life cycle with a microscopic larva and a
macroscopic adult is also central in the proposal for the
ancestral metazoans by one of us (RIEGER, 1994). By pro-
genesis several lines of evolution could have lead from the
acoelomate and pseudocoelomate larvae or juveniles of an
archicoelomate ancestor to adult acoelomates and pseudo-
coelomates respectively (see lit. in TYLER, 2000). It should
be pointed out that any model using a planula at the
diploblast/triploblast transition must be seen as consider-
ing progenesis: the planula organisation is only found as
larval stage, no planula-like adult organism is known.
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The first bilaterians - macroscopic organisms with
complex body plan

Similarities in the genetic networks specifying segmenta-
tion in such distant groups as vertebrates and arthropods has
led to the postulation of more complex macroscopic ances-
tors for the Bilateria (see discussion in KNOLL & CARROLL,
1999; JENNER, 2000). The scaffolding for this idea is seen in
certain conserved genes involved in segmentation (see recent
review concerning this issue in DAvIS & PATEL, 1999).

The latest attempt in trying to envision a more complex
base for the bilaterian stem species has been presented by
DEWEL (2000). Frond-like macroscopic colonial diplo-
blasts, similar to organisms in the Ediacara fauna and to
extant Pennatulacea serve as models. Colonial organisa-
tion is seen as a condition that might have led to a highly
compartmented coelomate ancestor.

Considering all evidence, a vermiform bilaterian ances-
tor in the size of millimeters remains a realistic model. In
the case of the Lophotrochozoa the ancestor could be sim-
ilar to platyhelminths. The position of the Gastrotricha and
the Gnathifera (Gnathostomulida, “Rotifera” and Acantho-
cephala) may be also close to the bilaterian origin. On the
other hand, a cm-sized organism similar to Xenoturbella
may have led to the evolution of archicoelomates in the
sense of Jagersten. Progenesis of larvae or juveniles of
such ancestors would have led to today’s acoelomate and
pseudocoelomate phyla (see TYLER, 2000 for lit.).

AVENUES FOR FUTURE RESEARCH

Given the central position of the vermiform organisa-
tion in hypotheses about the bilaterian stem species, as
much as possible should be known about the development

and organisation of organisms of such a design. In the fol-
lowing we report about work in our laboratory on three
research topics related to this aspect.

The fate of the coelenterate aboral-oral axis in the
Bilateria

The determination and specification of the bilaterian
body axes and their role in development have received
special attention again in assessing the evolution of the
lower Metazoa (eg. MARTINDALE & HENRY, 1998;
GOLDSTEIN & FREEMAN, 1997). Both the anterioposterior
(A-P) axis and the dorsoventral (D-V) axis have been
studied in detail in a variety of species. As far as the ori-
gin of these axes from the aboral-oral (A-B) axis of diplo-
lasts is concerned, it is evident that we particularly need
more information concerning the origin of the D-V axis.

In Fig. 2 two different processes that could lead from
the A-B axis of a diploblast to the condition of a vermi-
form, bilaterian ancestor are depicted. In process 1) the
diploblastic organism undergoes a 90-degree shift in rela-
tion to the substrate, subsequently the original mouth/anus
moves forward to the ventral side. In process 2) a com-
pression of the A-B axis takes place. Here the apical brain
Anlage is moved forward, the mouth remains in the orig-
inal position. As a result, the A-B axis is parallel with the
bilaterian A-P axis in the first case, a new D-V axis must
have been specified. In the second case the A-B axis
becomes the D-V axis, a new A-P axis must have evolved
in the Bilateria.

Such considerations are in line with models for the ori-
gin of the Bilateria mentioned above: The Planula-con-
cept is a clear case of process 1 (REISINGER, 1961, fig. 10),
whereas the Coeloplana-hypothesis of LANG (1884) is
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Fig. 2. — Diagram of shifts in body axis at the diploblast/triploblast transition. Upper line, process 1, lower line,
process 2, see text for further explanation. Dashed arrow: Aboral-oral axis (A-B), black arrow : anterior-posterior
axis (A-P), finely dashed arrow : dorso-ventral axis (D-V).
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clearly a case of process 2. During the settling of the
Trochaea the mouth remains in the original position and is
elongated to form a longitudinal slit (Trochaea-hypothe-
sis: NIELSEN, 1995). The apical plate moves forward, the
A-B axis becomes inclined — this behavior and the blasto-
pore in this model are in accordance with model 2.

To study processes that control shifts of the A-B axis
we have started to work on the expression of the gene of
the Wnt/wingless cascade in Convolutriloba longifis-
sura and plan to do this also with Convoluta pulchra
and Macrostomum-species, and the sog/chordin and
bmp4/dpp gene family in acoel and macrostomid turbel-
larians. These genes are part of the genetic network
specifying the D-V axis in higher vertebrates and
arthropods (see lit. in HOBMAYER et al., in press). Such
genes have now also been found in Hydra, being
expressed in the hypostome in the vicinity of the mouth
(HOBMAYER et al., in press). We will trace the expres-
sion in the formation of the platyhelminth mouth during
embryonic development and during asexual reproduc-
tion. We expect that the expression pattern observed in
Hydra near the mouth will also be found in platy-
helminths and will make it possible to follow the sepa-
ration of the A-B axis from the A-P axis, as depicted in
Fig. 2.

In another way axis specificity can also be seen in the
muscle development in acoels. Along this route we have
studied the formation of the body wall musculature in
embryos of Convoluta pulchra (LADURNER & RIEGER,
2000) and during asexual reproduction in Convolutriloba
longifissura (data not shown).

In Convoluta pulchra, the cellular orientation relative
to the A-P axis is highly specific during the establish-
ment of what we called the original orthogonal muscle
grid. Unexpectedly, circular fibers appeared distinctly
prior to the longitudinal fibers, and they were oriented
along well defined latitudes in embryos at about 50-55%
of developmental time (Fig.3A). The A-P axis can be
identified from the fiber arrangement because the for-
mation of circular fibers starts closer to the apex of the
animal. Since acoels lack any basal matrix of the epider-
mis, differentiating myocytes may become aligned along
differing anterior-posterior densities and/or qualities of
receptors in the basolateral epidermal membrane.
Ultrastructural data on the cytology of myoblasts actu-
ally corroborate this notion (RIEGER, LADURNER,
SALVENMOSER, unpublished).

At around 60 % of developmental time from egg laying
the longitudinal muscle fibers are visible, forming the pri-
mary orthogonal muscle grid (Fig. 3B). As with the orig-
inal circular fibers, the fibers of the longitudinal layer line
up behind each other on defined meridians, in this case
parallel to the A-P axis. Differences in this primary mus-
cle grid between the dorsal and ventral side begin to
become visible very early, already at about 60 % of devel-
opmental time.

Fig. 3 A, B. — Phalloidin-Rhodamin-stained embryos of
Convoluta pulchra. A: stage 3-4, about 55% developmental
time since egg laying. Note anterior pole of embryo (*), circu-
lar muscle fibers aligned on meridians (arrowheads), first lon-
gitudinal fibers (double arrowheads). B: stage 4, about 60%
developmental time since egg laying. Further development of
circular fibers (arrowheads), longitudinal myocytes aligned
along meridians (double arrowheads). See also LADURNER &
RIEGER (2000). Scale bar: 20 pm.

Transition of the bilayered body wall musculature from
two germ layers of diploblasts to one germ layer of trip-
bloblasts

The second research topic is concerned with the phylo-
genetic origin of the complicated adult body wall muscu-
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latures of Platyhelminthes (see TYLER & RIEGER, 1999 for
lit). From our ontogenetic studies (LADURNER & RIEGER,
2000) it seems reasonable to assume that an orthogonal
pattern of circular and longitudinal muscles may represent
indeed the ancestral condition. In the Acoela unexpected
variations of fiber orientation in that orthogonal matrix had
been shown (see TYLER & RIEGER, 1999 for lit.), although
the responsible mechanisms have yet to be specified.

How did such a primary orthogonal body wall muscu-
lature evolve from the conditions seen at the coelenterate
level? In the body of Hydra as in all cnidarians one finds
vermiform parts with orthogonal muscle layers (Fig. 4,
see LADURNER & RIEGER, 2000 for lit.). The body column,
as well as the tentacles, are vermiform as defined above.
Two orthogonal layers are present, the circular fibers
being more delicate. All fibers are short when compared
with fibers in the microturbellarians, which may run
almost the entire length or circumference of the body.

Based on present evidence about body wall muscle
fibers in platyhelminths, we can propose two different
models for the evolution of the body wall musculature of
tripoblasts from diplobasts (Fig. 5): a transition from the
diploblastic stage with muscle layers in two germ layers
(the cnidarian model), and the origin of all muscle layers
from one germ layer (the ctenophore model).

Ectoderm
ECM
Endoderm /
Mesocderm

O

A A
A / S

Fig. 4. — Portion of Phalloidin-stained tentacle of Hydra sp.
showing orthogonal muscle grid. Note longitudinal fibers situ-
ated in the epidermis (arrowheads) and circular fibers (double
arrowheads) situated in the gastrodermal epithelium. Scale bar:
50 pm.

In both models we assume an important role of the
extracellular matrix for the process and start with a ran-
dom orientation of the fibers, both in the epidermis and
the gastrodermis. In the cnidarian model an inversion of
the orientation of epidermal longitudinal and gastroder-
mal circular fibers would lead to a situation known from

Ectoderm
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Endoderm/
Mesoderm

1
| // -\
/ X

Fig. 5. — Schematic drawing of two possible ways of changes of the body wall muscle grid during the
diploblast/triploblast transition (longitudinal sections and head-on views of muscle fibers). Ectodermal muscle fibers
in black, entomesodermal muscle fibers in grey. The diagonal fibers are thought to be derived from the longitudinal
muscle layer. A-D: evolution from randomly oriented fibers in two germ layers to a muscle grid with outer circular,
inner longitudinal and intermediate diagonal fibers in one germ layer. Cnidarian model at left, ctenophore model at

right; see text for explanation.
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cell lineage experiments in the Miiller's larva of
Hoploplana inquilina (BOYER et al., 1996; 1998) where
the circular muscles, closest to the epidermis, are of
ectomesodermal origin while the deeper longitudinal
fibers are entomesodermal. A gradual substitution of
ectomesodermal muscles by entomesodermal ones is
assumed to have occurred in adult spiralians.

Alternatively only the original entodermal muscle grid
was retained and became organised later into the orthogo-
nal pattern of the body wall in ancestral bilaterians. This
proposal is more in line with the body wall musculature
being derived entirely from the entoderm, as has been
shown by MARTINDALE & HENRY (1999) for the
Ctenophora and by HENRY et al. (2000) for acoels.

The neoblast stem cell system

Investigating the unique neoblast system of the
Platyhelminthes with a combination of labelling tech-
niques (eg. BrDU and immunogold-labelling) might
reveal another useful set of data for clarifying changes at
the diploblast-triploplast transition. As of now (summa-
rized in LADURNER et al., 2000), evidence is increasing
that all somatic cells in Platyhelminthes do originate from
one cell type. However, more data especially from
Acoela, Nemertodermatida and Catenulida are needed
before definite conclusions can be drawn (GSCHWENTNER,
unpubl. data).

Such a single cell renewal system is not found among
the most primitive metazoans, the Parazoa, Placozoa
and the coelenterate phyla. What the basal Metazoa
seem to suggest is that a combination of the ability of
tissue cells to retain mitotic activity and to establish cer-
tain stem cell lines is the plesiomorphic condition
among the lower Metazoa. Therefore, the neoblast stem
cell system may be an autapomorphic trait of the
Platyhelminthes.

CONCLUSION

It is of course evident that only the input from many
lines of research will lead to further satisfactory progress
in reconstructing the body plan of the ancestral bilateri-
ans. As many characters of diploblastic and basal triplo-
blastic animals as possible should be compared, and
problematic taxa cannot be disregarded. Contrary to
claims in certain molecular studies (ADOUTTE et al.,
1999) we think that resolving the original design of the
bilaterian body cavity (acoelomate/pseudocoelomate ver-
sus coelomate) is still crucial. The free-living platy-
helminths are central for answering this question,
investigating them with a combination of molecular, cel-
lular, developmental and morphological approaches will
be necessary.
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ABSTRACT. The comparative method, the inference of biological processes from phylogenetic patterns, is
founded on the reliability of the phylogenetic tree. In attempting to apply the comparative method to the under-
standing of the evolution of parasitism in the phylum Platyhelminthes, we have highlighted several points we
consider to be of value along with many problems. We discuss four of these topics. Firstly, we view the group
at a phylum level, in particular discussing the importance of establishing the sister taxon to the obligate para-
site group, the Neodermata, for addressing such questions as the monophyly, parasitism or the endo or ecto-
parasitic nature of the early parasites. The variety of non-congruent phylogenetic trees presented so far,
utilising either or both morphological and molecular data, gives rise to the suggestion that any evolutionary
scenarios presented at this stage be treated as interesting hypotheses rather than well-supported theories. Our
second point of discussion is the conflict between morphological and molecular estimates of monogenean evo-
lution. The Monogenea presents several well-established morphological autapomorphies, such that morphol-
ogy consistently estimates the group as monophyletic, whereas molecular sequence analyses indicate
paraphyly, with different genes giving different topologies. We discuss the problem of reconciling gene and
species trees. Thirdly, we use recent phylogenetic results on the tapeworms to interpret the evolution of stro-
bilation, proglottization, segmentation and scolex structure. In relation to the latter, the results presented indi-
cate that the higher cestodes are diphyletic, with one branch difossate and the other tetrafossate. Finally, we
use a SSU rDNA phylogenetic tree of the Trematoda as a basis for the discussion of an aspect of the digenean
life-cycle, namely the nature of the first intermediate host. Frequent episodes of host-switching, between gas-
tropod and bivalve hosts or even into annelids, are indicated.

KEY WORDS: Platyhelminthes, parasitism, phylogenetics, Monogenea, Cestoda, Digenea, gene trees, life-

history evolution

INTRODUCTION

Phylogenies aim to reveal patterns of inter-relatedness
and the radiation of constituent taxa. Inferring evolution-
ary processes from phylogenies, the comparative method
(HARVEY & PAGEL, 1991), is a well-established practice
and one that has become increasingly more refined as our
understanding and development of tree-building methods
improves, and more popular as new sources of compara-
tive data, particularly molecular, become available (e.g.
PAGEL, 1998). In spite of the early seminal work on platy-
helminth phylogenetics coming from turbellarian workers
(e.g. EHLERS, 1985a,b) it has been the parasitologists who
have embraced the technique wholeheartedly. The nature

Corresponding author: T. Littlewood, e-mail: dtl@nhm.ac.uk

of parasitism, its commercial and medical consequences
and the wealth of comparative information concerning
parasites no doubt allow greater scope. Regarding flat-
worms in this light, perhaps the most significant mile-
stone has been the publication of Parascript (BROOKS &
MCLENNAN, 1993), a book based on the phylogenetic
assessment of numerous parasitic platyhelminths, in
which the authors used trees as the basis for addressing
and testing many long-standing “myths” associated with
the study of evolutionary parasitology. The eloquent
story-telling, unravelling of myths and ultimate enlighten-
ment as each tree yields its secrets, herald a most com-
pelling union between systematics and comparative
flatworm biology. Alas, the book has not been without its
critics as the foundations upon which it draws its strength,
namely its trees and the characters that form them, have
been denounced, reproached and debated sufficiently (e.g.
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PEARSON, 1992; CAIrRA, 1994; ROHDE, 1996) to erode
them and to induce caution or suspicion. Indeed, whilst
phylogenetics clearly holds the key to unravelling evolu-
tionary mysteries, a review of the flatworm literature
reveals few single trees that consistently and strictly bifur-
cate, satisfy all those scrutinising their foundations (i.e.
homology assessment, character definition and coding),
or provide topologies congruent with those trees derived
from additional, independent sources of data.

Whilst congruence and consensus provide us with the
necessary confidence to proceed with the comparative
method, it is always compelling to take stock of the phy-
logenetic trees available and interpret the biological con-
sequences of accepting them. Here we take four examples
from our own interests and show how the evolution of
parasitism can be interpreted from available phylogenies.
The first example dwells on the variety of phylum-wide
phylogenies and the consequences of accepting any one of
them, highlighting the need for congruence and consen-
sus. The second emphasises the need to treat any conflict
between gene trees and species trees with care, reviewing
the apparent paraphyletic status of the Monogenea based
on molecular data. The third and final examples demon-
strate the power and frustration of phylogenetics in inter-
preting the evolution and radiation of the most speciose of
platyhelminth and parasitic groups, the digeneans and
cestodes. All the examples pose more questions than they
answer, hence the title of this contribution.

THE EXAMPLES

Example 1. Origins and evolution of parasitism in the
Phylum Platyhelminthes

The term ‘parasitism’ means different things to differ-
ent workers, yet it is generally accepted that an associa-
tion between host and parasite is to the detriment of the
host and the benefit of the parasite. Commensals live in
close association with other organisms and, although their
existence may appear inextricably linked with another
organism, their survival is not thought to depend fully on
the association. In contrast, obligate parasites require
hosts for the completion of their life-cycle and generally
derive some or all of their nutrients from their host during
the parasitic phase. The Neodermata include the most
familiar of obligate flatworm parasites, and the very pres-
ence of a neodermis appears to be inextricably linked at
the physical, biochemical and immunological levels
(TyLer & TYLER, 1997) with host-parasite interactions
that protect and nurture the parasite. Arguably, the neo-
dermis contributes most significantly to the success of the
neodermatan taxa. Nevertheless, many ‘turbellarians’ are
found in close association with other taxa; 200 species
from 35 families live in permanent association with other
animals according to JENNINGS (1971; 1974). A few
groups within this paraphyletic assemblage include flat-
worms that are also exclusively parasitic: members of the

Urastomidae (ROHDE, 1994a), and the Fecampiida
(WiLLIAMS, 1988). Members of the Temnocephalida are
almost exclusively ectocommensals on a variety of hosts,
but predominantly freshwater crustaceans (CANNON &
JOFEE, in press), and appear to be the most modified of
turbellarians for this mode of life. However, among the
remaining turbellarian taxa that include species living in
close association with other animals, few demonstrate
obvious morphological adaptations to a parasitic way of
life, such as the development of attachment organs,
although many show nutritional and respiratory adapta-
tions to parasitism (JENNINGS, 1997). The incidence of
commensalism is high and few higher order taxa of flat-
worms appear to include exclusively free-living species.
One might argue that generally, the phylum demonstrates
a propensity towards parasitism.

Fig. 1 illustrates a selection of six phylogenetic
hypotheses that each has a bearing on our understanding
of parasitism and commensalism in the phylum (see leg-
end for full details). Figs la-e illustrate phylogenies that
are based solely on morphological characters, and Fig. 1f
represents a tree derived from small subunit (SSU) ribo-
somal DNA. EHLERS’ pectinate scheme (EHLERS, 1985a,b)
illustrates the major single evolutionary event that was the
emergence of the Neodermata; Fig. la. His grouping of
the “Dalyellioida” includes many taxa with molluscan,
annelid and crustacean hosts, and its sister-group status to
the Neodermata would indicate a common ancestry that,
based on numbers, has a proclivity for parasitism.
Identification of sister-groups is the basis of phylogenet-
ics, and therefore also the comparative method. Brooks’
scheme, shown in Fig. 1b (BROOKS et al., 1985; BROOKS
& MCLENNAN, 1993), argues for ectoparasitism and an
arthropod host as plesiomorphic conditions for the obli-
gate parasites. Whilst from a strictly parasitological point
of view the move from ecto- to endoparasitism seems
compelling, the evidence uniting temnocephalans as sis-
ter-group to the Neodermata is contentious (ROHDE,
1994b; LITTLEWOOD et al., 1999a; CANNON & JOFFE,
2001). Additionally, both morphological (BOEGER &
KRriTsky, 2001) and molecular data (LITTLEWOOD et al.,

Legend to Fig. 1 (see opposite page)

Phylogenetic trees from various sources illustrating the interre-
lationships of key parasitic platyhelminths, with an indication of
the life-history strategy of constituent taxa and the possible ori-
gins of obligate parasitism; from a. EHLERS (1985a) based on
morphology; b. BROOKS & MCLENNAN (1993) based on mor-
phology, indicating intermediate host use and endo/ecto para-
sitism in/on final host; c. solution based on ROHDE’s initial
matrix argued in LITTLEWOOD et al. (1998); d. the interrelation-
ships of the Revertospermata, argued by KORNAKOVA & JOFFE
(1999); e. solution based on revised matrix of Rohde, argued in
LittLEWOOD et al. (1998); f. maximum parsimony solution of
270 complete SSU rDNA genes, excluding acoelomorphs in
LittLEwooD & OLSON (2001). Symbols indicate the frequency
of commensals and parasites within taxa — see key.
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1998) argue strongly for udonellids as monopistho-
cotylean monogeneans. Brooks’ eloquent interpretations
based on the phylogeny of the ‘cercomerians’ fails at the
point where inferences are drawn on the basis of the posi-
tions of Temnocephalida and Udonellidea as critical
polarising sister taxa, simply because their position is so
poorly supported. Indeed, it is the identity of the sister-
group to the Neodermata that is pivotal to the discussion
of obligate parasitism.

ROHDE’s explicit morphological character matrix, con-
structed for a phylum-wide estimation (in LITTLEWOOD et
al., 1999a), failed to resolve a clear sister-group candidate
to the Neodermata (Fig. 1c), in contrast to his earlier pre-
diction based on a non-cladistic assessment, that the
Fecampiida occupied this position (ROHDE, 1990).
Considering this unresolved, highly polytomous tree, we
may infer that the origin of parasitism is as likely to be at
the radiation of the Rhabditophora as it is to be at the radi-
ation of the Neodermata. Most recently, the examination of
sperm morphology suggested that Urastomidae is the sis-
ter-group to the Neodermata with Fecampiida completing a
clade of obligate parasites, the Revertospermata
(KORNAKOVA & JOFFE, 1999); see Fig. 1d. Fecampiids are
parasites of decapod and isopod crustaceans (JENNINGS,
1971), and urastomids are parasites of molluscs and
teleosts. If members of the Urastomidae and Fecampiida
are truly the closest living relatives of the neodermatans,
then it is not possible to predict the plesiomorphic host phy-
lum of the Revertospermata, although, as all revertosper-
matans are found within their host’s tissues, they would
presumably have been endoparasitic. Given the very differ-
ent nature of parasitism and host identity among members
of Urastomidae and Fecampiida, these large-scale phyloge-
netic assessments suggest that finer phylogenetic resolution
of these taxa would be well worth pursuing, particularly
with a view to tracking the appearance of obligate para-
sitism. Ichthyophaga, unlike other urastomids, is an obli-
gate parasite found embedded in the tissues of teleost fishes
and thereby shares features with the predicted ancestor of
the Neodermata (LITTLEWOOD et al., 1999b).

The inclusion of the ‘revertospermatan’ sperm data into
RoHDE’s morphological matrix yielded a more resolved
tree (LiTTLEWOOD et al., 1999a) suggesting a
Urastomidae+Fecampiida clade as sister-group to the
Neodermata; Fig. le. The wide distribution of parasites
and commensals within the remaining large neoophoran
turbellarian clade once again does not rule out the possi-
bility that parasitism originated at the base of the
Rhabditophora.

Finally, SSU rDNA sequences of 270 taxa
(LittLEwooD & OLSON, 2001) maintain the accepted
interrelationships of the Neodermata, albeit with the
Monogenea paraphyletic (see Example 2 below), with a
distinct but poorly supported sister-group of neoophoran
turbellarians, and notably including highly derived
Fecampiida+Urastomidae. There are few unambiguous
morphological characters that support the major group-

ings of the turbellarians in this molecular tree.
Furthermore, obligate parasitic turbellarian groups are
dispersed throughout the tree, suggesting no fewer than
three distinct origins of obligate parasitism, although
again, from a parsimony principle it is equally likely that
obligate parasitism was the plesiomorphic condition for
the Rhabditophora.

Which scenario is correct? Until the incongruence
between the independently derived molecular and mor-
phological trees can be reconciled, and a morphologically
based matrix can be refined and improved, including
additional information and refinements that reflect the
problems associated with character coding (e.g. FOREY &
KitcHING, 2000), we are left with few well-resolved
clades that reflect the phylogenetic content of independent
data sets. Notably, Brooks’ interpretation of the radiation
of the Neodermata (BROOKS & MCLENNAN, 1993;
LiTTLEWOOD et al., 1999b) holds true as the interrelation-
ships of its constituent groups appear well resolved (but
see Example 2 below). However, the origins of parasitism
throughout the phylum cannot, as yet, be recovered.
Indeed, if it is the case that a large clade of neoophoran
turbellarians is truly the sister-group to the Neodermata,
we will neither be able to predict the plesiomorphic host
nor have much confidence in whether the first parasites
were ecto- or endoparasitic. Nevertheless, the divergence
patterns of the neoophoran turbellarians will still hold a
key to understanding the prevalence and radiation of par-
asitic taxa.

It is generally accepted that once a lineage embarks
upon parasitism as a way of life (certainly endopara-
sitism), there is no going back, and there appear to be few
phylogenies of any taxonomic group that suggest the
adoption of parasitism is a reversible process (see
SipDALL, 1993, and references therein). Even in the
Nematoda, a group that includes many parasites and free-
living species throughout its constituent taxa, interpreta-
tions of phylogenies based on evolutionary parsimony
suggest multiple origins of parasitism rather than second-
ary loss of parasitism (DORRIS et al., 1999). At what point
is the irreversibility set? Presumably, only when a species
is truly an obligate (endo)parasite, of which there are only
a few well-proven examples in the turbellarian flatworms.
Thus, although many of the phylogenies in Fig. 1 suggest
the appearance and disappearance of commensalism and
association with a host on multiple occasions, until finer
phylogenetic resolution of the obligate turbellarian para-
sites is established, we cannot fully resolve the number of
times obligate parasitism has arisen in the phylum, nor
test whether it may be a reversible process.

Example 2. Monogeneans, morphology, molecules and
the question of monophyly

The interrelationships of the Neodermata are well argued
from morphology (EHLERS, 1985b), and preliminary com-
bined morphological and molecular evidence is wholly
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Trematoda

a. T Po Mo C
morphology
b T Po Mo C
SSU rDNA
Trematoda
d T Po Mo C
morphology

e. Mo Po T C

LSU rDNA

Polyopisthocotylea

Monogenea
Polyopisthocotylea

Monopisthocotylea Cestoda

- Speciation (Sp™})

SSU rDNA

Monogenea

Monopisthocotylea Cestoda

- Speciation (Sp™)

LSU rDNA

Fig. 2. — Species and gene trees for the Monogenea. Most morphologically based phylogenies argue for monophyly among the
Monogenea (a, d). SSU rDNA consistently argues for a paraphyletic solution (LITTLEWOOD et al., 1999a; LITTLEWOOD & OLSON, 2001)
with Polyopisthocotylea as basal monogeneans (b). When mapped on to the morphology tree, deep coalescence of the SSU gene prior
to the divergence of monogeneans and cestodes, such that the genes had already split during the stem-lineage of the Monogenea, could
account for incongruence (c). However, LSU rDNA (e) argues for a very different solution to morphology (e) and problems in line-
age sorting are unlikely to account for the incongruence (f). Speciation events (Sp!-3) are discussed in the text.

congruent (LITTLEWOOD et al., 1999a) with the traditional
view (Fig. 2a). Recent morphological data strongly support
the contention that the Monogenea is a monophyletic group
(BOEGER & KRITSKY, in press), but ribosomal DNA consis-
tently supports paraphyly (MOLLARET et al., 1997;
LiTTLEWOOD et al., 1998). Disturbingly, the order of para-
phyly depends on the gene utilised (SSU and LSU offer dif-
ferent results; Fig. 2b,e) and whilst a call for morphological
reassessment is clearly justified (JUSTINE, 1998), in the
absence of additional molecular or morphological evidence

to support paraphyly, the three possibilities (Fig. 2a, b, e)
need to be addressed independently or reconciled. It is
worth noting here that LITTLEWOOD et al. (1999b) incor-
rectly reported that the difference between SSU and LSU
was simply the relative placement of the
Monopisthocotylea and the Polyopisthocotylea (compare
Fig. 2b and 2e); MOLLARET et al.’s (1997) interpretation of
neodermatan interrelationships suggested that Trematoda
and Cestoda were sister-groups.
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a. monophyly

? T Mo PO C | ?2 T

morphology

b. paraphyly

Po Mo C ?

Mo Po T C

or

? - outgroup T - Trematoda Mo - Monopisthocotylea Po - Polyopisthocotylea C - Cestoda
C— endoparasitism msm ectoparasitism

Fig. 3. — Possible origins and evolution of endo- and ectoparasitism in the Neodermata depending on the monophyly/paraphyly of the
Monogenea and interrelationships estimated from a. morphology (e.g. EHLERS, 1985b), and b. molecular data; SSU rDNA (e.g.

LitTLEWOOD et al., 1999a) and LSU rDNA (MOLLARET et al., 1997).

From an evolutionary parsimony perspective where the
number of changes is minimised, a monophyletic
Monogenea suggests that the shift toward ectoparasitism
was a single event, even when we are uncertain of the sis-
ter-group to the Neodermata; Fig. 3a (LITTLEWOOD et al.,
1999b). Paraphyly (Fig. 3b) requires that if endopara-
sitism was the plesiomorphic condition, suggested by
morphology and SSU rDNA (LITTLEWOOD et al., 1999b),
ectoparasitism arose at the base of the Cercomeromorphae
(Cestoda+Monogenea), and along the cestode lineage
endoparasitism was reacquired. However, if ectopara-
sitism was the plesiomorphic condition, suggested by
LSU rDNA, then endoparasitism appeared just once, with
the divergence of the Trematoda and Cestoda. Intuitively,
in the case of paraphyly we might predict that ectopara-
sitism was the more likely plesiomorphic condition for the
Neodermata, unless one considers the neodermis a likely
adaptation to endoparasitism, but it seems highly unlikely
that Trematoda and Cestoda are sister-groups (e.g. see
BycHOwsky, 1937; ROHDE & WATSON, 1995;
LitTLEWOOD et al., 1999b). Furthermore, the monophyly
of the Monogenea remains the favoured solution as nei-
ther paraphyletic tree based on molecular data is particu-
larly well supported at its base, there are a number of
well-argued morphological synapomorphies for the
Monogenea, and paraphyly requires a greater number of
life-style switches, at least for the SSU data. If the gene
trees are a correct estimation of the divergence of SSU
and LSU rDNA, how do we reconcile the morphological
solution? Figs 2c and 2f map each of the gene trees onto
the morphologically based species tree. A number of pos-
sibilities exist for having a gene tree differing from a true
species tree and include gene duplication, problems in
lineage sorting, and horizontal gene transfer (PAGE &
HoLMES, 1998). For the purposes of this discussion we
will not discuss the last and, although ribosomal gene par-
alogy is known with SSU rDNA in triclads (CARRANZA et

al., 1996; CARRANZA et al., 1999), there is currently no
evidence to suggest this has occurred within the
Neodermata. Lineage sorting problems, detected by trac-
ing gene phylogenies back in time, relate to the failure of
gene alleles to coalesce before the time when species
diverge. In the words of SLOWINSKI & PAGE (1999, p.815)
“deep coalescence can produce conflict between a gene
tree and the overlying species tree because there is a win-
dow of opportunity for a sequence from a less related
species to coalesce with one of the descendant sequences
of the deep coalescence”. However, invoking deep coa-
lescence as the basis for gene and species tree discrepan-
cies for the Monogenea is not wholly satisfactory. The
scenario presented for SSU rDNA (Fig. 2c) suggests that
between the second and third speciation events (Sp™ and
Sp™), the SSU genes that evolved within the stem lineage
of the Monogenea have a more ancient coalescence time,
which pre-dates the age of the lineage (see PAGE &
HoLMmEs, 1998 for further examples and rationale), and
whilst this single example remains plausible, the situation
for LSU rDNA appears highly tenuous (Fig. 2f). The sim-
pler, but incorrect, interpretation of LSU-based paraphyly
(Fig. 6b in LITTLEWOOD et al., 1999b) could be explained
by deep coalescence time in a way similar to that pro-
posed in Fig. 2c¢c (with the gene lineages of the
Monopisthocotylea and Polyopisthocotylea transposed).
However, whilst SSU and morphology based trees are
compatible under lineage sorting problems, LSU is com-
patible with neither. LSU and SSU ribosomal genes are
members of the same tandemly repeated chromosomal
arrays and we would expect concerted evolution to at least
provide congruent gene trees (HILLIS & DIxon, 1991).

Another, perhaps more powerful interpretation is that
there must have been a relatively short period between the
monogeneans diverging from the cestodes and when this
stem lineage split into the Monopisthocotylea and
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Polyopisthocotylea. Molecular changes accumulated within
the stem lineage of the Monogenea have either been obliter-
ated through base saturation, or were very few, and cannot be
resolved satisfactorily with either nuclear ribosomal gene
fragment. It remains that morphology suggests that a number
of important morphological changes took place that unite the
Monogenea (for examples see EHLERS, 1985a; LITTLEWOOD
etal., 1999a; BOEGER & KRITSKY, 2001) and existing molec-
ular data are incapable of resolving this stem lineage.

Example 3. Cestodes and the evolution of segmenta-
tion and attachment

Segmentation is a hallmark of the eucestodes and repre-
sents one of the evolutionarily novel means by which the
parasitic neodermatans have achieved their enormous
reproductive capabilities. It is not universally observed
among cestodes, however, and thus the evolution of the
trait within the group can be examined by means of a phy-
logenetic tree derived from other sources of data (e.g. mol-
ecules; Fig. 4). The strobilate (segmented) condition may
be seen as the result of two separate processes: proglottiza-
tion, the serial repetition of the gonads; and segmentation,
the external division of the proglottids into self-contained
compartments that may develop and become fertilized
independently of the parental worm. The evolutionary
advantages of these processes differ; proglottization
increases fecundity, whereas segmentation can allow for
development and fertilization to occur in niches other than
that occupied by the parental worm (e.g. in the external

environment). Evidence for the recognition of strobilation
being the result of two processes rather than one is found in
the peculiar form of the members of the Spathebothriidea,
which exhibit proglottization without external segmenta-
tion. Albeit rare, this condition is also found in higher
eucestodes such as the pseudophyllidean Anantrum tortum
Overstreet 1968, and to a lesser extent, in the nippotaeniids
which show only weak external segmentation. As the clos-
est relatives of the eucestodes (the cestodarian groups
Amphilinidea and Gyrocotylidea) are themselves non-stro-
bilate, it follows that the two non-strobilate eucestode
groups, Caryophyllidea and Spathebothriidea, represent the
ancestral condition and are placed most parsimoniously at
the base of the eucestode tree. The utilisation of
oligochaete, rather than arthropod, intermediate hosts has
also been argued to provide support for a basal position of
the Caryophyllidea (HOBERG et al., 1999); life-histories of
spathebothriideans are as yet unknown (BEVERIDGE, 2001).
Indeed, BURT & JARECKA (1982) went as far as to propose
that the caryophyllidean genus Archigetes, species of which
may obtain reproductive maturity in oligochaetes, repre-
sented the first true tapeworms; however, as the eucestodes
are otherwise universally observed to have at least one
intermediate host and a vertebrate definitive host, it seems
more likely that the life-cycle of Archigetes spp. evolved
through progenesis of a larval stage (MACKIEWICZ, 1982).
Despite such observations, many authors have considered
the lack of segmentation in caryophyllideans and spathe-
bothriideans to be secondarily derived from a strobilate
ancestor, namely the Pseudophyllidea (e.g. FUHRMANN,

Class Cestoda |

Eucestoda (true tapeworms)

| non-strobilate

strobilate |

monofossates

difossates

lower higher
tetrafossates tetrafossates

&
AR

b@fb\&b\\ \\\
490

\\\ \\

L

dddd

Fig. 4. — Interrelationships of the Cestoda based on
results largely consistent between the molecular stud-
ies of LiTTLEWOOD et al. (1999a; 1999b), MARIAUX
(1998), and OLSON & CAIRA (1999) showing ‘grades’
of taxa united by the general structure of their scolices.
Strong support for the interrelationships of especially
the difossate orders has not yet been achieved via
molecular data, but see HOBERG et al. (1997; 2001) for
hypotheses based on morphological characters.
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1931; JoYEUX & BAER, 1961). Thus, only through an inde-
pendently derived phylogeny can the evolution of segmen-
tation be addressed objectively.

Molecular data support a basal position of the non-stro-
bilate cucestodes (MARIAUX, 1998; OLSON & CAIRA,
1999 ; MARIAUX & OLSON, 2001), although the published
results differ in regards to which group appeared first.
MarIAUX’s (1998) analysis supported the more com-
monly hypothesized arrangement inferring strobilation as
a step-wise process evolving from non-proglottized, non-
segmented worms (Caryophyllidea), to proglottized, non-
segmented worms (Spathebothriidea), to the proglottized,
segmented condition (higher eucestodes), consistent with
previous hypotheses as well as recent analyses based on
morphology (HOBERG et al., 1997; HOBERG et al., 2001).
OLSON & CAIRA’s (1999) work supported a basal position
of the Spathebothriidea, whereas the Caryophyllidea was
placed in a clade that implied the group to be secondarily
non-strobilate. Newer analyses (OLSON et al., unpublished
data) involving larger numbers of both exemplar taxa and
sequence data are showing better support for the former
hypothesis (Caryophyllidea (Spathebothriidea(strobilate
eucestodes))).

Another classic example from the cestodes is the evolu-
tion of their holdfast structures. In their most general form,
cestode scolices can be divided among three basic divisions
: monofossate, having only a single part to the scolex; difos-
sate, having a bipartite scolex; or tetrafossate, having four
parts. Fig. 4 shows ‘grades’ based on these divisions. Most
orders readily fit into one of the grades, whereas the scolex
morphology of other groups is more enigmatic. For exam-
ple, members of Haplobothriidea possess four tentacles and
have occasionally been allied with the trypanorhynchs on
this basis (FUHRMANN, 1931). Trypanorhynchs also have
four tentacles, but their tentacular structures differ signifi-
cantly and the scolex of a majority of species is otherwise
typically difossate. Nippotaeniid scolices possess a single
apical sucker thus making them monofossate. Unlike the
other monofossate groups (e.g. Caryophyllidea, Spathe-
bothriidea), however, they are strobilate worms.
Litobothriids are characterized by a scolex that is cruciform
in cross section and differs markedly from the scolex mor-
phologies of other tetrafossate lineages. For groups such as
these, little evidence of their phylogenetic affinities can be
gained from comparison of scolex features.

Many authors have hypothesized a diphyletic evolution
of the cestodes split between difossate and tetrafossate lin-
eages (FuHrMANN, 1931; Euzer, 1959; Euzer, 1974),
whereas others show a step-wise evolutionary pattern start-
ing with the monofossate condition and culminating with
the tetrafossate condition (HOBERG et al., 1997; HOBERG et
al., 2001). Molecular-based results from OLSON & CAIRA
(1999) supported a largely diphyletic pattern whereas
MARIAUX’s results (1998) supported a step-wise pattern;
results of neither study were strictly diphyletic or strictly
bifurcating. Both, however, supported a derived, mono-
phyletic clade of tetrafossate groups that also included the

Litobothriidea and Nippotaeniidea (Fig. 4). Within the
tetrafossate clade was another derived clade uniting the
Cyclophyllidea, Nippotaeniidea, and Tetrabothriidea.
Internal branch lengths and levels of support for the intern-
odes subtending the tetrafossate clade and that of the higher
tetrafossate clade within it were greater than for any other
internode subtending major groupings, with the exception
of that separating the Eucestoda from the cestodarian
orders. From this we can infer that the monofossate condi-
tion seen in the Nippotaeniidea is a reversal to the ple-
siomorphic condition, and that the affinities of the
Litobothriidea are with the Lecanicephalidea, not the
Tetraphyllidea as suggested by the classification of EUZET
(1994). Likewise, the affinities of the Haplobothriidea are
among the difossate group Diphyllobothriidae (Fig. 4)
despite their having four tentacles and an undivided scolex.

Example 4. Digenean phylogenetics and the evolution
of life-history

Digenean trematodes are obligatorily parasitic in inverte-
brate intermediate and vertebrate definitive hosts. A key
aspect of the evolution of parasitism within the group is the
exploitation of different taxa as first intermediate hosts,
namely gastropods, bivalves, scaphopods and a few poly-
chaete annelids. Clearly, present-day associations are the
result of the interaction between the twin processes of coevo-
lution and host-switching but the balance between these two
processes is not understood in any detail. Strict host-parasite
coevolution could be expected to be reflected by distribu-
tions of parasite taxa restricted to closely related molluscs
and, as a corollary, mollusc taxa infected with single parasite
taxa. A credible phylogeny of the Digenea makes it possible
to analyse the significance of present distributions.

To explore these issues we have constructed a database
of life-cycle information for the Digenea. The data is
derived from the compendium of YAMAGUTI (1975) and
subsequent publications. Here we focus on the inferences
that can be drawn by exploring how individual mollusc
taxa are exploited by digeneans and how individual dige-
nean taxa exploit the potential range of first intermediate
hosts. The distributions are mapped on the maximum par-
simony tree inferred from 18S rDNA sequence data
(Fig. 5, for details see CRiBB et al., 2001);

Legend to Fig. 5 (see opposite page)

Fig. 5. — Phylogeny of the Digenea inferred from 18S rDNA show-
ing distribution of life-cycle attributes for selected taxa. Where par-
asite taxa appear twice it is as an indication of putative paraphyly.
A. The class of first intermediate hosts associated with each family:
% Gastropoda, @ Bivalvia, ll Polychaeta. B. Families that infect
hydrobiid gastropods. C. The nearly basal taxon Bivesiculidae,
which infects only cerithiid gastropods. D. Hosts of
Sanguinicolidae: Polychaeta — a. Ampharetidae, b. Serpulidae,
c. Terebellidae ; Bivalvia — d. Veneridae, e. Donacidae, f. Pectenidae,
g. Solemyidae; Gastropoda Prosobranchia — h. Bithyniidae,
i. Hydrobiidae, j. Viviparidae; Gastropoda Pulmonata —
k. Ancylidae, 1. Lymnaeidae, m. Planorbidae. E. — see text.
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A. The distribution of trematodes that use bivalves as
first intermediate hosts (Fig. 5A) shows six entirely sepa-
rate occurrences (members of Allocreadiidae and
Gymnophallidae also use bivalves but these taxa are not
yet incorporated in the phylogenetic analysis). Because all
the other taxa in the analysis use gastropods as first inter-
mediate hosts, this distribution allows the parsimonious
inference that parasitism of bivalves has arisen independ-
ently within the Digenea at least six times, instead of the
other possibilities of being plesiomorphic or suggesting
relationship between the taxa concerned. This observation
also emphasises how frequent and dramatic host-switch-
ing has been in the evolution of the Digenea.

B. The Hydrobiidae is a group of cosmopolitan proso-
branch gastropods found in fresh and brackish water.
Populations of hydrobiids are frequently extraordinarily
dense and heavily infected with trematodes and, as a
result, have been studied extensively. Fifteen families of
trematodes in the present analysis have been reported
from hydrobiids. These are distributed very widely in the
phylogeny of the Digenea (Fig. 5B). Such a distribution
can be interpreted as the result of either extensive coevo-
lution or of extensive host-switching (or of course as a
mixture of both processes). The extent to which these
families are also found in other groups of molluscs
resolves this question. Of the 15 families reported from
hydrobiids, 13 are also known from other gastropod fam-
ilies and 12 from other than the Rissooidea, the super-
family to which the Hydrobiidae belongs. We thus infer
that, although some coevolution may be obscured, in gen-
eral the hydrobiids have become infected through
repeated cases of host-switching which relates in turn to
their “attractiveness” as intermediate hosts.

C. There is extraordinary variation in the host-specificity
shown by families of trematodes. At one extreme the
Bivesiculidae is known only from the prosobranch gastro-
pod family Cerithiidae. The implication of such a distribu-
tion is, presumably, that the evolutionary history of the
parasite family is linked to that of the mollusc family. In the
case of the Bivesiculidae this creates a still unresolved prob-
lem. The basal position of the family (Fig. 5C) suggests that
it may be a relatively ancient taxon (perhaps consistent with
elements of its morphology) but there is nothing particularly
ancient about the Cerithiidae, known definitively from no
earlier than the Upper Cretaceous (HEALY & WELLS, 1998).
It seems certain that the Digenea had undergone its major
radiations well before the Upper Cretaceous so that this
host-parasite distribution is enigmatic.

D. At the other extreme the Sanguinicolidae, the fish
blood flukes, are known from 16 families of first interme-
diate hosts including bivalves, prosobranch and pul-
monate gastropods, and polychaete annelids (Fig. 5D).
Members of Sanguinicolidae have a broad distribution
within fishes (both teleosts and chondrichthyans).
Because the Sanguinicolidae falls within the most basal
group of Digenea, the host distribution of the
Sanguinicolidae is consistent with an ancient coevolution-

ary radiation between these host groups. However, this
hypothesis requires exploration by resolution of phyloge-
netic relationships within the Sanguinicolidae, informa-
tion that is not yet available.

E. Finally we can attempt to use the relationships
inferred from the phylogeny to predict the intermediate
hosts of digeneans for which no first intermediate hosts
are known. For example, the Gyliauchenidae and
Enenteridae, parasites of marine herbivorous fishes, occur
in the clade containing the Lepocreadiidae (Fig. 5E).
Many lepocreadiid cercariae are known, but none are
known for the Gyliauchenidae or Enenteridae. The first
intermediate hosts of lepocreadiids are all gastropods,
Subclass Orthogastropoda, Superorder Caenogastropoda,
Order Sorbeoconcha and include representatives from
four superfamilies (Conoidea, Muricoidea, Naticoidea
and Rissooidea) and nine families. Because the parasite
phylogeny suggests that the Gyliauchenidae and
Enenteridae are families derived from within the
Lepocreadiidae we might predict that the first intermedi-
ate hosts would be from the Sorbeoconcha. Unfortunately
the Sorbeoconcha includes dozens of families so that the
predictive power is limited.

For the understanding of the evolution of the digenean
life-cycle, the phylogeny of the Digenea solves some ques-
tions satisfactorily, leaves others ambiguous, and identifies
whole new areas of inquiry. Most importantly, the prelimi-
nary nature of the gene tree on which these hypotheses are
based must be emphasised (see CRIBB et al., 2001), and our
future efforts are set to address this issue as much as to test
hypotheses of life-history evolution.

CONCLUSION

As with any evolutionary interpretation dependent
upon an estimate of phylogeny, the utility of the approach
relies almost exclusively on the validity of the tree and the
underlying data that it is founded upon. We have shown
that there remain some serious discrepancies between
independent estimates of platyhelminth phylogeny, at a
multitude of taxonomic levels. Such incongruence needs
to be reconciled, as might be possible in some instances of
gene/species tree mismatching, or perhaps more likely,
additional data needs to be gathered. Even in the absence
of conflict we are ever mindful that relatively low nodal
support values (estimates of the strength of the tree) limit
the confidence in our subsequent interpretations.
Nevertheless, with examples from the Cestoda and
Digenea, we have shown that phylogenetics remains the
most profitable key to understanding the evolution of par-
asites and parasitism.
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Patterns in the nervous and muscle systems
in lower flatworms
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ABSTRACT. In order to test the monophyly of the Plathelminthes and the phylogenetic relationships of Acoela
and Nemertodermatida, studies on the neuroanatomy of these groups were performed using anti-serotonin (5-
HT) and anti-FMREF related peptides (FaRPs) immunocytochemistry. The Catenulida + Rhabditophora seem to
be monophyletic. Four synapomorphies are proposed for these taxa. The presence of: 1. a bilobed brain show-
ing 5-HT- and FaRP immunoreactivity. 2. a distinct neuropile, showing 5-HT and FaRP immunoreactivity. 3.
two main nerve cords (MC’s) aligned by 5-HT-immunoreactive (IR) marker neurones, 4. FaRP-immunoreac-
tivity in the stomatogastric nervous system (NS). No synapomorphies were detected between Acoela and other
Plathelminthes. The IR patterns of Acoela are characterised by: 1. The presence of a 5-HT-IR commissural
brain. 2. The presence of clusters of FaRP-IR cells not integrated into a brain of the flatworm type. 3. The
absence of a regular orthogon. 4. The absence of serotoninergic marker neurones along the main nerve cords
(MCs). 5. The absence of a stomatogastric FaRP positive nervous system (NS). No support was obtained for
a taxon Acoelomorpha. Our data are compatible with the hypothesis that both the Acoela and the
Nemertodermatida do not belong to the Plathelminthes.

KEY WORDS: neurons, muscles, phylogeny, Platyhelminthes.

INTRODUCTION

In the paper “Is the Turbellaria polyphyletic?” SMITH et
al. (1986), were the first to question the monophyly of the
Plathelminthes. They pointed out that no synapomorphies
were actually known between Catenulida, Acoelomorpha
and Rhabditophora. The question of the monophyly of the
Plathelminthes still remains open. The Plathelminthes,
and particularly the Acoela have been in focus in recent
molecular studies (see Ruiz-TrRILLO et al, 1999;
LiTTLEWOOD et al., 1999 BERNEY et al., 2000). Traditio-
nally, the Nemertodermatida and the Acoela have been
classified as sister groups within the Acoelomorpha
(EHLERS, 1985). In recent molecular investigations this
position has been questioned.

In the discussion of the phylogenetic position, the
organisation of the nervous system (NS) has been used as
one of the discriminating criteria (see REUTER et al.,
2001). The application of immunocytochemical (ICC)
techniques has proven reliable for studies of flatworm
neuroanatomy (see REUTER & GUSTAFSSON, 1995).

Corresponding author: M. Reuter, e-mail : mreuter@ra.abo.fi

Particularly informative results have been obtained using
antibodies raised against serotonin (5-HT) and FMRF
related peptides (FaRPs). By combining phalloidin stain-
ing for F-actin and ICC staining of neuroactive sub-
stances, it is possible to study the spatial interrelationships
between muscles and nerves.

Here data of the 5-HT and FaRP immunoreactivity pat-
terns in the taxa Macrostomida and Catenulida are
reviewed (WIKGREN & REUTER, 1985; REUTER &
GUSTAFSSON, 1995). Thereafter, recent data on the 5-HT
and FaRP immunoreactivity patterns in the taxa Acoela
and Nemertodermatida are presented (RAIKOVA et al.,
1998, 2000, 2001; REUTER et al., 1998, 2001). Further-
more, new data concerning the spatial relationship
between muscles and nerves in all above-mentioned taxa
are presented. Finally, the phylogenetic implications of
the data are discussed.

MATERIAL AND METHODS
Species

Specimens of 1. Stenostomum leucops Dugés, 1828
(Catenulida) were collected from a stock culture main-



48 Maria Reuter, Olga I. Raikova and Margaretha K.S. Gustafsson

tained in containers with tap water, 2. Macrostomum lin-
eare Miiller, 1774 (Macrostomida) were collected from
brackish water at Stortervo, Pargas (SW Finland), 3. the
Acoela: Anaperus biaculeatus Boguta, 1970, Childia
groenlandica Levinsen, 1879, were collected in the vicin-
ity of the White Sea Biological station at Cape Kartesh
(Russia), Faerlea glomerata Westblad, 1945 and
Paraphanostomum crassum Westblad, 1942 from the
vicinity of Kristineberg Biological station (West coast of
Sweden), and specimens of Avagina incola Leiper, 1902
were obtained from the gut of the sea urchin Spatangus
purpureus O.F. Miiller, 1776 in the vicinity of Bergen,
(Norway). 4. the Nemertodermatida: Nemertoderma
westbladi Steinbock, 1938 were collected in the vicinity
of Kristineberg Marine Research Station (West coast of
Sweden) and Meara stichopi Westblad, 1949 obtained
from the intestine of the holothurian Stichopus tremulus
Gunnerus, 1767 at Raunefjord near Bergen (Norway).

Immunocytochemistry

For details of the method see KRESHCHENKO et al. 1999
and REUTER et al. 2001.

The specimens were fixed in Stefanini’s fixative (2%
paraformaldehyde and 15% picric acid in 0.1 M Na-phos-
phate buffer) at pH 7.6, stored for several weeks in fixative
at 4°C, and rinsed for 24-48h in 0.1 M Na-phosphate
buffer (pH 7.6) containing 10-20% sucrose. The worms
were either handled as whole mounts on poly-L-lysine
coated glass slides or embedded in Tissue Tec and sec-
tioned at 10-20pum on a Bright cryostat. Immunostaining
was performed according to the indirect immunofluores-
cence method. The concentrations for the primary antibod-
ies were 1:500. Incubations were performed for 36-48h
either with a mixture of goat anti-5-HT (INCSTAR) and
rabbit anti-FMRF (INCSTAR) or with a mixture of rabbit
anti-5-HT (INCSTAR) and guinea pig antiserum against
the native flatworm neuropeptide GYIRF (Bdelloura can-
dida) (Johnstone et al., 1995). Thereafter the incubations
were rinsed 3x5 min in PBS-T, followed by consecutive
incubations with TRITC- or FITC-labelled secondary anti-
bodies (from DAKO and Cappel).

Phalloidin staining of musculature

Whole mounts or cryosections were stained with
TRITC-conjugated phalloidin (Sigma) (1:2000) for
20 min to 2h at 4°C. The phalloidin staining was per-
formed on the same whole mounts or cryosections that
had been stained with a-SHT and a-FaRPs, studied in the
confocal microscope and photographed.

Microscopy and computer processing of immunocyto-
chemistry micrographs

The preparations were examined in a Leitz Orthoplan
microscope combined with filter blocks 12 and N2. A con-

focal scanning laser microscope (CSLM: Leica TCS 4D)
was used to visualise the details of the nervous system.

Files obtained from CSLM were processed with Adobe
Photoshop 4.0. Only commands “mode RGB-Grayscale”,
level of “grey”, “brightness” and “contrast” were used, to
avoid any distortion of the information contents of the
image.

RESULTS
Catenulida

In Stenostomum leucops, 1CC staining with anti-5-HT
and anti-FaRP reveals a bilobed brain with a fibrillar neu-
ropile. Frontally, lateral lobes emerge from the brain
sensu stricto. The lobes innervate sensory pits, which are
connected by transverse muscles (Fig. 1A). 5-HT and
FaRP immunoreactivity occur in separate sets of neurones
(WIKGREN & REUTER 1985). FaRP immunoreactivity
dominates in the ventral cords. 5-HT immunoreactivity
occurs in all nerve cords and in the nerve plexus close to
the body surface. The two main nerve cords (MC’s) are
aligned by serotoninergic marker neurons. Only FaRP
positive cells and nerves are seen in the stomatogastric NS
and they dominate in the ventral cords. By the use of con-
focal scanning laser microscopy (CSLM) and phalloidin
staining of F-actin, we can show that FaRP positive
nerves innervate the pharynx (Fig. 1 B) and extend to the
muscles connecting the sensory pits (Fig. 1A).

Macrostomida

In Microstomum lineare, the 5-HT and FaRP
immunoreactivity patterns are similar to those in other
Rhabditophora. The peptidergic and aminergic cells sur-
round the neuropile composed of a tangled mass of nerve
fibres. Serotoninergic marker neurones are aligned along
the MC’s. An orthogon and nerve nets close to the body
surface are observed (see REUTER & GUSTAFSSON, 1995).
FaRP immunoreactivity characterises the stomatogastric
NS. Combined staining for F-actin, FaRP and 5-HT
immunoreactivity reveals the spatial relationship of neu-
ronal substances and muscle layers. FaRP immunoreac-
tivity occurs in the nerve net around the gut musculature
(Figs 1 C-E). FaRP positive cells join the pharyngeal
nerve ring and fibres cling to the pharyngeal muscles (Fig.
1 F). In contrast 5-HT immunoreactivity occurs in the
subepidermal and submuscular nerve nets of the body
wall (REUTER et al., 1995). The difference in distribution
patterns is shown in a sagittal section (Fig. 1 G).

Acoela

The immunoreactivity patterns for 5-HT and FaRPs in
eight species of Acoela have recently been studied
(RAIKOVA et al., 1998 ; REUTER et al., 1998; 2001).
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FaRP-IR & F-actin FaRP-IR & F-actin

Fig. 1 A-B. — Stenostomum leucops, A. Brain and frontal lobes, FMRF-IR (green) in neuropile (np) and in sensory cells in sensory pit
(short arrow), phalloidin stained F-actin (red) in transverse muscle fibres (long arrow) between frontal lobes B. FaRP-IR in pharyn-
geal nervous system (PhN) spatially related to phalloidin stained F-actin in pharyngeal muscles.

Fig. 1. C-G. — Microstomum lineare. C-E. Optical sections from three different body levels showing FaRP-IR nerve net (GN) adjoin-
ing phalloidin stained F-actin of gut musculature, main longitudinal nerve cord (MC), division zone (DZ). F. FaRP-IR in pharyngeal
nervous system (PhN) and gut nerves (GN) in contact with phalloidin stained F-actin in muscles. G. Sagittal section showing FaRP-
IR in gut nerve net (GN) and 5-HT-IR in nerve plexus (Npl) of body wall.
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5-HT-IR pattern. 4-5 pairs of serotoninergic longitudi-
nal nerve cords form a symmetrical anterior structure
composed of nerve fibres, associated with a few cell bod-
ies - a commissural brain. The longitudinal nerves do not
form a regular orthogon. 5-HT IR occurs in an irregular
network of subepidermal fibres. In addition, submuscular
fibres were observed innervating reproductive structures
(RaIkOVA et al., 1998). The shape of the brain displays
variations in organisation (see WESTBLAD, 1948).
According to him a development from a ring-shaped brain
to a bridge-shaped brain can be followed. Three terms —

barrel-, rosette and bridge-shaped — are proposed for the
acoelan brain by REUTER et al. (2000).

The barrel-shaped brain, represented by Faerlea glom-
erata, is characterised by 5-HT-IR longitudinal nerve
cords, forming the ribs of the barrel, and transverse fibres,
connecting the longitudinal cords and representing the
barrel hoops (Figs 2 A, E). The dorsal fibres are stronger
than those on the ventral side. All fibres are located close
to the body surface. No contact between the 5-HT-IR
fibres and the statocyst, lying deep in the parenchyma,
was observed. This shape corresponds to the ring-shape of

Figs. 2 A-J. — Patterns of 5-HT-IR in commissural brain of four acoels; A, E. Faerlea glomerata, B., F. Childia groenlandica, C., H.
Avagina incola, D., J. Paraphanostoma crassum. Transverse brain commissures (c1, c2, c3, c4, tc), dorsal nerve cords (dc), ventro-
lateral nerve cords (vlc), lateral nerve cords (Ic), ventral nerve cords (vc), cell cluster (cl), statocyst (s). In G. phalloidin stained mus-
cles (m) close to the cell cluster and 5-HT-IR in brain loops and lateral nerve cord (Ic) in optical section of P. crassum.

Figs. 2. K-N. — FaRP-IR patterns in acoels. K., L. Avagina incola, M.,N. Paraphanostoma crassum. FaRP-IR cell clusters (cl).
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WESTBLAD (1948). We prefer the term barrel-shape,
because the transverse fibres are clearly weaker than the
longitudinal (REUTER et al., 2000).

The rosette-shaped brain, represented by Childia
groenlandica, is characterised by 5-HT-IR anterior loops,
joining a common transverse commissure on the dorsal
side. In C. groenlandica, the loops are large and loosely
connected (Figs 2 B, F). When the loops are small and
concentrated a bridge-like construction is formed as in
Avagina incola (Figs 2 C, H).

In the bridge-shaped brain of Paraphanostoma cras-
sum (Figs 2 D,G, J) a strongly stained dorsal transverse
commissure gives rise to a semi-circle around the stato-
cyst. The construction of the brain and the close associa-
tion between the nerves and the statocyst indicate a
distinct evolutionary development from a superficial cen-
tralisation of neurons close to the body surface leading to
a true cephalisation.

FaRP-IR pattern. In all the acoels studied the pep-
tidergic patterns differ considerably from the serotoniner-
gic patterns. Symmetrical clusters of cells located
peripherally to the 5-HT-IR commissural brain were
revealed in all acoels excluding F. glomerata, in which no
reaction was obtained (see REUTER et al. 2000). By using
antibodies against the native flatworm neuropeptide
GYIRFamide, nerve fibres around the cell clusters in 4.
incola and P. crassum were visualised (Figs 2 K-N).
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Double-staining with 5-HT and FaRP antibodies show,
that the FaRP-IR cell groups are located peripherally to
the 5-HT-IR commissural brain.

Nemertodermatida

So far only two species of Nemertodermatida, Meara
stichopi and Nemertoderma westbladi, have been studied
with ICC technique in order to compare their neu-
roanatomy to that of the Acoela (RAIKOVA et al., 2001).
The results revealed a surprisingly different pattern
between the acoels and the two nemertodermatid species,
but also between the last mentioned species themselves.
In M. stichopi two 5-HT-IR cells occur close to the stato-
cyst. From the cells, symmetrical parenchymal bundles of
loosely packed nerve fibres extend posteriorly. A superfi-
cial nerve plexus also occurs (Figs 3 A-D). In N. west-
bladi, two basiepthelial 5-HT-IR fibre rings send
numerous fine fibres in both posterior and anterior direc-
tions. Some of the fibres to the statocyst lie deeper in the
parenchyma (Figs 3 E, G). Double-staining with phal-
loidin for F-actin, clearly shows the basiepithelial position
of the nerve ring, outside the body muscles (Fig. 3 F). In
M. stichopi, the peptidergic pattern corresponds in general
to the serotoninergic pattern (Fig. 3 C). In N. westbladi,
FaRP immunostaining occasionally revealed fibres at the
same level as the serotoninergic nerve rings (Fig. 3 G).

Figs. 3. A-D. — Meara stichopi. A-B. 5-HT-IR patterns, C. FaRP-IR pattern, D. schematic drawing of 5-HT-IR pattern, bundle of nerve
fibres (fb), transverse commissure (c). nerve net (nn), note two frontal nerve cells (arrow) in D.

Figs. 3. E-G. — Nemertoderma westbladi. E. 5S-HT-IR showing basi-epithelial nerve ring (Nr) located peripherally to the phalloidin
stained muscle layer (m). F. 5-HT-IR in two “brain rings” sending nerve fibres posteriorly (pf). G. Schematic drawing, anterior nerve
ring (ar), posterior nerve ring (pr), nerve fibres running anteriorly (af) and posteriorly (pf), statocyst (s).
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PHYLOGENETIC IMPLICATIONS
Stomatogastric NS

The peptidergic innervation of the stomatogastric NS in
Rhabditophora has been described repeatedly (see
REUTER & HALTON, 2001, MAIR et al., 1996). The pres-
ence of a peptidergic innervation of the stomatogastric NS
in Catenulida (WIKGREN & REUTER, 1985, REUTER et al.,
1995) and Rhabditophora, points to a synapomorphy for
these taxa. The lack of FaRP immunoreactivity in the cen-
tral parenchyma of Acoela can be explained either as a
reduction of the NS in Acoela, lacking a gut, or alterna-
tively as a plesiomorphy. The latter seems more likely,
taking into account the basal position of the Acoela in the
phylogenetic tree of the Bilateria (see Ruiz-TRILLO et al.,
1999). In the nemertodermatid N. westbladi, which has an
epithelial gut, the absence of FaRP immunoreactivity
indicates that the lack of gut innervation represents a ple-
siomorphy. 5-HT immunoreactivity occurs in the pharynx
in all flatworm taxa except Catenulida and Acoelomorpha
and thus forms an apomorphy for the Rhabditophora.

Innervation of musculature

Regarding Macrostomida and all other Rhabditophora, as
well as the Acoela and the Nemertodermatida, the fine
meshed 5-HT-IR nerve plexuses at the body wall — the
subepidermal close to the roots of the cilia and the submus-
cular close to the body wall musculature (REUTER et al.,
1995; LADURNER et al., 1997) — may be plesiomorphic. In
Anaperus tvaerminensis Luther, 1912, EHLERS (1994)
described submuscular neurones enveloped by longitudinal
muscle cells. A similar close association between 5-HT-IR
nerves and longitudinal muscle fibres was observed in A.
biaculeatus. A double nerve/muscle function of the muscles
radiating from the wall of the statocyst in “Paraphanostoma
Arten” was suggested by WESTBLAD (1948). In our studies,
no 5-HT-IR fibres were observed reaching the strong mus-
cles around the statocyst in F glomerata. Thus some other
neuronal signal substances probably innervate the strong
muscles radiating from the statocyst wall. The functional
aspect of the spatial relationship between muscles and nerves
needs further research.

Synapomorphies for Catenulida and Rhabditophora

In the following respects the immunoreactivity patterns
of Catenulida correspond to those observed in
Rhabditophora.

1. The bilobed brain is composed of 5-HT- and FaRP-IR
cells

2. The neuropile is distinct, showing both 5-HT and FaRP
immunoreactivity

3. The MC’s are aligned by 5-HT-IR marker neurones

4. FaRP-IR occurs in the stomatogastric NS

These features can be regarded as synapomorphies for
Catenulida and Rhabditophora.

Acoela vs Plathelminthes ; no synapomorphies

Acoela differs from other Plathelminthes by:

1. The presence of a structure named the commissural
brain, showing anti-5-HT immunoreactivity, but showing
no resemblance to the bilobed brain structure in Plathel-
minthes, with its nerve cells surrounding a neuropile.

2. The presence of clusters of peptidergic FaRP positive
cells, that are not integrated into a brain of the common
flatworm type.

3. The absence of a regular orthogon. Only longitudinal
nerve cords, connected by irregular nerve fibres form-
ing subepidermal and submuscular nerve plexuses,
were observed.

4. The absence of serotoninergic marker neurones along
the MC'’s.

5. The absence of a stomatogastric FaRP positive NS.

Thus no synapomorphies were found in the organisa-
tion of the NS of Acoela and Plathelminthes (RAIKOVA et
al., 1998; REUTER et al., 2000).

No support for the taxon Acoelomorpha

As to the Nemertodermatida, the presumed sister taxon
of the Acoela (see LUNDIN, 1997 for discussion), our stud-
ies concerning the organisation of the NS revealed no
synapomorphies either with that of the Acoela (Ralkova
et al.,, 2000 a) or with that of the Rhabditophora. The
basiepithelial position of the NS, the very simple con-
struction of the neuronal centralisation in the frontal end
of N. westbladi and the absence of any anterior centrali-
sation in Meara stichopi, indicate a more primitive nature
of the NS in the Nemertodermatida than in the Acoela.
However, here further research is needed.

CONCLUSIONS

SMITH et al. (1986) presented five possible cladograms
(A-E) for the taxon Plathelminthes. The results of our
studies support cladogram B, i.e. that the group
Catenulida + Rhabditophora is monophyletic. As to the
position of taxon Acoela, recent molecular studies place it
separately from flatworms (see Ruiz-TRILLO et al., 1999;
LitTLEWOOD et al., 1999). Our results support this view.
However, according to BERNEY et al. (2000) the Acoela
belong to the Plathelminthes. The position of the
Nemertodermatida also seems basal, though no support
was found for taxon Acoelomorpha
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SHORT NOTE

Genetic diversity of Japanese Dugesiidae (Platyhel-
minthes, Tricladida, Paludicola) studied by comparisons

of partial 18S rDNA
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The specimens used in this study were collected from
seven localities in Japan (Tablel). The total DNA prepared
from 14 living specimens was extracted according to pro-
cedures described in DE Vos & DICK (1). To isolate partial
18S rDNA, Polymerase Chain Reaction (PCR) was used
with two primers (5’-TACTGTTGATCCTGCCAGTA-3’
AND 5’-ATTACCGCGGCTGCTGGCACC-3’, (2)).
Amplified DNA fragments were purified with Wizard PCR
Preps DNA Purification System (Promega), and were
cloned in the pGEM-T Vector (Promega). Positive clones
were confirmed with a colony PCR method. The purified
PCR fragments were sequenced by the dideoxynucleotide

TABLE 1

Japanese Dugesiidae sampled for this study

Species Number Number  Locality
of specimens of clones
D. japonica 2 8 Hirosaki,
Aomori Pref.
1 4 Hashikami,
Aomori Pref.
1 2 Asahikawa,
Hokkaido
2 2 Iruma River,
Gifu Pref. ©
Dugesia sp. 4 9 Narutani River,
Mie Pref.
D. ryukyuensis 2 2 Chinen Village,
Okinawa Pref. @
D. tigrina 2 4 Nagoya,
Aichi Pref. ®

() GI strain established by Himeji Institute of Technology.

@ OH strain established by Hirosaki University.

® from laboratory culture in Nagoya University. Details in
KAwAaKATSU et al. (1985).

Corresponding author: W. Yoshida, e-mail : wataruy@cc.hirosaki-u.ac.jp

termination method with a HITACHI SQ-5500 sequencer
using the Texas Red labelled M 13 primers.

The partial 18S rDNA sequence data are shown in
Fig. 1. The sequence of Dugesia japonica was consistent
with all clones from three localities (Hirosaki, Hashikami
and Asahikawa). In the specimens collected from Gifu,
the sequences of two clones, from two specimens, were
different, but another was identical to those found in the
other localities. Two types of partial 18S rDNA (D. tigrina
1 and D. tigrina 2) were also isolated from D. tigrina col-
lected in Nagoya (3). The phenomenon has been reported
from other populations of D. tigrina (4). Among the
clones of Dugesia sp. from Mie we recognized five dis-
tinct sequences (Dugesia sp.M1-M5); clones M1 and M2
share 99.4% of sequence identity, the highest among the
sequences that were compared among the Dugesiidae
characterized here.

To investigate the phylogeny of Japanese Dugesiidae
we reconstructed a phylogenetic tree using neighbour
joining method as implemented in PHYLIP program ver-
sion 3.5¢ (5). Fig. 2 illustrates the phylogenetic tree and
the bootstrap values at all nodes. We suggested that M1
and M2 clones belong to type II 18S rDNA, M5 belongs
to type I because it corresponds to the type I sequence of
D. japonica from Gifu, and M3 and M4 perhaps belong to
Type II. Of those specimens collected from the Mie pop-
ulation, the frequency of clone types is as follows, (clone
type: number): (M1:3), (M2:2), (M1+M5:1), (M3+M4:
1). In Dugesia ryukyuensis, only type II of 18S rDNA
sequence could be isolated.

KarayAMA et al. and CARRANZA et al. have already
reported the 18S rDNA sequences of Dugesia japonica (6,
7). We compared these sequences with our data. The
alignments show that our sequences were different from
the sequences and we believe this is due possibly to dif-
ferences in sequencing method and/or genetic variation.
The direct sequencing method is not appropriate for
Dugesiidae because many species of Dugesia have two
types of 18S rDNA (4, 8). We detected genetic diversity
among Dugesia sp. from Mie and D. japonica from the
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Fig. 1. — Alignment of nine sequences of partial 18S rDNA from Japanese Dugesiidae species. Dots indicate iden-
tity with the sequence of D. japonica. Dashes indicate deletions.

Phagocata ullala

Palycelis nigra

IEI:D.W1

=5 Girardia tigrina TI

100 | Girardia tigrina T
D. tigrina 2
20 — Dugesia sp. M4
— Dugesia sp. M3
D . .
Dugesia sp.M1
Dugesia sp. M2
2 Dugesia subtentaculata TII
100 [ D. ryukyuensis T
L b. ryukyuensis
100 [ Dugesia polychroa TII
L Schmidtea mediterranea TII
Dugesia sp. M5
Cura pinguis TI

j_E Dugesia polychroa Tl
Schmidtea mediterranea Tl

Fig. 2. — The neighbour joining tree for Japanese Dugesiidae and other Dugesiidae from the 18S rDNA sequences.
The sequences in bold face were determined by this study and the other sequences have been deposited in
GenBank (TI : typel, TII : typell). The sequences of Phagocata ullala and Polycelis nigra were used as out-
groups. Bootstrap support (% ; n=1000) indicated above the nodes. The scale means that line length equalizes to
0.02 genetic distance calculated by kimura’s formula.
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northern region of Japan that appears to be geographical
intraspecific or interspecific variation.

In the Dugesia sp. population of Mie there are probably
two types of 18S rDNA and at least two variants, but
among D. japonica of the northern populations we
detected only one type.
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ABSTRACTS

Nemertodermatida, a basal bilaterian group
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The taxon Nemertodermatida was originally classified within the Acoela, but was later separated from the acoels on
account of their distinct intestinal lumen. More recently Nemertodermatida was hypothesised as the sister group of the
Acoela in the taxon Acoelomorpha owing to similarities in epidermal ciliary systems in the two groups. However, in the
first analyses of ribosomal DNA the nemertodermatid Nemertinoides elongatus grouped with members of the
Rhabditophora and not with acoels.

We sequenced 18S rDNA from four Nemertodermatida and used parsimony analysis and parsimony jack-knifing of
nucleotide and nucleotide triplet sequences to generate a hypothesis of the phylogeny of the Nemertodermatida. A sec-
ondary structure alignment and five multiple alignments with different gap opening penalties (Clustal W) were evaluated,
all yielding similar results. The Nemertodermatida group basally in the bilaterian clade separate from the Acoela in our
most parsimonious trees. The same results were obtained when the data set was analysed with maximum likelihood meth-
ods.

Branch support is low for the basal clades of the Bilateria in 18S rDNA. When Acoela were excluded from the data
set, there was jack-knife support for the Nemertodermatida as the basal bilaterian clade. When the Nemertodermatida
were excluded and Acoela left in the dataset, the Acoela was supported as the sister group of other bilaterians. With both
Acoela and Nemertodermatida present, support for a basal bilaterian clade was absent.

The sequence labelled Nemertinoides elongatus (Genbank Acc no U70083) grouped with Rhabditophora (separately
from the Nemertodermatida) also in our analyses. This indicates that the sequence is derived not from a member of the
Nemertodermatida, but from a species of the Rhabditophora.

Results can be found in

Ruiz-TriLLo, I., M. RiutorT, D.T.J. LITTLEWOOD, E.A. HERNIOU & J. BAGUNA (1999) Acoel flatworms: earliest extant bilaterian meta-
zoans, not members of Platyhelminthes. Science, 283: 1919-1923.

The development of Neochildia fusca supports the position of the acoels
as basal bilaterians

Barbara C. Boyer, Jonathan Q. Henry and Mark Q. Martindale

The Marine Biological Laboratory, Woods Hole, MA, USA

The phylogenetic position of the acoel flatworms has long been controversial. They have traditionally been placed
within the Platyhelminthes, either at the base of the metazoan tree or in the Lophotrochozoa. However, recent evidence
suggests that they belong in a separate phylum of basal, direct-developing triploblastic metazoans (Science 283: 1919-
1923). Acoel embryos exhibit a unique form of development that previously has been related to that found in polyclad
turbellarians and coelomate spiralians, which display typical quartet spiral cleavage. Because developmental character-
istics can provide evidence of relationships among metazoan groups, we used modern lineage tracers to generate the cell
lineage of the acoel Neochildia fusca. Cleavage occurs in a duet pattern in which the second cleavage plane is leiotrop-
ically oblique relative to the animal vegetal axis. At the four-cell stage, the plane of first cleavage corresponds to the plane
of bilateral symmetry, and subsequent cleavages are symmetrical across the sagittal plane. The first three micromere
duets generate only ectodermal derivatives; there is no ectomesoderm. Both third duet macromeres produce the endome-
soderm, including the complex musculature, as well as the peripheral and central parenchymas. The cleavage pattern, cell
lineage, and mesodermal origins of N. fusca share little similarity with those of other metazoans, including the quartet-
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cleaving Platyhelminthes such as the polyclads. If acoels flatworms belong to the lophotrochozoan clade, their develop-
ment appears to represent a degenerate condition related to the abandonment of larval development.

Alternatively, however, we suggest that the acoel developmental program may be related to that of ancestral bilateri-
ans, which were represented by small direct-developing, acoelomate animals exhibiting a form of bilateral (or biradial)
cleavage, with mesodermal tissues arising solely from endodermal lineages.

Results can be found in

BoYER, B.C., J.Q. HENRY & M.Q. MARTINDALE (1996). Modified spiral cleavage: The duet pattern and early blastomere fates in the
acoel turbellarian Neochildia fusca. Biol. Bull., 191: 285-286.

HENRY, J.Q., M.Q. MARTINDALE & B.C. BOYER (2000). The unique developmental program of the acoel flatworm Neochildia fusca.
Dev. Biol., 220: 285-295.

Molecular markers for taxonomic identification and phylogeny of
species of the genus Dugesia in the western Mediterranean

Jaume Baguiia, Salvador Carranza and Marta Riutort

Departament de Genética, Facultat de Biologia, Universitat de Barcelona, Diagonal 645, 08028 Barcelona, Spain.

The genus Dugesia (Gérard, 1850) comprises up to 70 described species, formerly included within the so-called
species group or species complex Dugesia gonocephala sensu lato (s.1.), widely distributed in Africa and the Paleartic
and Oriental regions. In the western Mediterranean, eight species of Dugesia have so far been reported. In this area, how-
ever, fissiparous populations clearly outnumber conspecific sexual populations. Because in Dugesia most species (the
exceptions being Dugesia hepta and Dugesia sicula) have karyotypes that are a multiple of a basic haploid number of
eight with almost identical karyograms, and because polyploidies, aneuploidies and the presence of B-chromosomes have
been frequently reported, karyotypic analyses are of little help to assign fissiparous populations to their sexual counter-
parts. In addition the phylogenetic relationships between these species are still far from clear.

Here, we review the recent application of molecular markers that identify species or groups of species and that lead to
a tentative new phylogeny for the species studied. In particular, we discuss results using sequences of the internal tran-
scribed spacer region (ITS-1) of ribosomal DNA, the presence/absence of a family of long interspersed repeated elements
(Del) first isolated in Dugesia etrusca (BATISTONI et al, 1999) and restriction pattern analysis of TDNA (BATISTONI et al,
1999). Main results were: 1) ITS-1 sequences and Del contribute useful qualitative markers to identify single species or
groups of species; 2) distance and parsimony analyses drawn from ITS-1 sequences show two main phylogenetic assem-
blages within the species studied, with a good internal resolution; and 3) all asexual populations were unambiguously
assigned to particular sexual species.

These results show the usefulness of a molecular approach to taxonomy and phylogeny and the need to make congru-
ent morphologically-based and molecularly-based taxonomies and phylogenies.

Results can be found in

BAGURNA, J., S. CARRANZA, M. PALA, C. RIBERA, G. GIRIBET, M.A. ARNEDO, M. RiBAS & M. RIUTORT (1999). From morphology and
karyology to molecules. New methods for taxonomical identification of asexual populations of freshwater planarians. A tribute to
Professor Mario Benazzi. Ital. J. Zool., 66: 207-214.

Batiston, R., L. Rossi, A. SALVETTI & P. DERI (1999). A molecular cytogenetic comparison of planarians from the ‘Dugesia gono-
cephala group’ (Platyhelminthes, Tricladida). ltal. J. Zool., 66: 239-244.
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Analysis of alkaline phosphatase expression during embryo-
genesis of Pseudostylochus intermedius (Platyhelminthes

Polycladida)

Keisuke Shojima'-2, Kuniko Yukita! and Sachiko Ishida'

I Department of Biofunctional Science, Faculty of Agriculture and Life Science, Hirosaki University, Hirosaki 036-8561, Japan
2 Department of Zoology, Graduate School of Science, Kyoto University, Kyoto 606-8502, Japan

The Platyhelminthes have traditionally been considered
to be extant representatives of the ancestral triploblastic
animals and thus are an important group in studies of phy-
logeny and germ layer differentiation during develop-
ment. Both direct and indirect polyclad developments
characterize different species of polyclad turbellarian
platyhelminths. The cell lineage of the indirect-develop-
ing polyclad Hoploplana inquilina has been traced using
fluorescent markers by BoYEer et al. (1, 2). However,
direct-developing polyclad embryos have been examined
only by observation of living material (3, 4).

The presence of alkaline phosphatase (ALP) as an
endoderm-specific marker has been observed during
embryogenesis of a number of invertebrates, including
ascidians, sea urchins, and starfish (5, 6, 7). The purpose
of this study was to characterize ALP expression as a
marker of endodermal differentiation in the direct-devel-
oping polyclad Pseudostylochus intermedius Kato, 1939.

Adult worms were collected in the Natsudomari
Peninsula, Aomori Prefecture. Fertilized eggs were
obtained by poking the receptaculum seminis of starved
mature worms with a needle. The eggs measured approx-
imately 150 pm and developed to juveniles in about three
weeks at room temperature. ALP expression was detected
using the method of WITTAKER & MEEDEL (8) with some
modifications.

ALP expression was observed in the periphery of the
nuclei from the fertilized egg to the 4-cell stage. From the
8-cell stage, when the spiral cleavage pattern is first
clearly detectable, to the formation of the mesentoblast,
ALP is ubiquitously expressed in the micromere. This
suggests that maternal alkaline phosphatase may be active
in the micromeres at this time. During gastrulation ALP
expression in the micromeres disappears but is detected
strongly in two groups of cells bilaterally situated
between the ectoderm and the yolk mass. This expression
may be the initiation of zygotic ALP expression. After

Corresponding author: S. Ishida, e-mail: sachikoi@cc.hirosaki-u.ac.jp

gastrulation, only the bilateral, strong expression can be
seen in the embryo (Fig. 1A). In the small yolk mass
stage, the bilateral staining has extended toward the ani-
mal pole and expression also appears in the dividing
endodermal cells in the centre of the embryo (Fig.1 B). At
the two eye-spot stage, ALP expression is seen in the
developing intestines and in the pharynx, as well as in the
bilateral regions first observed during gastrulation (Fig.
1C). In the juvenile, expression is obviously observed in
the intestine, pharynx and protonephridia (Fig. 1D). Thus,
polyclad embryos also exhibit endoderm-specific ALP.

> e
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Fig. 1. — ALP expression during embryogenesis of P. inter-
medius.

(A) Bilateral, strong expression after gastrulation. (B) Small yolk
mass stage. Expression also appears in the dividing endodermal
cells in the centre of the embryo. (C) Two eye-spot stage.
Expression is also observed in the developing intestines and in the
pharynx. (D) Juvenile. Expression is seen in the intestine, pharynx
and protonephridia. Arrowheads in A and B are expression in two
groups of cells. Arrow in B indicates the dividing endodermal cell
mass. A and B, dorsal view. C and D, ventral view.
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ALP expression in P. intermedius is interesting in that it is
not confined to the endodermal tissue. The Gomori-Clark
staining method indicates that the adults have flame cells that
correspond in position to the bilateral regions of ALP expres-
sion in the embryo. Furthermore, the typical flame cell was
observed at these regions with a transmission electron micro-
scope (Fig. 2). The expression of ALP in nephridia has also
been reported in annelids (9, 10). Thus we suggest that the
bilaterally-stained regions, which first appear during gastru-
lation, are the primordia of protonephridia.

Fig. 2. — Electron micrograph of one side of bilateral ALP expressive
region in juvenile (cross section).

A typical flame cell (fc) is situated near yolk granules (yg) in lateral
sub-epidermal region. bl: basal layer, c: cilia, e: epidermis, n: nucleus,
pc: pigmented cell.

This study provides evidence of ALP expression in
both endodermal and mesodermal (protonephridial) tis-
sues, suggesting that it can be used as tissue-specific
marker for specific derivatives of both germ layers.
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On mitosis in embryos and larvae of polyclads (Platyhel-

minthes)
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The epidermis of flatworms is thought to be maintained
by cells arising in the parenchyma (1-3). The taxon
Catenulida is the only platyhelminth taxon with docu-
mented intraepidermal mitoses (4). On the other hand, in
the gastrodermis, undifferentiated or proliferating cells are
observed in many taxa of the flatworms (5-12), although
they are not found in the Tricladida (13) and have not been
studied in a number of other taxa of the Platyhelminthes.

There are only fragmentary data on the spatial arrange-
ment of cell proliferation in the epidermis and gastrodermis
in the early ontogenetic stages of flatworms. The question
of particular interest is at which ontogenetic stage the final
localization of stem cells is determined. Comparative data
on mitotic activity during ontogeny are required for better
understanding of tissue evolution in the flatworms.

We studied cell division in intact embryos and larvae of
two polyclad species, Notoplana humilis (Stimpson,
1857) (development with an adult-like larva) and
Cycloporus japonicus Kato, 1927 (development with a
Miiller’s larva). Embryos at the stage of organogenesis
(16 and 11 specimens, respectively) and larvae (9 and 15
specimens, respectively) were examined in series of
stained paraffin sections.

In the embryos of N. humilis during early organogene-
sis, ectodermal mitoses were rare (~0.5 mitoses/embryo);
in late organogenesis and in the larvae no mitotic figures
were found in the ectoderm, with the exception of one
dubious case. In C. japonicus ectodermal mitoses were
observed both in the embryos of all stages of organogen-
esis and in the Miiller’s larvae (~1 mitosis/specimen).
Both in the embryos and the larvae of each species mitotic
figures were absent in the intestine, but occurred in meso-
dermal (mesenchymal) cells.

It has been shown for adult and juvenile polyclads that
cell proliferation takes place in the parenchyma and gas-
trodermis but is absent in the epidermis (14, 15, 11, 12).
The above mentioned and present studies support the
hypothesis that in polyclads the formation of definitive
epidermis is associated with the disappearance of mitotic
cells in the integument, which occurs at different stages of
morphogenesis. The time of this disappearance seems to
depend on the type of development of the polyclad. On

Corresponding author: I. Drobysheva, e-mail: cell@id2518.spb.edu

the other hand, formation of the definitive gastrodermis is
linked with the appearance of mitotic cells in the intestine
upon isolation from the parenchyma.

During organogenesis, ectodermal mitoses are known for
only two turbellarian species, Macrostomum appendicula-
tum (Macrostomida) and Minona trigonopora (Proseriata)
(16, 17). The current study has shown that a polyclad with a
Miiller’s larva maintains mitotic cells in the ectoderm not
only during embryogenesis, but also in the larva. Thus, C.
Japonicus presents the first example of a turbellarian with
ectodermal mitotic activity in the late stages of morphogen-
esis. Since the existence of intraepidermal mitotic cells,
which has been observed only for the Catenulida, may be
considered as a plesiomorphic feature for the plathelminths
(4), the ectodermal mitosis in Miiller’s larvae may indicate
that the Miiller’s larva is plesiomorphic for this character.

Our conclusions can be supported by (a) analysis of the
accumulation of mitotic figures resulting from blocking of
mitoses in embryos/larvae and (b) more precise identifi-
cation of cells as being “mitotic” using a suitable label.

We would like to thank Igor Drobyshev for valuable
technical assistance. This study was supported by the
Russian Foundation for the Basic Research (grant 99-04-
49783).
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Early neurogenesis in flatworms
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We have initiated a series of studies of embryonic neural development in flatworms representing several different taxa,
including acoels, macrostomids, polyclads, typhloplanoids, dalyelliids and temnocephalids. In our presentation we sur-
veyed three pertinent studies: 1. We introduce a series of stages defined by easily recognizable morphological criteria
that are applicable to all taxa. This staging system will serve us as a framework for our molecular and descriptive analy-
sis of two “laboratory” species, Macrostomum and Neochildia that produce a sizeable number of eggs for developmen-
tal analysis year round. 2. Early neurogenesis: Neural progenitors are formed at an early stage when the flatworm embryo
constitutes a multilayered mesenchymal mass of cells. A neurectoderm as in vertebrates or arthropods is absent. Only
after neurons in the deep layers of the embryo have started differentiating do superficial cells reorganize into an epithe-
lium that will give rise to the epidermis. Neurons are clustered in two anterior, bilaterally symmetric brain hemispheres.
This implies that neurons later found in the trunk migrate out from the brain or are added on by neoblasts. After neural
differentiation has set in, an antibody against acetylated beta-tubulin (anti-acTub) that binds neurotubules labels a pat-
tern of pioneer neurons in the brain of midstage embryos of all species investigated. Pioneer neurons are grouped in sev-
eral small clusters at characteristic positions. They pioneer several commissural tracts of the brain and two pairs of
ventral and dorsal connectives, respectively. 3. We have cloned the POU genes brn-1 and brn-3, as well as the homeobox
gene vnd out of the macrostomid Macrostomum and the acoel Neochildia. In situ hybridisation carried out with 400bp
fragments of these genes labels distinct populations of nerve cells in the brain of juvenile specimens. In situ hybridiza-
tion on embryos at different stages is ongoing.

Results can be found in

YOUNOSSI-HARTENSTEIN, A., U. EHLERS & V. HARTENSTEIN (2000). Embryonic development of the nervous system of the rhabdocoel
flatworm Mesostoma lingua (Abildgaard, 1789). J. Comp. Neur., 416: 461-476.

HARTENSTEIN, V. & K. DWINE (2000). A new freshwater dalyellid flatworm, Gieysztoria superba sp. nov. (Dalyellidae: Rhabdocoela)
from Southeast Queensland, Australia. Memoirs of the Queensland Museum, 45: 381-383.

YOUNOSSI-HARTENSTEIN, A. & V. HARTENSTEIN (2000a). The embryonic development of the dalyellid flatworm Gieysztoria superba .
Int. J. Dev. Biol., 44: 499-506.

YOUNOSSI-HARTENSTEIN, A. & V. HARTENSTEIN (2000b). The embryonic development of the polyclad flatworm Imgogine mcgrathi
Dev. Genes Evol., 210: 383-398.

HARTENSTEIN, V. & U. EHLERS (2000). The embryonic development of the rhabdocoel flatworm Mesostoma lingua. Dev. Genes Evol.,
210: 399-415.
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Microsatellite development and inheritance
in the planarian flatworm Schmidtea polychroa
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ABSTRACT. We developed four polymorphic microsatellite loci for the hermaphroditic planarian Schmidtea
polychroa and used them to identify differences in recombination rate in the male and female germ line. DNA
isolation protocols were optimized for tissue from adults and hatchlings. The final PCR protocols and profiles
yielded repeatable and reliable amplification. Null alleles detected at one locus could be avoided by redesign-
ing one primer. Routine genotyping was established using fluorescent-labeled primers and an ABI 310 auto-
mated sequencer. They amplify successfully in a number of populations. The four loci are characterized by
extreme within-population polymorphism, with 15 to 20 alleles per locus in a standard sample. All four have
been submitted to GenBank. Two loci (SpATT16, SpATT18) appeared to be coupled. From parent-offspring
comparisons, the recombination fraction could be estimated, which was significantly different for the male
(c =0.07) and female (c = 0.23) line. High overall exclusion rates for first (>0.94) and second parent (>0.98)
even with three (unlinked) loci demonstrates the suitability of these microsatellites for other applications such
as parentage analysis.

KEY WORDS: Platyhelminthes, hermaphrodite, microsatellites, recombination rate, Schmidtea polychroa.

INTRODUCTION

Within the last decade, microsatellites have proven to
be extremely powerful codominant genetic markers for
parentage as well as population studies (QUELLER et al.,
1993 ; JARNE & LAGODA, 1996 ; HUGHES, 1998). They con-
sist of ‘simple sequences’, in which short nucleotide
motifs (usually 1-6 bp) are tandemly repeated, and which
occur throughout the genomes of all eukaryotic organisms
(TAuTZ & SCHLOTTERER, 1994). Variation in the repeat
number of the microsatellite motif can easily be detected
electrophoretically as fragment length polymorphism fol-
lowing PCR of the microsatellite locus.

Previously described microsatellite loci (RAMACHAN-
DRAN et al., 1997) in the simultaneously hermaphroditic
freshwater planarian Schmidtea (formerly Dugesia) poly-
chroa Ball (1974) could reliably be amplified and scored
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in some of our study populations but not in others. In par-
ticular, samples from some of the most important study
populations from Northern Italy showed no or poor ampli-
fication for those loci. Therefore, a second genomic
library was constructed with DNA samples from individ-
uals collected in Lago di Caldonazzo (Trentino, Italy),
where many samples for population genetic analyses as
well as paternity studies have also been collected.

METHODS
Microsatellite screening and amplification

Screening was restricted to (ATT), trinucleotide
repeats, because the first screen had shown their high
abundance in the genome of S. polychroa. Methods used
for constructing the library and screening were the same
as described in RAMACHANDRAN et al (1997). Fourteen
positive clones were isolated and sequenced, all contain-
ing repetitive (ATT), sequences (GenBank accession nos.
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AF201314-AF201327). We designed PCR primers for
amplification of these regions, and successfully achieved
amplification in 5 cases, for which the primer sequences
are listed in Table 1. Presence of ATT repeats in the PCR
products was verified by blotting and hybridizing with a
DIG labeled oligonucleotide (ATT), probe. Banding pat-
terns of SpATT19 PCR products on 10% PAGE gels did
not suggest within- or between-population polymorphism,
while the ones obtained from loci SpATT12, SpATT16,
SpATT18 and SpATT20 showed considerable allele size
variability. All subsequent analyses of those four loci were
done with fluorescent-labeled primers (see table 1) and a
PE Applied Biosystems ABI310 genetic analyzer. PCR

was performed in 10 uL reactions with the following
components (final concentrations): MgCl, (2.5 mM),
BSA (0.1%, bovine serum albumin), dNTPs (0.2 mM
each), primers (0.4 uM each), Promega® Taq Polymerase
(0.003 units/uL), and Promega® DNA polymerase buffer
(as recommended in the product information). 0.4 uL of
template DNA solution (50-200 ng/uL) was added to
9.6 uL of premix. PCR conditions included an initial 2"
denaturation step at 94°C prior to cycling, and 30-35
cycles of the following temperature profiles: 40" at 94°,
1" primer annealing, and 1" at 72°C (loci SpATTI12,
SpATT16, SpATT20), and 50" (94°C), 1° (55°C) for
SpATT18.

TABLE 1

Characteristics of PCR primers for amplification of the four microsatellite loci in S. polychroa (FL = flu-
orescent label used for detection on Abi310; B = length of the primer in nucleotide numbers)

Locus/primer Name Nucleotide sequence FL B

SpATT12/forward ATTI2U 5S’TTAGATTTTGCTGGATGAA 3’ - 19
SpATT12/reverse ATTI2L 5’TTGCCACTGAAATAATAA 3’ TET 18
SpATT16/forward ATT16U 5S’TTGATGAGAAATTATTGAAA 3’ 6-FAM 20
SpATT16/reverse ATTI16L 5S’CTTGCATTTTGCTCTGATAA 3° - 20
SpATT18/forward ATT18U 5’TACATTATTCGCAACAAAA 3’ HEX 19
SpATT18/reverse ATT18BL  5’TTGGTAAAATCTCTTGAACA 3’ - 20
SpATT20/forward ATT20BU  5’CCAGGAGATTGACAAAGACT 3’ 6-FAM 20
SpATT20/reverse ATT20L 5’ATGTTTACCACTAAAATTATTG 3’ - 22

Sample origins

Adult individuals collected at various sites from four
different localities in Northern Italy provided DNA sam-
ples for the characterization of the variability within and
between populations at the four loci, which enabled us to
evaluate their use for parentage testing and population
studies. Mendelian inheritance could be demonstrated
using known mother-offspring pairs from our laboratory
culture animals (data not shown). In order to study sex-
specific linkage, parent-offspring comparisons with suit-
able variability (heterozygous genotypes in the parental
genotype at both loci) were analysed. They allowed cal-
culation of the recombination fraction between the two
loci separately for the male and female line. 342 father-
offspring pairs from 40 different sperm donors could be
used for analysis of the male gametes, and 299 mother-
offspring pairs from 41 different mothers for analysis of
the female gametes.

DNA isolation

Samples obtained from adults

Tissue for DNA extraction was cut off the posterior part
of individuals and stored in pure absolute ethanol at -20°C
or -80°C. Tissues were transferred to empty 1.5 ml tubes,
air-dried in the open tubes (3 min) before adding 400 pL

of DNA extraction buffer (10 mM Tris/HCI, 2 mM EDTA,
10 mM NaCl, 1% SDS, 0.4 mg/ml Proteinase K). Samples
were incubated at 50°C for 2 h until the tissue was com-
pletely dissolved, followed by heating the mixture to
90°C for 5 min in order to stop Proteinase K activity. After
chilling the samples on ice, 200 pL of 4.5 M NaCl solu-
tion was added in order to precipitate proteins. After
adding 600 pL of Chloroform-Isoamylalcohol (24:1),
samples were mixed and shaken for 10 min by inverting
the tubes continuously. Aqueous and organic phases were
separated by centrifuging at 16000g for 10 min at RT.
From the aqueous phase, 500 pL of each sample were
transferred to new tubes. DNA was precipitated by adding
500 pL of isopropanol. Centrifugation (16000g, RT)
resulted in brownish pellets containing DNA and epider-
mal pigments of the individuals. The pellets were washed
(70% EtOH), air-dried at RT for about 20 min, and redis-
solved in TE at room temperature.

Samples obtained from hatchlings

Hatchlings provide only very limited material for DNA
extraction, and therefore complete individuals were
extracted using a commercial DNA extraction kit
(Nucleon BACC1, Amersham™). We used the protocol
provided for extracting DNA from mammalian blood
cells, but with reduced volumes. Hatchlings were trans-
ferred to Eppendorff tubes containing 100 pL of Reagent
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A from the kit, which then were shock-frozen in liquid
nitrogen, and stored at -80°C.

RESULTS
Characterization of the four microsatellite loci

All four microsatellite loci were highly polymorphic
(Table 2). Locus SpATT16 has only been tried on samples
from two populations, while the three other loci could
successfully be amplified in all diploid sexual as well as
tri- and tetraploid parthenogenetic S. polychroa popula-
tions that we sampled across Europe (data not shown).
Data analyses concerning population differentiation in
sexuals, and genetic diversity in parthenogenetic popula-
tions will be presented elsewhere. Amplification of the
loci failed in two closely related sister species (Benazzi's
biotypes E and F; BENAzzi, 1982).

TABLE 2

Characteristics of the four microsatellite loci in 13 subpopulations collected
from four locations in Northern Italy (Lago di Levico, Lago di Caldonazzo,
river Sarca near Arco, Lago d’Iseo). Details of the population studies will be

published elsewhere.

Unusual banding patterns

Detection of a third allele in offspring samples

Individuals at hatching are full of swallowed yolk cells,
some of which are still intact (MARINELLI & VAGNETTI,
1975). Since yolk cells provide an excellent source for
maternal DNA, it is likely that hatchling DNA samples
can contain small amounts of maternal DNA extracted
from yolk cells that are occasionally amplified during
PCR. This was concluded from the analysis of 198 off-
spring samples, for which the maternal genotypes were
known, and which had an additional band that was much
less intense (by at least one order of magnitude) than the
other (one or two) bands defining the genotype. The
respective banding patterns were clearly different from
the ones obtained from triploid individuals, and therefore
did not indicate triploidy. Out of 198 offspring samples
with known maternal genotypes, 190 supported the inter-
pretation that the additional weak bands
represented the second maternal allele,
amplified from small amounts of DNA from
yolk cells extracted together with the hatch-
lings. Eight cases only were not consistent
with this hypothesis, probably due to muta-
tion or genotyping errors.

Peak intensity patterns at SpATT12

Locus SpATT12 showed particular peak
intensity patterns that depended on the
allele size combinations in heterozygotes.
The allele frequency distribution is
bimodal, with a shorter range (SR) of alle-
les 15 to 25 repeats long, and a longer one

(LR) comprising alleles from 27 to 41

The allele size ranges comprised almost continuous
allele arrays consisting of 13-42 (SpATT12), about 50 to
80 (SpATT1S, see below), and 19-47 (SpATT20) repeat
units (Table 2). SpATT16 showed a highly discontinuous
allele size range, with extremely large allele size differ-
ences (> 200 bp). Large allele size differences were also
found at locus SpATT18. Apart from the pure A7T repeat
motifs, the repeat region of SpATTI18 contains other
derived motifs (ACT, ATTT), and therefore assigning
repeat numbers as allele labels would have required an
arbitrary definition of what is considered the repeat array.
Sequencing of the short alleles showed that they lacked
almost the entire core sequence (data not shown).

Locus SpATT12 SpATT16 SpATT18 SpATT20
A 30 24 36 28
BP 199 299, 353-365 255-261 220, 226
226-262 413,422,425 346, 388 232-304
268-314 452-482, 497 397-487 310
R 4-42 47-116* see text 19-49
H,. 0.83 0.61 0.86 0.85
H,, 0.89 0.88 0.89 0.89
N 640 67 613 644
A Allele numbers
BP Allele size range (base pairs)
R Allele size range (repeat numbers)
H, Observed heterozygosity (mean over 13 subpopulations)
H,, Expected heterozygosity (mean over 13 subpopulations)
N Sample size (number of adults analysed)
a plus 3 alleles > 500 bp

repeats in length. Usually, when two peaks
indicate a heterozygous genotype, the
peak representing the longer allele appears
less intense. This was also the case in
SpATTI12 when the genotype was either
composed of two SR or two LR alleles.
However, when an SR allele occurred
together with an LR allele, the intensity of
the former was much weaker than the one
of the LR allele. A more detailed treatment of these par-
ticular banding patterns, including pictures of the
respective electropherograms, is given elsewhere
(PoNGRrATZ, 2000).

Null alleles

A common problem with microsatellites is the occur-
rence of null alleles (PEMBERTON et al., 1995). Null
alleles are alleles that are not amplified through PCR.
They are often caused by a mutation within the primer
region, which prevents proper annealing under strin-
gent conditions, and inhibits or completely prevents
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amplification (CALLEN et al., 1993). Samples with one
null and one amplified allele appear as homozygous
genotypes. This can result in significant heterozygote
deficiency. Null alleles can impair the use of a
microsatellite locus for paternity when they remain
unnoticed. In practice, the best way to detect null alle-
les is by following inheritance of the alleles in known
parent-offspring combinations (CALLEN et al., 1993).
Indications for the presence of null alleles have been
found at SpATT16 (N=66) where a significant het-
erozygote deficiency was observed (H_ =0.61,
H, =0.88; x*>=137.18;P<0.001). With genotype com-
parisons of known parent-offspring pairs it could be
confirmed that some genotypes that appear as homozy-
gotes, because only one allele is seen, must have a sec-
ond allele that is not or only poorly amplified and
cannot be detected.

Linkage

Parent-offspring comparisons as well as disequilib-
rium analyses of field samples did not show indications
for linkage between pairs of loci except for SpATT16 /
SpATT18. The loci are not strictly linked, but allelic
combinations for those loci among the offspring show
significant deviations from the ones expected under
random association. The two loci therefore appear to be
on the same chromosome. There was a significant dif-
ference between observed allelic associations in the
gametes and the ones expected under random segrega-
tion of alleles for both male and female line. A >-test
revealed highly significant differences between the fre-
quencies of coupled and recombined genotypes
between male and female gametes (Table 3). We esti-
mated the recombination fraction CopATT16/SpATTIS
between loci SpATT16 and SpATTI18 (Weir, 1996,
p.230). For two loci (A, B), ¢, can vary between 0 (no
recombination between loci = strict linkage) and 0.5
(random segregation of alleles from the two loci). The
mean estimate for CsparTis/spartis Was 0.06 for the male
line, and 0.23 for the female line, which means that 6%
and, respectively 23% of gametes bear recombined
two-loci genotypes.

TABLE 3

Frequencies of coupled and recombined two-loci haplotypes at
SpATT18 and SpATTI16, and the recombination fraction
(cSp ATTIS, SpATTI o) estimated from them. The frequencies between
male and female gametes are significantly different (2 = 36.28;
P<0.01)

Genotypes Male Female
Coupled 320 230
Recombined 22 69
Total 342 299
CSpATTI8, SpATT16 0.06 0.23

DISCUSSION
Potential of the four microsatellites as genetic markers

The four microsatellite loci described here showed reli-
able and consistent amplification for S. polychroa and
have been applied to population samples of different ori-
gins. They were highly polymorphic within local popula-
tions, with 15-20 alleles in standard population samples.
SpATT12, SpATTI18, and SpATT20 represent suitable
markers for both parentage analysis and population
genetic questions. Care has to be taken when using
SpATT16 due to nonamplifying or undetectable alleles.
Whether SpATT16 can be applied has to be decided for
each study and population separately.

There was evidence from mother-offspring compar-
isons that some offspring samples contained remnants of
maternal DNA from ingested yolk cells that was amplified
during PCR but appeared much weaker than the true alle-
les. This has to be taken into account when analysing off-
spring sample banding patterns.

In general, the high polymorphism present in the
diploid sexual study populations makes the four
microsatellite loci ideal markers for individual identifica-
tion, and identification of parents and offspring.
Individuals collected from the same subpopulation
showed sufficiently high polymorphism to allow success-
ful parentage assignment even when several candidates
for maternity and paternity were present (PONGRATZ, in
prep.). In contrast to previously studied allozymes
(PONGRATZ et al., 1998), the microsatellite loci can be
used for studies of population differentiation on a very
small scale. For polyploid, parthenogenetic populations
they can provide a better resolution of the clonal structure
(unpublished data), and they can also be extremely useful
in the analysis of hybridization processes in mixed sex-
ual/parthenogenetic populations.

Sex-specific linkage

We found significant differences in the recombination
fraction between male and female line for one pair of loci.
Sex differences in recombination have been documented
in a variety of taxa by studying chiasma frequencies in
spermatocytes and oocytes (review in BURT et al., 1991),
but across species no conclusive relationship between sex
and chiasma frequency could be observed (BURT et al.,
1991). A higher chiasma frequency (which results in a
higher recombination rate) in oocytes compared to sper-
matocytes was also observed in the planarian
Dendrocoelum lacteum (JONES & CROFT, 1989). The
higher recombination rate between loci SpATT16 and
SpATT18 may indicate the same general trend in S. poly-
chroa, although detailed recombination studies in humans
revealed that the male-female recombination ratio can
vary significantly over short regions (ROBINSON &
LALANDE, 1990). Certain regions with higher female
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recombination rate can occur, while other regions on the
same chromosome show higher male recombination rates
(ROBINSON & LALANDE, 1990; ZoGHBI et al., 1990).
Therefore, a general conclusion regarding sex differences
in chiasma frequencies and recombination rates, should
not be drawn from the analysis of only two loci.
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ABSTRACT. Eyes of all organisms share a common function, visual perception. In addition, the different types
of eyes (camera-, mirror-, and compound) are present in different phyla and share the same visual pigment,
rhodopsin, and the same initial genetic pathway triggered by the master control gene Pax-6. Although the
developmental mechanisms are quite diverse, all data suggest that the different eye types found in metazoans
derive from a common prototype and evolved in the different phyla by parallelism, intercalating new genes
independently. In this manuscript, we describe the isolation and characterization of several genes that consti-
tute the eye gene regulatory network in the planarian Girardia tigrina (Platyhelminthes; Turbellaria;
Tricladida). Two Pax-6 genes, GtPax6A4 and GtPax6B, do not show an obvious correspondence to the two Pax-
6 of Drosophila ey and toy. Two sine oculis genes Gtsix-1 and Gtsix-3 are closely related to the Six 1-2 and
Six-3 families respectively. Furthermore, we demonstrate that the opsin gene Gtops shows greater similarity to
mollusc opsins. GtPax-6B is expressed in both cell types of the planarian eye spots: the photoreceptor cells
and the pigmented cells. In addition, Gtsix-1 and the opsin gene Gtops are expressed in the photoreceptor cells.
This expression pattern is present throughout the whole eye regeneration process and maintained in adults.
Gtops double strand RNA injection does not inhibit eye regeneration but produces light insensitive eyes due to
the absence of photopigment. The loss of function of Gtsix-I by dsRNA injection produces a non-eye pheno-
type in head regenerating blastemas, while the injected intact adult heads show a loss of the differentiated state
of the photoreceptor cells through inhibition of opsin expression and the production of a blind phenotype. Our
results on the prototypic eye spots of Platyhelminthes provide further important support for the idea of a uni-

versally conserved early eye genetic cascade in the Metazoa.

KEY WORDS: Platyhelminthes, planarian, homeobox, opsin, eye evolution, regeneration.

INTRODUCTION

Several studies indicate that the genetic program regu-
lating eye development has been conserved in evolution.
The gene regulatory network that controls the develop-
ment of the Drosophila visual system is composed of sev-
eral transcription factors and other nuclear proteins
required for the specification of early eye morphogenesis
(QUIRING et al., 1994; HALDER et al., 1995; SHEN &
MARDON, 1997 ; PIGNONI et al., 1997). Pax-6 genes encode
transcription factors that contain a paired domain and a
homeodomain. Two duplicated Pax-6 genes have been
described in Drosophila, eyeless (ey) and twin of eyeless
(toy). Both genes and their homologs from other meta-
zoans are capable of inducing ectopic eye development in
Drosophila. Mutations in eyeless lead to defects in eye
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formation, suggesting that Pax-6 is the universal master
control gene for eye morphogenesis (QUIRING et al.,
1994). The study of other genes in the genetic cascade and
their genetic interactions resulted in the identification of
three genes in Drosophila, sine oculis (so), eyes absent
(eva), and dachshund (dac) that act downstream of ey
(QUIRING et al., 1994; SHEN & MARDON, 1997). The so
homologs, called Six genes, share a diverged home-
odomain and N-terminal to the homeodomain, and
another conserved region, the Six domain, which con-
tributes to DNA-binding specificity (SERIAKU & 0’ TOUSA,
1994; CHEYETTE et al., 1994; OLIVER et al., 1995a;
1995b; KawakawMmi et al., 1996). The Six genes are subdi-
vided in three different families: Six1-2, Six3 and Six4.
eya encodes a novel nuclear protein (BONINI et al., 1993)
and shares a region of homology with the Eya vertebrate
proteins, the Eya domain (Xu et al., 1997 ; ZIMMERMAN et
al., 1997). Eya and Six proteins are expressed in overlap-
ping patterns including the eye primordia of vertebrates,
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whereas eya and so do so in Drosophila (OLIVER et al.,
1995b; Xu et al., 1997 ; SEIMIYA & GEHRING, 2000). These
factors appear to act in a hierarchy in which so is directly
regulated by eyeless (HALDER et al., 1998; Niuwmr et al.,
1999), the master control function. In turn, so requires
eyes absent (eya) to induce ectopic eyes (PIGNONI et al.,
1997). This genetic pathway has been established in
Drosophila (reviewed in GEHRING & IKEO, 1999).
Homologous proteins also regulate eye development in
vertebrates, suggesting that this regulatory network is old,
conserved in evolution, and has been adapted to the con-
trol of development of different visual systems found in
both Protostomia and Deuterostomia clades (TREISSMAN,
1999).

Charles Darwin in “The Origin of species” discussed
the question of eye evolution, and reasoned that such
complex and perfect organs should have evolved from a
simple prototypic eye; those primitive eyes can be found
in planarians. The planarian eye spots consist of two cell
types: a bipolar nerve cell with a rhabdomere as a pho-
toreceptive structure and a cup-shaped structure com-
posed of pigment cells (KisHIDA, 1967). During head
regeneration, new eye spots are formed from precursor
cells that probably differentiate into both cell types in a
restricted area of the newly regenerated tissue or
blastema.

Here we address the hypothesis that the eye genetic
network is conserved in evolution, and, as a consequence,
that Girardia tigrina eye development requires Pax-6 and
sine oculis homologs. We report the identification of two
Pax-6 genes not closely related to Drosophila ey and toy;
two so genes closely related to the Drosophila so and
optix genes, which belong to six /-2 and six 3 families
respectively; and an opsin gene with high identity to that
found in the Lophotrochozoa clade. Some of these genes
are expressed in the eye primordia during regeneration
and in the differentiated adult eyes. RNA interference
(RNAI) experiments provide functional evidence that
Gtsix-1 is essential for maintenance of the differentiated
state of photoreceptor cells, for opsin expression and for
eye regeneration. Such results support the conservation of
the early genetic pathway in the different eyes of meta-
zoans.

MATERIAL AND METHODS
Gene isolation

A GtPax6A4 fragment was amplified by PCR from pla-
narian cDNA (Smart PCR ¢cDNA synthesis Kit, Clontech).
The sense primer used (Px9), consisting of a degenerate
sequence corresponding to amino acid sequence
LEKEFER and the antisense primer used (Px10) consist-
ing of a degenerated sequence corresponding to amino
acid sequence QVWFSNR. The cycling program con-
sisted of 35 cycles (94°C, 30 sec; 45°C, 30 sec; 72°C, 30
sec). The identity of GtPax6A4 fragment was confirmed by

sequencing. A lambda gt10 amplified cDNA library was
screened with the 110 bp amplified fragment of GtPax6A4
according to GARCIA-FERNANDEZ et al., 1993. One phage
was isolated containing an insert of 645 bp that spans
from the homeodomain to the 3’ end of the GtPax64
cDNA. This fragment was cloned in pBluescript
(Stratagene) and the sequence was determined with
Thermosequenase 11 dye terminator cycle sequencing Kit
(Amersham). A partial fragment of 380 bp of Grops was
amplified using two specific primers based on Schmidtea
mediterranea opsin partial fragment kindly provided by
A. Sanchez and P. Newmark (Carnegie Institution,
Baltimore). The amino acid sequence of the upstream
primer used (opl) and the downstream primer used (op2),
GFIGGLG and ELEMLK respectively.

Phylogenetic analysis of the Gtops opsin gene

The phylogenetic trees of opsin genes using the
sequence between the 3rd and the 5th transmembrane
domains were inferred by using the CLUSTALX package.
Sequences were aligned with the software CLUSTALX,
and refined alignment was done manually. The neighbor-
joining method was used for phylogenetic tree construc-
tion. Sequences were obtained from the Swissprot and
EMBL GenBank.

Whole-mount in situ hybridization

Intact animals and animals at different regenerative
stages were used for whole-mount in situ hybridization
according to UMESONO et al.,1997. The opsin clone op-170
corresponding to the last 170 bp of the Gtops fragment
(GenBank accession no. AJ251660) was used to synthesize
the DIG-labelled antisense probes (Boehringer Manheim).

Double-strand RNA (dsRNA) synthesis and micro-
injection

The Gtsix-1 clones so-5" and so-3’-2 (GenBank acces-
sion number AJ2516610), were used for dsSRNA synthe-
sis as described in SANCHEZ & NEWMARK 1999.
Planarians were injected as described in PINEDA et al.,
2000. At different stages of regeneration the injected ani-
mals were photographed, fixed and whole-mount in situ
hybridizations for Gtopsin were performed.

RESULTS AND DISCUSSION

Isolation of eye developmental genes in Girardia tig-
rina

A large number of eye developmental genes have been
isolated in Girardia tigrina. Initially, CALLAERTS et al.,
1999 isolated the first Pax-6 homolog, which we now
refer to as GtPax-6B since it shows the lowest similarity
to the Pax-6 genes described in other Metazoa (Table 1).
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TABLE 1

The number of different planarian eye network genes, together with the type of clones isolated and the level of amino acid identity to
the most similar homeodomain and proteins. All sequences for comparison are taken from the EMBL and Swiss Prot databases. The
function of some genes is also shown.

Planarian eye genes

and Function

pigmented eye
spot cells

System

It is essential for
eye determination
and differentiation

Class Pax-6 sine oculis opsin
DtPax-6 GtPax-6 Gtso Gtsix-3 Gtops

New proposed name GtPax-68 GtPax-6A4 Gtsix-1 Gtsix-3 Gtops

Type of clone -PCR -PCR -PCR -PCR -PCR

isolated -cDNA -cDNA -cDNA -cDNA -cDNA
-genomic -genomic

Identity 72% and 78% 92% and 90% 93% and 95% 88% and 92% 66% to mollusc
to Drosophila toy  to Drosophila toy  to mouse six1 and  to Drosophila optix opsin protein
and eye homeo- and eye homeo- six-2 homeo- and mouse six3
domains domains domains homeodomains

Expression photoreceptor and  Central Nervous Photoreceptor cells. ? Photoreceptor cells.

It is essential for eye

light sensitivity

Studies by in situ hybridization on paraffin sections and
electron microscopy of ultrathin sections revealed expres-
sion in the perinuclear area of both eye spot cell types, the
photoreceptor cell and the pigmented cells. dSRNA injec-
tion of GtPax6B does not produce any clear eye pheno-
type. One explanation for these unexpected results could
be the occurrence of gene redundancy. It was therefore of
interest that more recently we were able to isolate a sec-
ond Pax-6 homolog, which we name GtPax-64 as it
shows a higher similarity to the Pax-6 family home-
odomain (Table 1). No expression pattern nor functional
data are yet available, but preliminary whole-mount in
situ hybridization showed expression in the central nerv-
ous system. We anticipate that GtPax6A4 and GtPax6B are
at least partially redundant in the determination of both
eye cell types, and that, as a consequence, the production
of any phenotype when the GrPax6B function has been
disrupted, is prevented. Injection of dsRNA of both
GtPax-6 in head regenerating organisms will clarify this
point (work in progress).

A second type of eye genetic network genes isolated in
planarians was the sine oculis genes. The first so planarian
gene isolated was originally named Gtso. However,
molecular comparative phylogenetic analysis places it in
the Six-1, -2 family. Therefore, we changed the name
from Gtso to Gtsix-1 (Table 1). Gtsix-1 is closely related
to Drosophila sine oculis and C. elegans Ceh-33 and Ceh-
34 and clusters in the family group with another branch in
which the vertebrate representatives of Six-1 and Six-2
are situated. Sequence comparison of a second sine oculis
gene from Girardia tigrina supports its orthology to the
Six-3 family and for that reason we call it Gtsix-3. It is
closely related to Drosophila optix and C. elegans Ceh-
32. So far, no other Lophotrochozoa sine oculis genes

have been isolated. Gtsix-I whole-mount in situ
hybridization shows that it is expressed continuously in
the rhabdomeric photoreceptor cells of the adult differen-
tiated eye spots and during the different stages of eye
regeneration (PINEDA et al. 2000). Loss of function exper-
iments by RNA double strand injections in regenerating
animals completely inhibit eye regeneration, producing a
non-eye phenotype (Fig. 1). RNA interference in adult
heads leads to the gradual loss of the photoreceptor dif-
ferentiated state, producing a blind phenotype at one week
post-injection. These injected planarians do not show any
phototropism, while the non-injected controls have a neg-
ative phototropism. The change in the differentiated state
can be observed by analyzing the alterations in opsin

A

Fig. 1. — Inhibition of eye regenerative capacity by Gtsix-1
dsRNA. Three weeks head regenerating organisms viewed dor-
sally. (A) Bright field image shows the differentiated eyes in the
regenerated head of a control organism. (B) Bright field image
shows the absence of eye differentiation and periglobular unpig-
mented area in dsSRNA Gtsix-1 injected at postblastema level
after 3 weeks of regeneration. a, auricle; e, eye spot; pg,
periglobular unpigmented area. (Bars= 400 pm).
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expression by whole-mount in situ hybridization at differ-
ent times post-injection and by studying eye morphology.
Opsin expression decreases gradually during the first
seven days post-injection (Fig. 2). A decrease of expres-
sion to zero can be explained as the result of a disruption
of the eye gene regulatory network where, according to
SHEN et al., 1997 and PIGNONI et al., 1997, sine oculis is
located in the early eye genetic cascade. The gradual loss
of opsin expression by Gtsix-1 RNAi could thus be due to
an indirect effect. However, since Gtsix-1 is also
expressed in the differentiated photoreceptor cells, it may
also directly control opsin gene expression. Further analy-
sis of the cis-regulatory region of the opsin gene will con-
firm if it is recognized by sine oculis, or by Pax-6
proteins, or both. We also checked Gtsix-1 function in
photoreceptor cell maintenance by the histological analy-
sis of Gtsix-1 dsRNA injected organisms in comparison
with controls. While the control eyes show a high density
of photoreceptor cells with their rhabdomeric structures
inside the eye cavity, the injected ones at 7d and 14d post-
injection have a lower density of differentiated photore-
ceptor cells (work in progress).

id

8%
s e 9C

5d . 7d

-3 - X 4

Fig. 2. — Dorsal view of Gtops gradually declining expression by
whole mount in situ hybridization at different days post-injec-
tion of dsRNA of Gtsix-1. Internal black dots correspond to the
pigmented cup shape of the eyes, while the external weak signal
(arrow heads) corresponds to the blue signal from the whole
mount in situ hybridization of opsin gene. Anterior at the top and
upper left edge, the days after injection are indicated. (Bars:
200um).

Another key gene shared by photoreceptors of Metazoa
is the opsin gene, encoding the photoreceptor pigment
present in all visual systems. Rhodopsin sequences
analysed so far in vertebrates and invertebrates show a
high degree of conservation, and all belong to the same
family (for review see GEHRING & IKEO, 1999). Opsins are
also present in bacteria, and have sensory functions.
Despite a low overall sequence conservation, they show
conserved structural functions like the seven transmem-
brane domains. The unicellular green algae Chlamy-
domonas develop at the base of the flagella a light
sensitive organelle that contains a type of photopigment

with limited sequence homology to invertebrate
rhodopsins (DEININGER et al., 1995). The similarities
observed in the photopigments have been used as another
indication for the common origin of the visual system
through a prototypic eye. We have isolated a Girardia tig-
rina opsin gene Gtops . Its amino acid sequence was com-
pared and phylogenetic trees were constructed with opsin
protein sequences of bacteria, algae, yeast and Metazoa.
The neighbor-joining method was used for tree construc-
tion. We can observe the clustering of the two planarian
opsin genes with the mollusc sequences, one of their
Lophotrochozoa counterparts (Fig. 3). Such phylogenetic
results are in agreement with other studies using different
molecules such as ribosomal 18S and Hox genes
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Fig. 3. — Phylogenetic unrooted tree of opsin proteins. Bootstrap
values of 1000 runs are indicated as percentages at the nodes.
The planarian Gtops protein clearly clusters with the other opsin
proteins from the Lophotrochozoa clade. (B): Bacteria. Hs:
Halobacterium salinarium. Hr: halorhodopsin. Rh1 and Rh2:
sensory rhodopsin I and II. (Y): Yeast. Sc: Saccharomyces cere-
visiae. (A): Algae. Cr: Chlamydomonas reinhadtii chlamyopsin.
Vc: Volvox carteri volvoxopsin. (V): Vertebrate. Br:
Brachydario rerio rhodopsin. Bt: Bos taurus rhodopsin. Gg:
Gallus gallus thodopsin. (E): Ecdysozoa. Dm: Drosophila
melanogaster opsinl. Lp: Limulus polyphemus ocellar opsin2.
Ssp: Sphodromantis sp. thodopsin. (L): Lophotrochozoa. Gt:
Girardia tigrina opsin. Lf: Loligo forbesi rhodopsin. Od:
Octopus dofleini thodopsin. Sm: Schmidtea mediterranea opsin.
So; Sepia officinalis. Scale bar, genetic distance.
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(CARRANZA et al., 1997; BAyAscas et al., 1998). Grops
spatial expression was determined by whole-mount in situ
hybridization of intact adults and regenerating pieces. In
adults, Gtops was expressed continuously and uniformly
in the photoreceptor cell bodies, whereas the rhabdomeric
region of the photoreceptor cells was negative. A similar
pattern of expression can be observed with Gfsix-1, but
with a lower expression level. During the early stages of
head regeneration, Gtops expression was detected in a
group of differentiated photoreceptor cells close to the dor-
sal epidermis. This expression was maintained throughout
regeneration (PINEDA et al., 2000). Opsin dsRNA injection
induces a fast depletion of endogenous gene expression in
the photoreceptor cells 24 hours post-injection, which
eventually leads to the loss of phototactic behavior in the
animal (SANCHEZ & NEWMARK, 1999 ; PINEDA et al., 2000).

Eye evolution: a common origin from a prototypic eye
and an independent evolution by parallelism

The comparative embryological and morphological
studies of metazoan eyes show different developing mech-
anisms and different morphologies suggesting an inde-
pendent evolution of the different types of eyes
(SALVINI-PLAWEN & MAYR 1961). However, molecular
studies in the last decade have revealed the universality of
rhodopsin as the visual pigment and the conservation in all
studied Metazoa, including Platyhelminthes, of the early
genetic cascade initiated by the gene Pax-6. Such molecu-
lar results suggest that all different eye types observed in
Metazoa derive from a common prototypic eye and as a
consequence have a monophyletic origin. Such prototypic
eye can be found in some Platyhelminthes. The current
work suggests that the development of the prototypic eye
is controlled by a similar early genetic cascade. In mol-
luscs we can observe a great variety of eyes in the mantle
edge of Bivalvia (compound eyes, closed lens eyes with
inverted retinal cells, reflecting mirror eye). Another eye
type, the cephalopod eye, is similar in design to the verte-
brate eye camera, but large embryological differences can
be observed between the two (GEHRING 1996; HARRIS,
1997). The similarities in eye design in molluscs compared
with the other metazoan eyes can be interpreted as evi-
dence for a phenomenon of parallelism in the mechanisms
by which the different Metazoa evolved their eyes from a
common prototypic eye, using initially the same genetic
network. The recruitment of different genes by intercalary
evolution (GEHRING & IKEO, 1999) in the eye gene net-
works of the various evolutionary lines can lead to eyes
with dramatically similar designs as a consequence of
comparable developmental constraints, or, of course, to
radically different final structures.
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ABSTRACT: An MCM?2 gene (DjMCM?2) which represents a suitable molecular marker for detecting prolif-
erating neoblasts was isolated in planarians. Neoblasts are the only self-renewing cells in these organisms and
may be able to differentiate into all cell types lost to physiological turnover or injury. To understand the molec-
ular basis leading to neoblast commitment to a differentiative fate, some regulatory genes were cloned. Our
interest was focused on the process of nerve cell differentiation. DjXnp, a planarian gene coding for a protein
similar to Xnp/ATRX, a DNA helicase involved in mammalian brain development via chromatin structure
modification, was obtained by RT-PCR. A similar strategy was also used to clone two different Pax-6-related
planarian genes. Identification of factors involved at different levels in the control of gene expression during
nerve cell differentiation could be of importance to understand the regulatory programs, which operate during
neoblast differentiation in planarians.

KEY WORDS: Platyhelminthes., Dugesia japonica, neoblasts, cell proliferation, differentiation, MCM, Pax-

6, XNP.

INTRODUCTION

A stable population of stem cells referred to as
neoblasts is responsible for the renewal of all differenti-
ated cell types in planarians. The presence of these cells is
also crucial for the regenerative ability of these organ-
isms. During regeneration, neoblasts increase in number
by active cell proliferation and begin to accumulate
beneath the wound epithelium giving rise to the regenera-
tion blastema. Then, these cells differentiate into the var-
ious specialised cell types, and replace any missing
structures by morphogenesis (BRONDSTED, 1969;
GREMIGNI, 1981; BAGUNA, 1998).

Despite the obvious interest for the study of neoblasts,
these cells are largely unexplored at the molecular level.
Only recently the thymidine analogue 5’-bromo-2’-
deoxyuridine (BrdU) has been successfully utilised to
label stem cells in planarians (NEWMARK & SANCHEZ
ALVARADO, 2000). At the same time, our analyses have
demonstrated that the expression of DjMCM2, a member
of the MCM2-7 family of DNA replication factors, can be
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used to specifically detect proliferating neoblasts
(SALVETTI et al., 2000). These results provide new poten-
tial tools to improve our understanding of the cellular
renewal system in these organisms.

The molecular mechanisms that regulate the differenti-
ation program, by which neoblasts acquire distinct identi-
ties and specialised functions, are completely unknown.
The central feature of cell differentiation is a change in
gene expression. Three different regulation levels can be
hypothesised for this process. As a first stage, an initial
decondensation of the chromatin structure may be
required in prepar