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An Expanded Phylogeny of the Entodiniomor phida(Ciliophora: Litostomatea)

Stephen L. CAMERON?, Andre-Denis G. WRIGHT? and Peter J. O DONOGHUE*

Department of Microbiology and Parasitology, The University of Queensland, Brisbane; 2CSIRO Livestock I ndustries, Wembley,
Australia

Summary. The Entodiniomorphida are a diverse and morphologically complex group of ciliates which are symbiotic within the digestive
tractsof herbivorous mammals. Previous phylogenies of the group have exclusively considered membersof onefamily, the Ophryoscol ecidae,
which are symbiotic within ruminants. We sought to improve understanding of evolution within the entodiniomorphs by expanding therange
of ciliates examined to include the Cycloposthiidae and Macropodiniidae (symbionts of equids and macropodids respectively). The entire
SSU-rRNA genewas sequenced for 3 species, Cycloposthium edentatum, Macropodinium ennuensisand M. yalanbense, and aligned against
14 litostome species and 2 postciliodesmatophoran outgroup species. Cycloposthium was consistently grouped as the sister-taxon to the
Ophryoscolecidae although support for this relationship was low. This suggests that there is more evolutionary distance between the
Cycloposthiidae and Ophryoscolecidae than previously inferred from studies of gross morphology, cell ontogeny or ultrastructure. In
contrast, Macropodinium did not group with any of the entodiniomorphs, instead forming the sister group to the entire Trichostomatia
(Entodiniomorphida + Vestibuliferida). This early diverging position for the macropodiniids is concordant with their morphology and
ontogeny which failed to group the family with any of the entodiniomorph suborders. The currently accepted classification of the
Trichostomatia is thus deficient and in need of review.

Key words: Ciliophora, Cycloposthiidae, Entodiniomorphida, evolution, Macropodiniidae, ribosomal RNA genes, Trichostomatia.

INTRODUCTION which are characterised by the possession of simple

conical vestibulum, aholotrichous covering of longitudi-

The Entodiniomorphida are endosymbiotic ciliates
which inhabit the fermentative digestive organs of most
mammalian herbivores (Williams and Coleman 1991).
Currently 3 suborders with the Entodiniomorphida are
recognised: the Archistomatia, Blepharocorythina and
Entodiniomorphina (Lynn and Small 1997). The
archistomes include a single family, the Buetschliidae,
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nal somatic kineties and fully developed concretement
vacuoles (Wolska 1964). The blepharacorythines are
also monofamilial (Blepharocorythiidae) and possess a
complicated oral apparatus consisting of a conical ves-
tibulum, adorsal overture, an external adoral ciliary band
andtriangular vestibular ciliary band (Wolska1971). The
Entodiniomorphina are the most diverse group
characterised by reduced somatic ciliation, forming tufts
or bands, semi-rigid pellicle covering extensive non-
ciliated areas and an adoral band of cilia around the
cytostome. Nine families are currently assigned to this
suborder including the best studied entodiniomorphs, the
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families Ophryoscolecidae and Cycloposthiidae, endo-
symbionts of ruminants and equids respectively (Will-
iams and Coleman 1991).

Themost recently described family of entodiniomorphs
has been the most difficult to classify: the monogeneric
Macropodiniidae, endosymbiotes of macropodid marsu-
pias (kangaroos and allies). The family was originally
described by Dehority (1996) who did not assignthemto
any entodiniomorph suborder as their distinctive mor-
phology differed substantially from all previously de-
scribed families. Cameron et al. (2001a) examined the
affinities of the macropodiniidsby comparing subcellular
featuresto those of other entodiniomorphs but found that
different features suggested affinities with different
entodiniomorph suborders and no consensus could be
found. Our subsequent study of stomatogenesis within
Macropodinium (Cameron and O’ Donoghue 2001) simi-
larly suggested different affinities depending on which
feature’'s ontogenic sequence was considered. It is thus
most probable that structural and developmental
homologies between the macropodiniids and other
entodiniomorphs have been obscured by the long isola-
tion of theformer within Australian marsupials(all other
entodiniomorphsinhabit eutherian mammals). To deter-
mine the relationship of the macropodiniids to the
entodiniomorphsit is therefore necessary to study their
genetic sequence evolution.

Previous molecular phylogenetic studies on the
entodiniomorphs have been confined to members of a
singlefamily, the Ophryoscolecidae. Embley et al. (1995)
was the first study to examine the small subunit
(SSU) ribosomal RNA gene of ophryoscolecids
(Entodinium caudatum misidentified as Polyplastron
multivesiculatum) which supported the placement of
the entodiniomorphs as the sister-group of the
vestibuliferans within the Class Litostomatea. Subse-
quent studies by Wright and Lynn (1997a) and Wright et
al. (1997) expanded the phylogeny of the ophryoscolecids
by the addition of 5 extra genera (Diplodinium,
Eudiplodinium, Ophryoscolex, Epidinium and
Polyplastron) and confirmed the hypotheses of L ubinsky
(1957a, b) regarding structural evolution within the
Ophryoscolecidae (i.e. basal position of Entodiniumand
reversal of orientation of the adoral ciliation in
other genera). Despite excellent coverage of the
ophryoscolecids, phylogenetic studies of the remaining
entodinimorph families are totally lacking. This study
therefore sought to examine the phylogenetic relation-
ships of 2 additional families, the Macropodiniidae and
Cycloposthiidae, to the Ophyroscolecidae.

MATERIALS AND METHODS

Source of samples

Samples of stomach content were collected from macropodid
hosts shot in the field or euthenased in zoos and preserved in
9volumesof 100% ethanoal. Individual ciliate specieswere harvested
from mixed species communities under a dissecting microscope by
micromanipulation using fine drawn soda glass pipettes. Monospe-
cific pellets of approximately 10 pl volume were obtained for
Cycloposthium edentatum, Macropodinium yalanbense and
Macropodinium ennuensis from the hosts, Macropus dorsalis,
Macropus robustus (captive animal) and Macropus robustus (wild
animal) respectively. Cycloposthium edentatum is ordinarily a sym-
biote of horses however the samples used here were recovered from
the black-striped wallaby, M. dorsalis as described previously
(Cameron et al. 2000).

DNA extraction and nucleotide sequencing

DNA was extracted using the cetyltrimethylammonium bromide
(CTAB) extraction technique of Wright et al. (1997). The pellet was
air-dried, resuspended in 30 pl of TrissEDTA (TE) buffer and stored
frozen at -20°C. The SSU-rRNA gene was amplified by polymerase
chainreaction (PCR) using the primersJB1 and R18A (Cameronet al.
2001b). Amplification was performed on a Corbett Research thermal
sequencer using the following conditions: denaturation at 95°C
(2 min); primer annealing at 50°C (30 s); and chain extension at 72°C
(2min) for 31 cycles. Onthefind cycle, chain extension wasextended
for 7 min. The size of PCR bands was estimated by comparison to a
100 bp standard ladder and DNA concentration by comparison to a
Mass standard ladder. PCR products were purified to remove unin-
corporated nucleotides using the QIAquick PCR purification kit
(Qiagen, Inc). The 18S region was sequenced using dye terminator
automated sequencing (ABI Prism and Big Dye automated sequenc-
ing kits). Sequencing of the 18S gene was performed using 6 nested
sequencing primers (18B, 18C, SB2, R18B, R18C, R18D, Cameron
et al. 2001b). Sequence results were examined and ambiguous bases
resolved in the Sequence Navigator and Sequencher 3.0 programs.
Sequence fragments were reconstructed into whole gene sequences
using the Sequencher 3.0 program.

Phylogenetic analysis

A phylogeny of the Litostomateawas reconstructed by alignment
of the 3 novel SSU-rRNA gene sequences of entodiniomorph ciliates
against 14 other trichostome ciliates and 2 postciliodesmatophorean
outgroup taxa (Eufolliculina uhligi and Loxodes striatus). As the
monophyly of the Litostomateais virtually beyond question (Wright
et al. 1997; Wright and Lynn 1997a, b; Cameron et al. 2001b)
sequences from other ciliate orders were not included. Sequences
were aligned by eye using the Se-Al program ver 1.0al (Rambaut
1996) and modified after reference to secondary structure (Wright
1998). The accession numbers of the additional taxaare: Dasytricha
ruminantium U57769 (Wright and Lynn 1997b); Didinium nasutum
U57771 (Wright and Lynn 1997b); Diplodinium dentatum U57764
(Wright and Lynn 1997a); Enchelydon sp. U80313 (Wright unpub.
data); EntodiniumcaudatumU57765 (Wright et al. 1997); Epidinium
caudatum U57763 (Wright et al. 1997); Eudiplodinium maggii
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1 99, 68 [sotricha intestinalis 2 100, 78, 7| Isotricha intestinalis
85, 83 Isotricha prostoma Vv 84,91, 3 Isotricha prostoma Vv
Dasytricha ruminantium ns, 100, 1 b Daasytricha ruminantium
76, ns \ .
Entodinium caudatum 83,99, 1 Entodinium caudatum
75, 9%
Lo 52,3 Lo
71, 94~—~—_ " Polyplastron multivsiculatum 76,52, \_ Polvplastron multivsiculatum
99, 99. 7
;. . - . N . P
ns, 90— Diplodinium dentatum \\ Diplodinium dentatum
99, 8§~ | 77, 83, 3\
Eudiplodinium maggii E ™~ Eudiplodinium maggii E
92, Xl\ ns, S0, l\ ¢
ns, 82— Epidinium caudatum 99, 98, ]2\ [ Lpidinium caudatum
99, 87— : i .
Ophrvoscolex maggii = Ophrvoscolex maggii
Cycloposthium edentatum Cycloposthium edentatum
76, 70, 2
Muacropodinium ennucnsis A 100, 78, 23[ Muacropodinium ennucnsis
ropodini o] AU Au
100, T00L_ Macropodinium yalanbense | b Macropodinium yalanhense
= Spathidium sp. 72, 62,2 Spathidium sp.
Homolozoon vermiculare Homolozoon vermiculare
100, 97
Didinium nasutum H Didinium nasutum H
Enchelydon sp. Enchelydon sp.
Loxophyllum urticulariae Loxophvllum urticulariac
100, 53 Eufolliculina uhligi 0 100. 93 an—Ezq/b/licu/ina uhligi
—_— Loxodes striatus I—- Loxodes striatus

Figs 1-2. Phylogeny of the trichostome ciliates. 1 - maximum likelihood phylogram. Numbers on nodes indicate support: bootstrap and
puzzle. 2 - maximum parsimony dendrogram. Numbers on nodes indicate support: bootstrap, puzzle and decay score. Higher taxonomic
groups are bracketed: Au - Australian taxa, E - Entodiniomorphida, H - Haptoria, O - Outgroup, V - Vestibulifera. ns- not supported, nr - not

reported.

U57766 (Wright and Lynn 1997a); Eufolliculina uhligi U47620
(Hammerschmidt et al. 1996); Homolozoon vermiculare L26447
(Leipeet al. 1994); Isotricha intestinalis U57770 (Wright and Lynn
1997b); Isotricha prostoma AF029762 (Wright and Lynn 1997b);
LoxodesstriatusU24248 (Hammerschmidt et al. 1996); Loxophyllum
utriculariae L26448 (Leipe et al. 1994); Ophryoscolex purkinjei
(Wright and Lynn 1997a); Polyplastron multivesiculatum U57767
(Wright et al. 1997) and Spathidium sp. 222931 (Hirt et al. 1995).
Regionswith hypervariable sequenceswhich could not be unambigu-
oudly aligned to the outgroup taxa were excluded. Eight regions
totaling 369 bases were thus omitted; these regions correspond to
9a - E10-1; loop within E10-1; loop within 11; loop within 17;
23b - 23-2a; 29a- 29a ; 43b - 43b’; and 49g - 499’ stem coordinates
respectively. These omitted regions have previously been shown to
produce misleading phylogenetic resultsin ciliates due to their arbi-
trary alignment (Cameron et al. 2001b).

Tree construction was performed using PAUP 4.0b8 (Swofford
1998). Two types of tree building algorithms were used: maximum
likelihood (ML) and maximum parsimony (MP). Initial trees were
constructed using heuristic search parameters. Threeconfidenceindi-
ces were calculated: bootstraps (ML and MP); quartet puzzles

(ML and MP); and Bremer support indices (MP only). Bootstrapping
and quartet puzzling were performed using 1000 replicatesin PAUP
4.0b8 (Swofford 1998). Bremer support indiceswere cal culated using
TreeRot ver. 2 (Sorenson 1999).

RESULTS

The entire SSU-rRNA gene was sequenced for the
three entodiniomorph ciliates Cycloposthium edentatum,
Macropodinium ennuensis and M. yalanbense.
The SSU-rRNA genewas 1641 bplongin C. edentatum,
1639 bpinM. ennuensisi and 1639 bpin M. yalanbense.
These sequences are lodged with Genbank under
the accession numbers AF042485 (C. edentatum),
AF298820 (M. ennuensis) and AF042486
(M. yalanbense).

Both parsimony and likelihood analyses supported the
monophyly of the endosymbiotic litostomes, the
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Trichostomatia (Figs 1, 2). In contrast their free-living
sister group the Haptoriawere paraphyletic in all analy-
ses as Sathidium sp. consistently grouped with the
trichostomes. Support for Spathidium + Trichostomatia
was however not strong (unsupported in ML, low sup-
port MP). Within the Trichostomatia, support for the
monophyly of the Vestibuiferida was consistent and
strong. There was limited support for the monophyly of
Entodiniomorphida as traditionally conceived. Asin all
previous, studies the Ophryoscolecidae are monophyl-
etic with high levels of support for this node. Phyloge-
netic relationshipswithin the Ophryoscol ecidae are simi-
lar to those reported previously (Wright et al. 1997;
Wright and Lynn 19973, b) i.e. division of thefamily into
3 major clades: Entodinium (representing the subfamily
Entodiniinae); Polyplastron + Diplodinium +
Eudiplodinium (representing the Diplodiniinae); and
Epidinium + Ophryoscolex (representing the remaining
subfamilies). It differed with respect to the branching
order of these clades; Entodinium has been traditionally
considered the most basal member of thefamily (Crawley
1923, Lubinsky 1957a, Wright et al. 1997) however here
the branching order of the ophryoscolecid clades is
unresolved.

While Cycloposthium was consistently placed as the
sister-taxon to the Ophryoscolecidae in the heuristic
searches, there was little support for this relationship,
unsupported by all analyses except M P quartet puzzling
and then just 50%. The macropodiniidsdid not fall within
the Entodiniomorphida in any of the analyses, rather
forming the sister-group to the remainder of the
Trichostomatia (Vestibuliferida sensu Lynn and Small
1997 + Entodiniomorphidasensu Lynnand Small 1997).
Macropodinium is thus not an entodiniomorph.

DISCUSSION

The phylogeny of the Entodiniomorphidawas exam-
ined by addition of sequences from the Cycloposthiidae
(C. edentatum) and Macropodiniidae (M. ennuensis
and M. yalanbense) to sequences of Ophryaoscolecidae
previously determined (Wright et al. 1997; Wright and
Lynn 19973, b). Neither group was found to be particu-
larly closely related to the ophryoscolecids; the
cycloposthids were shown to be a weakly supported
sister group of the ophryoscolecids while the
macropodiniids were much more distantly related form-
ing the earliest diverging branch of the Trichostomatia.

The classification of Macropodinium has proven to
betroublesomefromitsfirst description (Dehority 1996)
to the present time. Dehority (1996) assigned the
meacropodiniidsto the Entodiniomorphidaprimarily onthe
basis of its reduced somatic ciliation, even though more
classical entodiniomorph characters such as retractable
vestibula and somatic ciliary tufts were absent (Corliss
1979). Careful examination of the gross morphology of
the group using silver staining and scanning electron
microscopy (Cameron et al. 20014) failed to resolve the
affinities of the group; the vestibular characters were
suggestive of blepharocorythiid affinities, the somatic
kinetiesof vestibuliferan affinitiesand the pelicular folds
of cycloposthiid or rhinozetid affinities. Subsequent stud-
ies of stomatogenesis in Macropodinium yalanbense
again failed to unambiguoudly resolvethe affinities of the
group (Cameron and O’ Donoghue 2001); thereplication
of the vestibular kineties was similar to that seen in the
higher entodiniomorphs, the adoral kineties to that of
haptorians and the somatic kineties to that of
vestibuliferans. Indeed, rather than suggest which
trichostome groups may be closely related to the
macropodiniids, these studieshighlighted the uniquefea-
tures of the group. The dorsoventral groove, pellicular
plates and the ontogeny of the oral kineties via two
separate processes are features without parallel amongst
the ciliates (Cameron et al. 2001a, Cameron and
O'Donoghue 2001). The current study places these
findingsinto context, the macropodiniidsform adistinct
monophyletic assemblage which isnot closely related to
any other group within the Litostomatea. Those features
which the macropodiniids share with other groups are
therefore either probably convergences (e.g. most ora
or pellicular features) or retained pleisomorphies (e.g.
somatic ciliary characters).

In contrast, the Cycloposthiidae have been
consistently grouped with the Ophryoscolecidae as
members of the Entodiniomorphina (so-called higher
entodiniomorphs) (Corliss 1979, Grain 1994). The two
families share alarge number of ultrastructural features
incommon (Grain 1966; Furnessand Butler 1983, 19853,
b). The ora kinetiesare very similar, both are composed
of polybrachykineties which form an adora loop sur-
rounding the anterior cytostome and a descending ves-
tibular loop (Fernandez-Galiano 1959, Fernandez-Galiano
et al. 1985). The somatic kineties differ substantially
becausethey are primitively absent in theophryoscol ecids
and secondarily derived in the higher genera from the
oral kineties whereas they have several forms in the



cycloposthiids (Lubinsky 19573, b; Corliss1979). Cyto-
plasmic features shared include nuclear location, endo-
plasm/ectoplasm delimination and contractile vacuole
structure and location (Ito and Imai 1998, 2000; Cameron
et al. 2000). Given the number of similarities in cell
structure and ultrastructure between the two families,
our finding that Cycloposthium was only distantly re-
lated to the Ophryoscol ecidae was surprising. While the
heuristic analyses consistently placed Cycloposthiumas
the sister-group to the Ophyroscolecidae, only 1 of the 5
support indices (quartet puzzling of the ML trees) showed
significant support for thisrelationship. It isunknown at
thistimewhether thisisdueto restricted taxon sampling,
lack of phylogenetic signal in the dataset or representa-
tive of the real phylogeny of the trichostomes.
Cycloposthium is traditionally regarded as one of the
more derived cycloposthiid genera (Corliss 1979) and
theinclusion of more basal representatives of the family
may break up the branch length between the two
families and strengthen the analysis. Lack of phyloge-
netic signal from the SSU-rRNA gene has been found
previously within theciliateswhereby traditional groups
supported by considerable morphological, ultrastructural
and developmental data were not recovered e.g.
Oligohymenophora (Strider-Kypkeet al. 2000, Cameron
et al. 2001b). Finadly, it is possible that the similarities
reported above are the result of convergence and are not
indicative of phylogenetic relationship. While such
convergences have been reported frequently amongst
the ciliates (Embley et al. 1995, Hammerschmidt et al.
1996), it appears unlikely that this is the case in the
present study astherel ationship between Cycloposthium
and the ophryoscolecidsis simply not significantly sup-
ported rather than being contraindicated by any well
supported relationships with other taxa.

The present study has significantly increased the
taxonomic coverage of the trichostomes for the pur-
posesof phylogenetic analysis. Our understanding of the
evolution of the group is, however, still significantly
hampered by the large number of taxa for which phylo-
genetically useful data, gene sequences or complete
ultrastructural data, is available. Of the 14 families of
trichostomes currently recognised (Corliss 1979, van
Hoven et al. 1987, Dehority 1996), sequence data is
available for only 4 families. More tellingly, some key
families have yet to be examined at all; Wolska (1965)
has proposed that the Buetschlidae are the most basal
representative of the Entodiniomorphidaand further that
the Blepharocorythidae form a link between the basal
buetschlids and the remaining families (Wolska 1971).
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No representatives of either family have been sequenced.
Examination of such key taxa will be necessary before
the maor divisions within the Trichostomatia can be
recovered. Recovery of these divisions is necessary
before arobust classification of the trichostomes can be
proposed to adequately classify taxa such as
Macropodinium which do not fit into any of the pres-
ently proposed orders.
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Summary. Movement of extrusomesin the heliozoon Actinophrys sol was characterized at surfaces of the cell body and giant food vacuoles
where microtubules are absent. Extrusomes moved in a saltatory manner at an average velocity of 0.5 ums?. The highest velocity observed
was 2.1 ums?. Cytochalasin B (50 pg/ml) strongly inhibited extrusome movement at the surfaces of newly-formed food vacuol es, suggesting

that the actomyosin system is involved in the organelle transport in Actinophrys.

Key words: actinophryid, actomyosin, extrusome, heliozoa, organelle transport.

INTRODUCTION

Transport of intracellular organelles is a ubiquitous
feature of eukaryotic cells (e.g. Rebhun 1972, Hyams
and Stebbings 1979, Schliwa 1984). In many instances,
microtubules have been postulated as important ele-
ments along which bidirectional particletransport takes
place (Koonce and Schliwa 1985, Hayden and Allen
1984, and references therein). In addition to the micro-
tubule-associated movement, there are other examples
in which organelles are transported in the absence of
microtubul es (reviewed in Hyamsand Stebbings 1979),
which include movement of organelles (extrusomesand
mitochondria) in the heliozoon cell surface.

Address for correspondence: Toshinobu Suzaki, Department
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Nada-ku, Kobe 657-8501, Japan; Fax: +81-78-803-5722;
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Edds (19754) showed that organelle movement of the
heliozoon Echinosphaerium still occurred in artificial
axopodia where a glass microneedle substituted for the
microtubular axoneme, and col chicinedid not inhibit the
motion in either the normal or the artificial axopodia
(Tilney 1968, Edds 1975a). Organelle movement is also
known to take place in the cortex of the heliozoon cell
body where no microtubules are present (Fitzharriset al.
1972, Suzaki and Shigenaka 1982). The actomyosin
system has therefore been suggested as a possible
force-generating mechanismfor thismovement, although
there is no direct evidence available so far.

Actinophrys cells form giant food vacuoles when
they are fed with large ciliates such as Colpidium and
Paramecium (Patterson and Hausmann 1981, Hausmann
and Patterson 1982). Extrusomes movein the cytoplasm
at the surfaces of such food vacuoles. Motions of
individual extrusome particles can be observed easily on
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food vacuoles, because this region of the cell is most
distant from the cell body cytoplasm that usually hinders
precise observation of extrusomes due to optical distur-
bances. In the present study, we characterized particle
movement at the food vacuole surface and demon-
strated that cytochalasin B inhibited particle movement
there, which further strengthens the evidence for the
involvement of the actomyosin systeminorganelletrans-
port in heliozoa.

MATERIALS AND METHODS

The source of Actinophrys sol and the culture method have been
described by Patterson (1979). Prior to every experiment, cellswere
kept in a conditioning medium (0.01% Knop solution containing
5 mM Hepes-KOH buffer at pH 7.0) for more than 1 h to make them
adapted to the solution. Formation of food vacuoles was induced by
adding Colpidium spp. (ciliate) as prey. For light microscopy, aZeiss
inverted microscope (IM 35) was used with a63x plan apochromatic
oil immersion objective and Nomarski differential interference con-
trast optics. Movement of extrusomes was recorded at real time
speed with avideo recorder (JVC BR6400 TR), and analyzed after-
wards frame by frame. Cytochalasin B (Sigma) was dissolved at
5 mg/ml in dimethylsulfoxide (DM SO) beforeit was diluted with the
abovemedium.

RESULTS AND DISCUSSION

Actinophrys sol formed giant food vacuoles when it
was fed with large ciliates. The size of such food
vacuoles sometimes exceeded the initial size of the cell
body (Fig. 1). The food vacuole was surrounded by a
thin layer of cytoplasm, in which numerous particles
moved in asaltatory manner (Fig. 2). These particlesare
extrusomes (Patterson 1979), which can be seen as
refractile spheres of about 0.5 pum in diameter under the
light microscope. Since these organelles are known to
discharge their contents when the cells capture food
organisms, they are implicated in the process of prey
adhesion and membrane supply for making food vacu-
oles (Suzaki et al. 1980; Patterson and Hausmann 1981,
Hausmann and Patterson 1982; Sakaguchi et al. 1998,
2001).

Movement of these cytoplasmic particles was
examined in detail at the food vacuole surface. Particles
moved at variable velocities, with a range from ~ 0
to 2.1 ums? (Fig. 3). The average velocity was
0.55 ums?, which was almost the same as the one
recorded at the surface of the cell body (0.52 pms?,
Table1). Particlesmoved independently from each other

Figs1, 2. Light micrographsof Actinophryssol; 1 - 1ow magnification
picture showing a giant food vacuole (FV); 2 - highly magnified
picture showing many extrusomes at the surface of afood vacuole.
Scalebars: 10 um (1); 2 um (2).

Number of motions

0 1.0
Velocity (um/s)

Fig. 3. Histogram of velocities (distance moved in 1 s) of particlesat
the surface of anewly-formed food vacuole. 10 motions were exam-
ined for each of 30 particles (total 300 motions examined).

with no evident track of movement, and frequently
showed changesin direction and velocity (Figs4, 5). The
degree of regularity of the particle movement was
examined by calculating Jarosch’s regularity quotient
(Qr, the ratio of mean square displacement of double
intervals to the mean square displacement of single
intervals) according to Kamiya (1959). Qr for particle
movement of the food vacuole surface was 2.13
(30 particles were traced in both 5 and 10 sintervals),
which suggests that the motion can be regarded as an
irregular one with some energy-dependent driving pro-
cess for it.
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Fig. 4. Tracing of particles moving at the surface of afood vacuole.
Each open circle representsthe position of the particleat 1 sintervals
(started from the position shown by the closed circles). Arrows
indicate directions of movement.

Organelle movement in Heliozoa 9

Figs 5a, b. Effect of cytochalasin B on particle movement at the
surface of newly-formed food vacuoles (about 30 min after forma-
tion); a- control movement in 1% DM SO; b - 30 min after treatment
with 50 pg/ml cytochalasin B in 1% DM SO. Particlesweretraced for
10 s from the position shown by the closed circles.

Table 1. Effect of cytochalasin B on particle movement at the surfaces of cell body and newly-formed food vacuole*.

Averagevelocity Sample
(umst + SD) number**
Control*** Cell body 0.52 + 0.34 30
Food vacuole 0.55 + 0.34 30
Cytochalasin B treated Cell body 0.37 £ 0.15 38
(50 pg/ml, 30 min) Food vacuole 0.05 £ 0.04**** 38

* Examined about 30 min after formation; ** 9-10 particles were traced for each of 4 experiments;, *** containing 1% DMSO;

***x ggnificantly different from control food vacuole (p<0.001).

Movement of particles at the surface of newly-
formed food vacuoles (within 3 hours after formation)
was inhibited by cytochalasin B at 50 ug/ml (Fig. 5 and
Table 1). Particle movement resumed when the cells
were washed in a control medium that did not contain
cytochalasin B (the control medium contained
1% DM SO, which did not show any effect either on cell
shape or on particle motility). Average velocity of the
particles dlightly decreased at the surface of the cell
body, but it was not significant as compared with the
inhibition observed at thefood vacuole surface (Table 1).

The plasma membrane of the food vacuole is consid-
ered to be derived from the investing membrane of the
extrusomes, which becomes available after the dis-
charge of their contentsto the prey organisms (Hausmann
and Patterson 1982). This newly-formed membrane has
different characteristics from other cell body surfaces,
i.e., itisvery adhesive to the prey organisms (Suzaki et

al. 1980, Hausmann and Patterson 1982), and is easily
fused with food vacuole membranes of neighboring
heliozoon cells to form a large common food vacuole
(Bovee and Cordell 1971, Patterson and Hausmann
1981). These properties of the food vacuole membrane
may suggest that this new membrane surface possesses
a reduced or a different type of surface coat. A large
increasein the frequency of cell fusion after experimen-
tal remova of the surface coat has been shown in
Echinosphaerium (Vollet and Roth 1974). Cytochalasin
B inhibited particle movement most effectively at the
food vacuole surface but had little or no effect in other
parts of the cell (Table 1). This difference might be due
to different permeability characteristics of the food
vacuole membrane.

The inhibitory effect of cytochalasin B suggests that
the actomyosin system might be involved in force gen-
eration for particle movement, although its exact mecha-
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nismisstill an open question. Microfilaments have been
observed in the cytoplasm of Echinosphaerium (Tilney
et al. 1966, Edds 1975b, Suzaki et al. 1980) and
Actinophrys (Hausmann and Patterson 1982). They
are, however, located either deep in the cytoplasm
(Tilney et al. 1966) or in the food vacuole-forming
pseudopodia(Suzaki et al. 1980, Hausmann and Patterson
1982), without any direct interaction with moving
extrusomes. Movement of extrusomes is known to take
place always along the inner surface of the plasma
membrane and was inhibited when the extrusomes were
removed from contact with the plasma membrane by
treatment with chloral hydrate (Suzaki and Shigenaka
1982). Therefore, it seemsto beplausiblethat thedriving
force for the movement of extrusomes may be gener-
ated through interaction with meshwork of single actin
filamentslocated in the close vicinity of theinner surface
of the plasma membrane, not with large bundles of
microfilaments located deeper in the cytoplasm. The
next and crucial step to understand the molecular mecha-
nism of movement of the extrusomes is to demonstrate
the presence of F-actin between the cell membrane and
the food vacuole.
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Summary. Pituitary adenylate cyclase activating polypeptide (PACAP) is a peptide hormone that exists in two biologically active forms:
PACAP-38 and PACAP-27. Severa types of PACAP receptors have been characterized, and these have been classified into three families:
the VPAC,, the VPAC,, and the PAC, receptors. In this study, we used in vivo behavioral assays along with pharmacological inhibitors
to investigate the behavior of the lysozyme/PACAP receptor in Tetrahymena. This receptor behaves like a PAC, receptor in some respects,
however, PACAP 6-38 serves as an agonist, rather than an antagonist, for this receptor. These results are consistent with the existence of
a generalized polycation receptor rather than a PACAP-specific receptor.

Key words: chemorepellent, G-protein, PACAP-38, PKA, PKC, polycation receptor, Tetrahymena.

Abbreviations: BIS IV - bisindolylmaleimide 1V; cAMP - adenosine 3'5 monophosphate; cGMP - guanosine 3'5" monophosphate;
EC,, - concentration of repellent which causes 50% avoidance; EIA - enzyme-linked immunoassay; GDP-3-S - guanosine 5'-O-
(2-thiodiphosphate); IP, - inositol 1,4,5 trisphosphate; PACAP - pituitary adenylate cyclase activating polypeptide; PKA - cAMP-
dependent protein kinase; PKC - protein kinase C; Rp-cAMPs - Rp-adenosine-3', 5’ cyclic monophosphorothioate.

INTRODUCTION

Pituitary adenylate cyclase activating polypeptide
(PACAP) is a peptide hormone derived from a larger
polypeptide precursor. Thispeptide existsintwo biologi-
cally activeforms: a38-amino acid peptide, PACAP-38
(Miyata et al. 1989), and an N-termina amidated
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27-amino acid peptide, PACAP-27 (Miyataet al. 1990).
Both formsof this peptide are polycations at physiologi-
cal pH. Receptors for this peptide have been found in
nearly every organ in the body (Vaudry et al. 2000). The
nearly ubiquitous nature of this peptide in mammalian
systems makes it an interesting ligand to study in other
cell systems. PACAP-38 has previously been shown to
act as a chemorepellent in Tetrahymena thermophila
(Mace et al. 2000, Hassenzahl et al. 2001).
Sincetheinitial discovery of PACARP, several typesof
receptors have been identified and classified based on
their affinities for the following ligands. PACAP-38,
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PACAP-27, vasoactive intestinal peptide (VIP), and
other members of the same peptide hormone superfam-
ily. Three receptor classes have been identified so far:
the VPAC, receptor, the VPAC, receptor, and the PAC,
receptor (Harmar et al. 1998). Of these three receptor
types, previously obtained pharmacological data
(Hassenzahl et al. 2001) suggest that the Tetrahymena
receptor may share some characteristics with the PAC,
class of receptors in terms of the second messenger
pathways utilized. The pathways through which previ-
ously identified PAC, receptors signal include cyclic
AMP (cAMP) aswell asinositol trisphosphate (1P,) and
diacylglycerol (DAG)-mediated activation of proteinki-
nase C (PKC) (Delporte et al. 1995, Hahm et al. 1998).

Two forms of the PAC, receptor have been identi-
fied. Type IA receptors have an equal affinity for
PACAP-38 and PACAP-27, while type IB receptors
have a higher affinity for PACAP-38 than for
PACAP-27 (Harmar et al. 1998, Robberecht et al.
1991). Both typesreceptors have an affinity for VIP that
isabout 1000 timeslessthan the affinity for PACAP-38.
In addition, PAC, receptors are selectively inhibited by
the antagonist PACAP 6-38, a fragment of PACAP-38
that binds to the receptor but does not activate the
second messenger pathway (Harmar et al. 1998). These
pharmacological profileshave not previously been evalu-
ated in Tetrahymena.

Previous work in Tetrahymena has demonstrated
that the lysozyme response is mediated through arecep-
tor that shows specific, saturable binding (Kuruvilla et
al. 1997). The receptor has also been isolated and
characterized electrophoretically as a 42 kD protein
(Kuruvilla and Hennessey 1998). Adaptation studies
with PACAP-38 have shown that cells exposed to
lysozyme for at least 10 min no longer show avoidance
to PACAP- 38 and vice versa (Mace et al. 2000). The
fact that both lysozyme and PACAP are polycations,
combined with the previously mentioned adaptation data,
suggests that these two ligands may utilize a common
receptor and second messenger pathways.

Recent work in our laboratory indicatesthat signaling
through the lysozyme/PACAP receptor of Tetrahymena
thermophila involves both cAMP production and the
activation of PKC (Hassenzahl et al. 2001). While this
suggests the possibility of PAC, receptor involvement,
the potencies of PACAP-27, VIP, and the PAC, recep-
tor antagonist PACAP 6-38 have not been previously
tested in Tetrahymena. In our current study, we have
used in vivo behavioral assays aswell as pharmacologi-
cal inhibitors to suggest the presence of a receptor that

shares some characteristics with the PAC, receptor
family, specifically, ligand potency and the use of com-
mon signaling pathways. However, there is one notable
difference: namely, the action of PACAP 6-38, an
antagonist to PAC, receptors (Vaudry et al. 2000),
which acts as an agonist (chemorepellent) in our system.
These data suggest that the lysozyme/PACAP receptor
is probably a generalized, G-protein linked, polycation
receptor which signals through several second messen-
ger pathways.

MATERIALS AND METHODS

Cedll cultures

Tetrahymena thermophila B, strain SB715, a generous gift from
T. M. Hennessey (SUNY at Buffalo) was used throughout the study.
Cellswereincubatedin the axenic medium Dentler (1988) at 25°Cfor
48 h after inocul ation without shaking and without addition of antibi-
otics.

Chemicals and solutions

Asin earlier studies with lysozyme and PACAP (Kuruvillaet al.
1997, Maceet al. 2000, Hassenzahl et al. 2001), behavioral bioas-
says were carried out in a buffer containing 10 mM Trizma base,
0.5 mM MOPS, 50 pM CaCl,, pH 7.0. PACAP-38 was obtained
from Cabiochem, LaJolla, CA. PACAP-27 was obtained from Pen-
insula Laboratories, San Carlos, CA. PACAP 6-38 and VIP were
obtained from the American Peptide Co, Sunnyvae, CA. The
G-protein inhibitor guanosine 5'-O-(2-thiodiphosphate) (GDP-(3-S)
was obtained from Alexis Biochemicals, San Diego, CA. The PKC
inhibitor Calphostin C and the PKA inhibitor Rp-cAMPs were
obtained from BIOMOL Research Laboratories, Plymouth Meeting,
PA. Another PKCinhibitor, BIS1V, was obtained from LC Laborato-
ries, Woburn, MA. The cCAMP EIA kit was obtained from Cayman
Chemical, Grand Rapids, M1. All other chemical swere obtained from
Sigma Chemical Company, St. Louis, MO.

Behavioral bioassays

Invivo behavioral assayswerecarried out as previously described
(Mace et al. 2000, Hassenzahl et al. 2001). Briefly, cells were first
washed twice in the assay buffer and then transferred to the first well
of a 3-well spot microtiter plate. Individual cells were then trans-
ferred, using amicropipette, to awell containing either buffer or the
inhibitor being tested. If an inhibitor was being tested, cells were
adapted to the inhibitor for a minimum of 10 to 15 min before
individual cellsweretransferredto athird well containing acombina-
tion of the chemorepellent and the test concentration of inhibitor and
scored for avoidance (+ or -) for eachtrial. Cellswerescored as(+) for
avoidance if they showed backward swimming, characterized by
jerky, backward motions, backward motions in a straight line, or
backward “tumbling”, with the cell rotating anterior-over-posterior
or spinning rapidly, like afan blade. If no inhibitor was being tested,
cellswere simply transferred from the buffer to awell containing the



chemorepellent of interest and scored for avoidance (+ or -) for each
trial. Themean + SD was cal culated for aminimum of threetrialsand
wasexpressed as* Cells Showing Avoidance, [%0]”.

EIA assays

Enzyme-linked immunoassays (EI As) for cAMP were performed
using an EIA kit from Cayman Chemical, Grand Rapids, M|, Catalog
Number 581001. Briefly, two-day old cell cultures were washed
twice in behavioral buffer and then placed into the same behavioral
buffer containing 1 mM theophylline. Cells were then exposed to
0.1 uM PACAP-38, PACAP-27, or PACAP 6-38, or simply left in
buffer. Aliquots of 1 ml, containing approximately 7.66E06 cells,
were immediately frozen in liquid nitrogen. Upon thawing, the cell
lysate was centrifuged at 12,500 g for 10 min to remove particul ate
matter. The supernatant was acetylated according to the EIA kit
manufacturer’sinstructions(diluted 1:100 for maximum performance
on the standard curve) and used for the EIA assay.

RESULTS

In vivo behavioral assays indicate that PACAP-38,
PACAP-27, and PACAP 6-38 dl act with similar poten-
cies as chemorepellents in Tetrahymena (Fig. 1). The
EC,, (concentration of repellent which causes 50% of
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Fig. 1. PACAP-38, PACAP-27, PACAP 6-38, and VIP are effective
chemorepellents in Tetrahymena. Behavioral bioassays (see Materi-
asand Methods) were used to show the concentration dependencies
for avoidancereactionsto PACAP-38 (closed diamonds), PACAP-27
(closed triangles), PACAP 6-38 (closed circles), and VIP (closed
squares). The percentage of cells showing avoidance was determined
by observation of asingle cell after transfer to the test solution. Each
trial consisted of ten cells, which were individually scored as to
whether or not avoi dance occurred. Each point represents the mean +
SD of = 3 trias. Error bars, representing the standard deviation, are
shown for each point. The EC_, values for these repellents were
approximately 10 nM for PACAP-38, PACAP-27, and PACAP 6-38
and 10 uM for VIP.
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cells to show avoidance) of all three compounds
was approximately 10 nM. VIR, which was also a
chemorepellent, was much less potent, with an EC, of
approximately 10 uM, 1000 times higher than that of the
other three ligands (Fig. 1). The concentrations of
repellent necessary to elicit 100% avoidance was
0.1 uM for PACAP-38, PACAP-27, and PACAP 6-38,
and 100 uM for VIP (Fig. 1). These concentrations of
repellent were used in the adaptation studies (Fig. 2),
cross-adaptation studies (Table 1), inhibitor studies
(Table 2), and cCAMP assays which follow.

Chemorepellent responses to 0.1 uM PACAP-38,
0.1 uM PACAP-27, 0.1 uM PACAP 6-38, and 100 uM
VIPall declinedwithtime (Fig. 2). By four min, approxi-
mately 50% of the cells had adapted to the repellent,
while a baseline (< 20%) avoidance response was seen
at 10 min. Based on the behavior of Tetrahymena when
placed in buffer under our assay conditions (10-20%;
Kuruvilla et al. 1997, Mace et al. 2000, Hassenzahl
et al. 2001), it appears that cells are fully adapted after
10 min of exposure to the repellents. All of the ligands
showed a similar time course of adaptation (Fig. 2).
As seen in previous studies with other repellents in
Tetrahymena, adaptation to al of the repellents could be
reversed by placing cells in buffer for about 10 min
before reintroducing them to the repellent (unpublished
observations, Kuruvilla et al. 1997).

100 =
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Fig. 2. Adaptation to PACAP-38 (closed diamonds), PACAP-27
(closed triangles), PACAP 6-38 (closed circles), and VIP (closed
squares) all occurred over a similar time period (approximately
10 min), consistent with acommon signaling mechanism. Each point
represents the mean + SD of = 3 trials. Error bars, representing the
standard deviation, are shown for each point.
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Table 1. Cross-adaptation between members of the VIP/PACAP family.

PACAP-38 PACAP-27 PACAP-6-38 VIP
PACAP-38 166 + 58 200+ 5.0 133 +58 20.0 £ 5.0
PACAP-27 166 + 58 166 + 58 20.0+5.0 20.0 £ 5.0
PACAP 6-38 200+ 5.0 200+ 5.0 13.3+538 16.6 + 5.8
VIP 200+£5.0 200+ 5.0 166 £ 58 20.0 £ 5.0

Means + SD for > 3 trials of 10 cells are listed. Each cell was adapted to the chemorepellent for 10 min before testing for cross-adaptation
in adifferent repellent. In all experiments, adaptation to one chemorepellent in the VIP/PACAP family effectively eliminated avoidance to
the other repellents in the family (avoidance in buffer alone under our assay conditions ranges from 10-20% (Kuruvilla et al. 1997, Mace

et al. 2000).

Table 2 Effect of various pharmacological inhibitors upon avoidance behavior in various members of the VIP/PACAP family.

No inhibitor GDP-B-S Rp-cAMPs Calphostin C BISIV Neomycin

1mM 50 uM 10 uMm 50 uM 5 uM
PACAP-38, 0.1 pM 100 £ 0.0 16.6 + 5.8 10+ 50 16.6 + 5.8 20.0 £ 5.0 16.6 £ 5.8
PACAP-27, 0.1 pM 100 £ 0.0 133+ 538 10+ 0.0 16.6 + 5.8 16.6 + 5.8 16.6 £ 5.8
PACAP 6-38, 0.1 pM 100 + 0.0 6.6 + 5.8 16.6 £ 5.8 200+ 5.0 16.6 + 5.8 200+ 5.0
VIR, 100 pM 96.6 + 5.8 20.0 £ 5.0 20.0 £ 5.0 200+ 50 20.0 £ 5.0 200+ 50

Means + SD for = 3 trials of 10 cells are listed. Each cell was incubated with the inhibitor for 10 min before testing for avoidance in the
chemorepellent. In all experiments, exposure to the pharmacol ogical inhibitor nearly eliminated avoidance to the chemorepellent (avoidance
in buffer alone ranges from 10-20% under these assay conditions; Kuruvilla et al. 1997, Mace et al. 2000).

Cross-adaptation studies (Table 1) were also con-
ducted to determine whether a cell adapted to one
chemorepellent inthe VIP/PACAP family would also be
adapted to the other peptides in the family. Cells were
first adapted to either 0.1 uM PACAP-38, 0.1 uM
PACAP-27, 0.1 uM PACAP 6-38, or 100 uM VIP for
10 min and then exposed to one of the other three
repellents. In al cases, adaptation to one repellent
reduced avoidanceto the other three repellentsto baseline
levels of 10-20% (Table 1).

Severa potent and specific pharmacol ogical inhibitors
of second messenger pathways have been effective in
eliminating avoidance to PACAP-38 in Tetrahymena
(Mace et al. 2000, Hassenzahl et al. 2001). These
compounds were tested using in vivo behavioral assays
in order to determine whether the same second messen-
ger pathways are involved in the signaling of the other
ligandsinthe VIP/PACAP family (Fig. 2). The concen-
trations of inhibitors used in the current assay were
based on previously published data (Mace et al. 2000,
Hassenzahl et al. 2001).

The G-proteininhibitor, 1 mM GDP-§3-S (Hassenzahl
et al. 2001), effectively eliminated avoidance to 0.1uM
PACAP-38, 0.1uM PACAP-27, 0.1uM PACAP 6-38,
and 100 uM VIP (Table 2), lowering avoidance in al
cases to the baseline avoidance of 10-20%. A cAMP
analogue and competitive inhibitor of PKA, 50 uM
Rp-cAMPs (Hassenzahl et al. 2001), also eliminated
avoidance to all four chemorepellents, as did two PKC
inhibitors, 10 uM Calphostin C (Hassenzahl et al. 2001),
and 50 uM BIS IV (Hassenzahl et al. 2001), (Table 2).
A compstitiveinhibitor of thelysozymereceptor (Kuruvilla
et al. 1997) and an inhibitor of the PACAP-38 response
(Mace et al. 2000), 5 UM neomycin sulfate, effectively
eliminated the avoidance response to 0.1uM PACAP-
38, 0.1uM PACAP-27, 0.1uM PACAP 6-38, and
100 uM VIP (Table 2).

Indirect determination of cytosolic cAMP levelswas
performed by EIA. These preliminary data (N=2) sug-
gest that detectable levels of CAMP are present evenin
control cells(7.73+ 0.02E-06 picomoles/cell). Exposure
to PACAP-38 raised the CAMP level to 255% of the



control level (1.96 = 0.11E-05 picomoles/cell), and
PACAP-27 caused an increase in CAMP levelsto 239%
of the control level (1.85 + 0.12E-05 picomoles/cell).
Exposure to PACAP 6-38 caused a lesser increase,
raising the level of CAMP to 131% of control levels
(1.01 £ 0.08E-05 picomoles/cell). Although these data
are preliminary, they are consistent with the Rp-cAMPs
data mentioned above.

DISCUSSION

PAC, receptors are characterized by a number of
common features, including a low affinity for VIP,
signaling through cAMP and PKC, and inhibition by the
PACAP fragment PACAP 6-38. Data from in vivo
behavioral assaysin Tetrahymena (Fig. 1) indicates that
the potency of PACAP-38 and PACAP-27 is nearly
identical, and the potency of VIP is nearly 1000 times
lower than that of PACAP. These results are consistent
with signaling through a PAC IA receptor. However,
PACAP 6-38 acted as a repellent in our assay (Fig. 1)
rather than an antagonist of receptor activity. Thisisin
clear contrast to other systems where PACAP 6-38
serves as an antagonist to the PAC, receptor, binding to
the receptor but not activating the second messenger
pathway (Harmar et al. 1998). However, PACAP 6-27,
also considered a competitive inhibitor of the PACAP
receptor, has been shown to stimulate serotonin release
from rat peritoneal mast cells (Seebeck et al. 1998). In
this case, a receptor-independent mechanism of
G-protein activation has been proposed. We have found
that PACAP 6-27 is also an effective chemorepellent in
our system (unpublished data), with potency nearly
indistinguishable from PACAP 6-38. While a receptor-
independent mechanism of signaling such as the one
proposed for rat peritoneal mast cellsisalso possiblein
our system, the high potency of PACAP 6-38, which is
nearly equivalent to that of PACAP-38 and PACAP-27,
along with the shape of the activation curve, is more
consistent with the existence of a receptor, linked to a
G-protein. Use of common signaling pathwaysfor al the
ligands being studied (PACAP-38, PACAP-27, PACAP
6-38, and VIP) aso supports the hypothesis that a
common receptor is being used.

Time course studies of in vivo behavioral adaptation
show asimilar kineticfor all four repellents being tested.
Thisresult isconsistent with the hypothesisthat PACAP-

Polycation receptor 15

38, PACAP-27, PACAP-6-38, and VIP are dl signaling
through a common receptor. Adaptation occurs over a
fairly short time period (about 10 min) and isreversible.
These data are consistent with an adaptation mechanism
such as modification of the receptor or second-messen-
ger pathway rather than a mechanism such as receptor-
mediated endocytosis, which would require a longer
period of time for adaptation and recovery or de-
adaptation. In the case of lysozyme, which appears to
work through the same receptor as PACAP-38 (Mace
et al. 2000), receptor-mediated endocytosis is not the
mechanism of adaptation (Cantor et al. 1999). Our
current data support these earlier findings.

Cross-adaptation studies (Table 1) are al so consistent
with the hypothesis that al four ligands being tested
(0.1uM PACAP-38,0.1 uM PACAP-27,0.1 uM PACAP
6-38, and 100 uM VIP) share a common receptor and/
or second messenger pathway. Adaptation to any one of
theligandsin the VIP/PACAP family resultsin alack of
responsiveness to any of the other ligands, resultingin a
baseline avoidance of 10-20%, similar to that seen in
buffer alone (Kuruvilla et al. 1997, Mace et al. 2000).

The polycation, lysozyme, is a chemorepellent in
Tetrahymena (Kuruvilla et al. 1997, Kuruvilla and
Hennessey 1998). The lysozyme receptor has been
purified by affinity chromatography, and a polyclonal
antibody has been raised against the purified protein
(Kuruvilla and Hennessey 1998). This antibody, along
with a competitive inhibitor of the lysozyme receptor
neomycin sulfate (Kuruvilla et al. 1997, Kuruvilla and
Hennessey 1998) has been used to show that
PACAP-38 and lysozyme share a common receptor in
Tetrahymena (Mace et al. 2000). Avoidance to PACAP-
38 may aso be inhibited by the G-protein inhibitor
GDP-3-S, the cAMP analogue Rp-cAMPs, and the
PK C inhibitors Calphostin C and BIS 1V (Hassenzahl et
al. 2001). These potent, specific inhibitors can be effec-
tively used to determine involvement of specific en-
zymes/receptors in the in vivo behavioral response of
Tetrahymena.

In vivo behavioral assays done with 0.1 uM
PACAP-38, 0.1 uM PACAP-27, 0.1 uM PACAP 6-38,
or 100 uM VIP gave approximately 100% avoidancein
al cases (Table 2). The G-protein inhibitor 1 mM
GDP-3-S reduced avoidance to near the baseline re-
sponse of ~10-20% in all cases (Table 2), implicating
G-protein involvement in the signaling pathway. Thisis
consistent with previous results for PACAP-38 and
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lysozyme, which appear to share a receptor and signal-
ing pathways (Mace et al. 2000, Hassenzahl et al.
2001).

The cAMP analogue, 50 UM Rp-cAMPs, also inhib-
ited avoidance to 0.1 uM PACAP-38, 0.1 uM PACAP-
27, 0.1 uM PACAP 6-38, and 100 uM VIP (Table 2).
These data are also consistent with what has been seen
for PACAP-38 and lysozyme (Hassenzahl et al. 2001).
Thisindicatesthat cAMPisinvolved in signaling, possi-
bly as an activator of PKA, or perhaps in another
capacity, such as opening a plasma membrane calcium
channdl. A calciuminflux has previously beenimplicated
in the response of Tetrahymena to lysozyme (Kuruvilla
and Hennessey 1998). These data also support the
hypothesis of a common receptor/signaling pathway
used by all four ligands.

Preliminary data from EIA experiments measuring
the concentration of CAMP in the cytosol after PACAP
stimulation showed that all PACAP isoforms tested
stimulate cAM P production above control levels. Thisis
consistent with our current Rp-cAMPs data, which
suggests CAMP involvement in avoidance, as well as
data from previous studies (Hassenzahl et al. 2001).
Interestingly, PACAP 6-38, a PACAP receptor antago-
nist in many systems, caused less of an increase in
CAMP production than the native PACAP forms
(PACAP-38 and PACAP-27). Since the data are sparse,
repeated studies will be necessary to determine whether
this pattern is consistent. PACAP 6-38 was as potent an
agonist in our system as were the native forms of
PACAP, and future experiments continue to show lower
CAMP levels dlicited by PACAP 6-38, this would sug-
gest that the high CAMP levels caused by the native
forms of PACAP may not be necessary or sufficient to
cause avoidance. The data discussed below implicate
the PKC pathway as an integral part of avoidance, and
recent data from our laboratory suggest that PKG may
beimportant aswell (unpublished observations). Clearly,
CAMP is not the only essential component of this
repellent pathway.

As seen in Table 2, the PKC inhibitors 10 uM
Calphostin C and 50 uM BIS IV effectively reduced
avoidance to 0.1 uM PACAP-38, 0.1 uM PACAP-27,
0.1 uM PACAP 6-38, and 100 uM VIP to near the
baseline avoidance of 10-20%. This is consistent with
previous results seen for PACAP-38 and lysozyme
(Hassenzahl et al. 2001) and implicates PKC in the
avoidance of chemorepellents in the PACAP family.
These data also support the hypothesis of a shared
second messenger pathway used by all four ligands.

Neomycin sulfate has been shown to be acompetitive
inhibitor of lysozyme binding to its receptor in Tetrahy-
mena (Kuruvilla et al. 1997, Kuruvilla and Hennessey
1998) as well as an inhibitor of PACAP-38 binding
(Maceet al. 2000). Inthisassay, 5 UM neomycin sulfate
reduced avoidance to 0.1 uM PACAP-38, 0.1 uM
PACAP-27, 0.1 uM PACAP 6-38, and 100 uM VIP to
near the baseline of 10-20%. This, too, isconsistent with
previous results and supports the hypothesisthat all four
of these ligands are working through the previously
identified lysozyme receptor. Thislow (5 uM) concen-
tration of neomycin is 60 times lower than the concen-
tration required to block calcium channels on the plasma
membrane of Paramecium (~300 uM; Gustin and
Hennessey 1988) and is consistent with previous inhibi-
tion data(Kuruvillaet al. 1997, Kuruvillaand Hennessey
1998, Mace et al. 2000).

In the current study, we have explored adaptation
Kinetics, cross-adaptation of cells adapted to one ligand
and exposed to another, and the involvement of
G-proteins, CAMP, and PKC in signaling. While some of
the inhibitors used in our study may have pleiotropic
effects on the cell, when taken collectively, our data
suggest that PACAP avoidance in Tetrahymena occurs
through activation of a G-protein linked receptor. The
Tetrahymena receptor shows some similarities to previ-
ously described PAC, receptors (Miyata et al. 1989,
Delporte et al. 1995, Hahm et al. 1998) inthat it signals
through cAMP and PKC. However, the N-terminal
amino acids of PACAP do not appear to be required for
receptor activation, since PACAP 6-38 is as potent a
chemorepellent as PACAP-38 or PACAP-27. All of the
PACAP isoforms used in the assay, as well as VIP,
lysozyme (tested previously), and the lysozyme fragment
CB, (Kuruvilla and Hennessey 1999) are positively
charged polypeptides. Interestingly, the more highly
charged molecules, such as PACAP (+ 12 at physiologi-
cal pH), whose EC_is 10 nM, are more potent than the
less highly charged molecules, such as CB, (+ 4 a
physiological pH) whose EC,;is 100 nm (Kuruvillaand
Hennessey 1999, Mace et al. 2000). All of these data
are consistent with signaling of these repellents through
a polycation receptor, rather than through a specialized
PACAP receptor. This polycation receptor is likely the
previoudly isolated lysozyme receptor, based on the
cross-adaptation studies, similar inhibition profiles, and
the fact that the antibody raised against the lysozyme
receptor blocks PACAP avoidance (Kuruvilla and
Hennessey 1998, Mace et al. 2000, Hassenzahl et al.
2001). Molecular cloning of the receptor, perhaps using



the amino acid sequence previously isolated from the
purified receptor preparation (Kuruvillaand Hennessey,
1998), will provide animportant step toward identifying
sequences responsible for ligand binding and allow for
molecular characterization of this polycation receptor.
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How Cytotoxic is Zinc? A Study on Effects of Zinc on Cell Proliferation,
Endocytosis, and Fine Structureof the Ciliate Tetrahymena

Jytte R. NILSSON

Department of Cell Biology, Institute of Zoology, University of Copenhagen, Copenhagen, Denmark

Summary. Addition of 0.5-2.0 MM zinc (Zn*) to proliferating Tetrahymena culturesin 2% proteose peptone (PP) medium induced varying
lag periods (~¥2-4 h) before proliferation resumed at almost normal (0.5, 0.75 mM) or decreased rates (1, 1.5, 2 mM). Initially cellsin
1 mM Zn* moved slowly whereasin higher concentrations adose-dependent number of cells ceased to move exhibiting rocking movements;
the cells recovered, however, and regained motility during the lag period. All Zn-treated cells had small refractive granules which increased
in number during the lag period, decreased when cell proliferation resumed, and increased again in non-proliferating cells in high density
cultures. The endocytic capacity of the cells was elevated in the low concentrations but suppressed dose-dependently in 1-2 mM Zn?,
concommitantly with an increase in cells not forming vacuoles (up to 80%), corresponding to the immobile cells mentioned above.
Tetrahymena exposed to Zn?* in dilute, 1% and 0.5% PP, medium showed the same trend of growth pattern and endocytosis as in 2% PP
but at lower Zn concentrations. The maximum sublethal concentrationsin 0.5%, 1%, and 2% PP growth medium permitting cell proliferation,
were 0.2, 1.0, and 2.0 mM Zn?, respectively, a linear relationship between the amount of organic matter and toxicity. Fine structuraly,
Zn*-treated cells had dilated endoplasmic reticulum (induced protein synthesis), €l ectron-dense granules (fused with food vacuoles), and
avariety of vesicles, some containing el ectron-dense dots (Zn?). Apart from the early strong reaction, Tetrahymena adapted quickly to excess
amounts of Zn?*, perhaps because an ion regulation pathway for Zn? is already operating in the cells.

Key words: cell motility, cytoplasmic granules, homeostasis, Tetrahymena pyriformis, zinc.

INTRODUCTION

Zinc (Zn?") isaninteresting metal nutritionally essen-
tial to living organisms in trace amount (UM). The
element has multiple intracellular functions as a cata-
Iytic or structural constituent of morethan 300 enzymes
(Vallee and Falchuk 1993, Vallee and Maret 1993) and
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a cofactor of gene regulatory proteins and transcription
factors (Zeng and Ké&gi 1994). The wide involvement of
Zn in biological functions has resulted in an expanding
interest in understanding the Zn metabolism.

A deficiency in Zn affects proper functioning of
various organs, e.g., the nervous system, skin, intestine
(Goyer 1991), and disturbs cell development, differentia-
tion, and cell division (Vallee and Falchuk 1993). The
latter disorders affect the immune system, mainly the
T-cell population, causing disease advances of, e.g.,
AIDS, cancer G1 disorder, renal disorder, and aging
heightening apoptosis (Fraker and King 2001). All these
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disorders, apart from inherited ones, are reversed by
Zn supplementation (Vallee and Falchuk 1993). Excess
amounts of Zn does not seem to have any adverse long
time effects in humans (Vallee and Falchuk 1993) but
whereas some reports indicate that Zn may inhibit
apoptosis (Zalewski et al. 1991), others suggest that
Zn actually induces apoptotic cell deaths (Haase et al.
2001, litaka et al. 2001) and propose Zn as a potential
cytotoxic agent in treatment of thyroid cancer (litaka et
al. 2001).

As an essential trace element in living organisms,
regulation of the intracellular concentration of Zn?* is of
utmost importance. Homeostasis of the metal is medi-
aed by meta-binding proteinsand metalothioneins (M Ts),
small proteins binding heavy metals (Kojima and Ké&gi
1978, Brady 1982, Cherian and Chan 1993, Vallee and
Maret 1993) and found in all organisms (Kojima and
Kégi 1978, Piccinni 1989, Cherian and Chan 1993, Vallee
and Falchuk 1993). Administration of Zn to rats caused
a 3-fold increase in mRNA encoding for MT hence
supporting a regulatory involvement of the protein in
Zn homeostasis (Shapiro and Cousins 1980). MTs have
been studied widely, not least in organisms exposured to
cadmium (Cd) which induces synthesis of Cd-Zn
metallothioneins (K&gi and Vallee 1960, Valleeand Maret
1993) which also happens in Tetrahymena (e.g.
Yamagushi et al. 1978; Nakamura et al. 1981a, b;
Piccinni et al. 1990), aciliate used much asamodel cell
systemin cytotoxicology (e.g. Nilsson 1989, Sauvant et
al. 1999). On exposureto Cd, Tetrahymena homogenates
contain a 3-fold increased amount of Zn in the superna-
tant but an unchanged amount in the sediment (Piccinni
et al. 1990).

The role of MTsis not solely that of detoxication of
heavy metals, as they are genera regulators of the
norma Zn-Cu metabolism in living organisms (Brady
1982, Bremner 1993, Cherian and Chan 1993). MTsare
also present in untreated Tetrahymena and increase in
amount when cell proliferation ceasesat high cell density
(Santovito et al. 2000).

In view of the general importance of understanding
how cells regulate the intracellular concentration of
Zn*, the present study was undertaken by exposing
Tetrahymena to excess amounts of the metal. Early
studies on effects of Zn on Tetrahymena were reviewed
some years ago (Nilsson 1989). It was revealed that a
high concentration of Zn?* was tolerated by cells in
media with a high content of organic matter, in fact,
100-fold higher in 2% proteose peptone (PP) than in
distilled water (cf. Nilsson 1989). Moreover, Zn accu-

mulated in small cytoplasmic granules (Dunlop and
Chapman 1981, Joneset al. 1984). Such small refractive
granules appear commonly in Tetrahymena under stress
conditions and when growth ceases due to high cell
density; they have been proposed to play a role as
intracellular ion regulatorsin detoxication of heavy met-
als (cf. Nilsson 1976, 1989). Yet, how cytotoxic is Zn?*
realy?

The present study describes effects of Zn?* on cell
proliferation, rate of endocytosis, and fine structure of
Tetrahymena in proliferating cultures. The findings are
discussed in relation to published literature on effects of
Zn on the organism. The data show good agreement
with previousfindings but additional new informationis
reported, especially on the early reaction of cells to
excess Zn.

MATERIALS AND METHODS

Tetrahymena pyriformis GL was grown axenically at 28°C in
2% proteose peptone (PP) enriched with 01% yeast extract and
inorganic salts, including 0.4 uM Zn (Plesner et al. 1964). The
experimental 100-ml culturesin 500-ml Fernbach flaskswere agitated
and aerated. Two culturesin exponentiel growth (20-40,000 cells/ml)
were mixed and divided into 50-ml cultures of which 3 cultures
received zinc chloride (stock: 100 mM) inan equal volumeof distilled
water to establish different Zn?* concentrations, and the last culture,
the control, received the same amount of water without Zn*. When
addition of the metal decreased the pH of the growth medium
(pH 7.0), pH was readjusted with NaOH. To test the effect of Zn* in
reduced amounts of organic matter, cultures (50-80,000 cells/ml)
were diluted with 10 mM Hepes buffer (pH 7.0) to obtain media
of 1% and 0.5% PP, respectively; the dilution was made 1 h before
testing. All cultures were followed for a 24-h period.

In vivo observations were made at low power microscopy of
freely swimming cells (for cell shape and motility) and at high power
of compressed cells(for cellular details) using a Reichert microscope
with anoptral optics.

The cell density of the cultures was determined electronically
(Coulter Multisizer 11, Counter ElectronicsLtd., England). Triplicate
0.5-ml cell samples were withdrawn from the cultures at hourly
intervals and fixed with an equal volume of 1% glutaraldehyde in
phosphate buffer (pH 7.2). The cell samples were diluted with
0.45% NaCl prior to counting.

The endocytic capacity was determined by a 10-min exposure of
2-ml cell samplesto 2 ml carmine particles (0.4 mg/ml) suspended in
the same medium asthat of the cells. At the end of exposure, the cell
suspension was fixed in 4 ml 1% buffered glutaraldehyde. After
washing the cells, the number of |abelled food vacuol es was counted
in 100 cells (Nilsson 1976). The endocytic capacity of treated popu-
lations was expressed as the percent of that of control cells (100%).

For electron microscopy, 4-ml cell sasmpleswerefixed for 10 min
in 2% glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.2).
The cells were washed in buffer and postfixed for 1 h in buffered



1% osmium tetroxide, washed, dehydrated in a graded series of
ethanol, and embedded in epon. The sectioned material was con-
trasted with uranyl acetate and lead citrate before examination in a
Zeiss EM 109 electron microscope.

RESULTS

Normal 2% proteose peptone medium

Addition of 0.5-2.0 mM Zn?" to the medium affected
growth of Tetrahymena by inducing a dose-dependent
lag period before cell proliferation resumed (Fig. 1).
After the lag period, cells in 0.5 and 0.75 mM Zn*
resumed proliferation at almost normal rate, whereas
cellsin 1.0, 1.5, and 2.0 mM Zn?* exhibited decreased
rates of proliferation. After 24 hthe cellsin 0.5-1.0 mM
Zn? had reached the maximum high cell density of
control cultures (~ 1,000,000 cellml) and cells in
1.5 mM Zn? alittle less (~ 700,000 cells/ml), whereas
cellsin2mM Zn?* doubled 3timesonly (~ 300,000 cells/
ml).

In vivo observations revealed an initial dose-depen-
dent effect of Zn?* on cell motility. Visually swimming of
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Fig. 1. Effect of Zn? onthegrowth rate of Tetrahymenain the normal
2% PP medium: control (closedcircle), 0.5mM (opencircle), 0.7 mM
(closed square), 1.0 mM (open square), 1.5 mM (closed triangle),
2.0 mM (open sguare). Means of 5-10 experiments per concentra-
tion.

Effects of zinc on Tetrahymena 21

cellsin 0.5 and 0.75 mM was unaffected but in 1 mM
their rate became more leisurely (~%2 h) and some cells
became immobile (~1 h); however, in 1.5 and 2 mM a
high fraction of the cells (up to 80% in 2 mM Zn?)
became motionless (with rocking movements) and afew
cells had enlarged contractile vacuol es and were spheri-
cal of shape, yet afew cells behaved normally. Within
the lag period, however, the cells had restored shape,
regained motility, and were swimming normally before
cell proliferation resumed. A fluffy precipitate formed
within 1 h after addition of 2 mM (Fig. 3) and it was
ingested by the cells, moreover, sometimes a few dead
cels (< 0.1 %) were observed which indicates that
2 mM Zn? is a critical concentration, i.e. the highest
Zn?* concentration permitting cell proliferation in this
medium.

The endocytic capacity of Tetrahymena, i.e. to form
food vacuoles, was affected dose-dependently by Zn?
(Fig. 2). The rate of endocytosis (closed symbols) was
elevated in 0.5 and 0.75 mM Zn? but decreased in
1-2 mM Zn*, independently of a 1- or 3-h exposure.
Whereas about 10% of the control cells (division stages)
in proliferating populations do not form food vacuoles
(e.g. Nilsson 1989), the number of cellsnot forming food

100

50

endocytic capacity (% of control = 100%)
% cell not forming food vacuoles

2.0

0 ) 1.0
mM zinc

Fig. 2. Effect of al- (closed circle) and 3 h - (closed square) exposure
to Zn? (abscissa) on the endocytic capacity of the Tetrahymena
population (left ordinate, closed symbols) and on the fraction of cells
not forming food vacuoles (right ordinate, open symbols). Normal
2% PP medium. Means of 5-10 experiments per concentration.
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Figs 3-8. Appearance, and turnover, of small refractive granules in Tetrahymena (compressed in vivo) exposed to Zn in the normal 2% PP;
(Figs 3-6) and dilute 1% PP (Fig. 7) growth medium as compared to untreated control (Fig. 8). 3 - after 1 hin 2 mM Znthe cell contains many
small granules (arrows), some have fused with food vacuol es (arrowheads); outside cell, apatch of Zn-PP precipitate (p); 4 - after 5hin2 mM
Zn cell contains many small granules (arrows) but al so refractivefood vacuoles (v) some of composite nature (star) asformed after fusion with
granules, adefecation ball (arrowhead) outside cell; 5 - after 5hin 0.5 mM Zn, the population proliferates and the cell hasfew small refractive
granules (arrows) but also some larger ones; 6 - after 5hin 1 mM Zn the proliferating cell hasfew small granules (arrows) but still refractive
food vacuoles (v); 7 - after 5hin 1 mM Znin 1% PP medium the cell contains numerous small granules (arrows), as well as refractive food
vacuoles (v), resembling cell in 2 mM Zn in the normal 2% PP medium (Fig. 4); 8 - the 5-h control cell hasinitiated granule formation due to
high population density: small refractive granules and asingle larger one (arrows). Nucleus (n). Scale bar 10 pm.

vacuoles during the 10-min test increased markedly in
high Zn?*" concentrations (open symbols); these cells
were not in division but in number they correspond to
that of theimmobile cellsmentioned above. Interestingly,
cellsforming food vacuolesdid so at thenormal rate, i.e.
up to 6 vacuoles/10 min (cell cycle stage dependent); the
finding indicates aclose rel ationship between cell motil-
ity and capacity for endocytosis. By 24 h al Zn-treated

cells had recovered and formed food vacuoles at the
same rate as that of control cells.

Conspicuoudly, al Zn-treated cells contained small
refractive granules which accumulated during the lag
period (Figs 3, 4). The granules remained present at a
low value in proliferating cells but increased again in
number at high cell density (Figs 5, 6). Such small
refractive granules also appear in control cells when
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Figs 9-12. Turnover of dense (refractive) granulesin Tetrahymena exposed to 1.5 mM Zn? for 1 h (Figs 9, 10) and 5h (Fig. 11) andto 1.0 mM
Zn*for 3h (Fig. 12) in 2% PP medium. 9 - densegranule(g) closeto afood vacuole (fv) indicative of near fusion; 10 - oppositesideaf the same
food vacuole (fv) as shown in Fig. 9 containing a laminated structure (arrow) indicative of completed fusion with a dense granule, in the
cytoplasm aless dense granule (g) and lipid droplets (1), growth inhibited related structures; 11 - after 5hin 1.5 mM Zn? cell proliferation has
initiated (see Fig. 1) and agranule (g) isfusing with afood vacuole (fv), electron-dense material (arrow) within the grazing section of another
granule and avesicle (v) with laminated substructure; 12 - part of food vacuole (fv) in cell after 3hin 1 mM Zn* containing electron-dense

material after uptake of Zn-PP precipitate, note the crystal-like structure (arrow), in the cytoplasm delated endoplasmic structures (d).
Mitochondria (m), peroxisomes (p). Scale bar 0.5 pm.
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Figs13-16. Cytoplasmic structures possibly involved in lowering and controlling theintracellular Zn?* concentration in Tetrahymena exposed
for 3hto 1 mM (Figs 13, 14) and for 5 hto 1.5 mM Zn? (Figs 15, 16) in 2% PP medium. 13 - various vesicles (arrows) and tubular structures
believed to be accumulating the metal; 14 - dilated endoplasmic structure with amorphous material (d ), laminated structure, and vesicles
(arrows) with fine dense dots (Zn?); 15 - dilated structures (d) with distinct dense (Zn?) materia (arrows), vesiclewith laminated structure (v);
16 - dilated structure with dense (Zn?) materia (double arrow), vesicles with laminated contents or “empty” ones and tubular structures
(arrows). Mitochondria (m), peroxisomes (p). Scale bar 0.5 um.




proliferation ceased dueto high cell density (Fig. 8). The
early appearance of the granules on exposure to excess
Zn indicates a rapid entry of the metal, increasing the
intracel lular concentration, followed by an efficient mecha-
nism of removal or capture of the ions. The later
decrease in number of granules before proliferation is
resumed, seems to relate to an apparent fusion of
granules with food vacuoles (e.g. Figs 3, 4), giving rise
to arefractive content of these, unrelated to ingestion of
the fluffy precipitate, and in turn to extrusion viarefrac-
tive defecation balls (Fig. 4) which accummulated with
time at the bottom of the cultures.

Dilute (1.0, 0.5%) proteose peptone media

In order to establish arelationship between the toler-
ated concentration of Zn?* and the amount of organic
matter, the normal growth medium (2% PP) was diluted
to 1.0 and 0.5% PP, respectively. In these media Zn?*
was tolerated only at lower concentrations by Tetrahy-
mena than in the 2% PP medium but otherwise the
effects on the cells followed the same trends (data not
shown) as shown for cellsin 2% PP (Figs 1, 2).

In 1% PP, 0.1 mM zZn? affected cell proliferation
only dlightly (like 0.75 mM Zn? in 2% PP). A concen-
tration of 0.5 mM Zn?" induced a 3-h lag period before
proliferation resumed (almost like 1.5 mM in 2% PP). In
1.0 mM Zn, a 5-h lag period was induced but even
though the cells were affected more (Fig. 7) than cells
in2mM Zn* in 2% PP (Fig. 4), the cell population had
doubled twice by 24 h. Hence in 1% PP medium,
1.0 mM Zn is considered the highest tolerated concen-
tration.

In 0.5% PP, 0.1 mM Zn? induced a 2-h lag period
before the cells started to proliferate (likein 1 mM Zn?
in2% PP). In 0.2 mM, the cellsexhibited a4-h lag period
before proliferation resumed (almost like 2 mM Zn?* in
2% PP) but the percentage of immoabile cells was high
during the lag period. Cells in 0.5 mM Zn? were
affected severely and many had grossly enlarged con-
tractile vacuoles and were spherical of shape and some
cells died; the population had not increased in density
after 24 h but the cells had regained motility and normal
shape. The highest Zn?* concentration permitting cell
proliferation in the 0.5% PP medium was then 0.2 mM.

In both dilute media Tetrahymena was affected by
Zn?* in the same manner as that described above for
cells in the normal 2% PP medium but at respective
lower concentrations. With respect to the effect of Zn?
on cell motility, appearance of the small refractive
granules (see Figs 4, 7), and on the capacity of cellsto
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form food vacuoles, al findings showed the sametrends
as those described above for cellsin 2% PP medium but
at the respective, low concentrations of Zn?*.

Fine structure

Fine structuraly, Zn-treated cells showed signs of
suppressed growth initially inthe high concentrationsas
reflected in some change in nucleolar structure (not
shown), appearance of lipid droplets, glycogen islands,
and not least of small, electron-dense granules (Figs 9-
11). The dense granules were especially numerous early
on exposure to Zn?* during the lag period; however,
already at this stage, and throughout exposure to Zn?,
the granules appeared to fuse with food vacuoles and
remnants of their contents appeared within the food
vacuoles (Figs 9-11) which contained varying amounts
of electron-dense (Zn?) matter (Figs 9-10, 12) after
ingestion of soluble Zn or Zn-containing precipitate. The
finding indicatesanintracel lular turnover of thegranules
and thereby elimination of accumulated Zn through
defecation as suggested light microscopically (Fig. 4).
Moreover, the cells had dilated endoplasmic reticulum,
indicative of induced protein synthesis(Figs 12, 14 ) and
an abundance of various small vesicles and tubular
structures (Figs 13-16), some with electron-dense dots
(Zn?), not seeninthecontrol cells. WithtimeinzZn, some
of these structures (Figs 15, 16) contained distinct
electron-dense material (Zn?), resembling the contents
of food vacuoles (Figs 9-10, 12) in which electron-dense
material, even crystal-like structures (Fig. 12), could
derivefromingestion of thefluffy Zn-containing precipi-
tate formed with the PP medium at high Zn?* concentra-
tions.

DISCUSSION

The present findings on how excess amount of
Zn* affects growth of Tetrahymena are in good agree-
ment with earlier reports (summerized in Table 1) using
growth media of 2% proteose peptone (PP) (Jones et al.
1984, Larsen and Svensmark 1991) and 1% PP (Dunlop
and Chapman 1981). The unusual short lag periods noted
in the present study in up to 1 mM Zn?, indicate a
moderate effect only on, or high adaptation of, the cells
as they resume growth at amost norma rate. The
phenomenonislikely to relate to Zn?* being an essential
metal for which the cells already have a regulatory
mechanism. The present findings confirm also that tox-
icity of Zn?* increases when the amount of organic
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Table 1. Effects of zinc chloride on Tetrahymena.

Medium Zn?* amount Lag/growthrate Specificremarks Reference
2% PP 0.5 mM no inhibition granules (Zn) Jones et al.1984
1.0 mM reduced rate granules (Zn)
50 mM kills cells/5 days granules (Zn)
2% PP 0.5 mM unaffected granules Larsen and Svensmark 1991
1.0 mM 2-h/decressed granules
2.0 mM 5-h/decreased granules
2% PP 0.5 mM ~Y>-h/unaffected granules Present study
0.75 mM ~1-h/effected granules
1.0 mM 2-h/decreased granules
1.5 mM ~2-h/decreased granulesimmohility
20 mM 4-h/decreased granulesimmoility
1% PP 94 uM undisturbed granules (Zn) Dunlop and Chapman 1981
0.9 mM decreased granules (Zn)
1.8 mM killsall cells
1% PP 0.1 mM ~1-h/decreased granules Present study
0.5 mM 3-h/decreased granulesimmoility
1.0 mM >5-h/recovery granulesimmobility
0.5% PP 0.1 mM 2-h/decreased granulesimmoility Present study
0.2 mM 5-h/decreased granulesimmoility
0.5 mM 24-h/ceased granulesimmoility
0.2% PP 130 pM 50% inhibition Yamagushi et al. 1973
1.0 mM growth ceases
Tap water ~4 uM 4-h survival Ruthven and Cairns 1973
19 uM killsin10 min
Ditill. w. 20 uM 96-h survival Carter and Cameron 1973
40 pM 24-h/30% mortality
Hard w.* 0.4 mM 8-h LD, Chapman and Dunlop 1981
IM** 8 uM 1-h LD, Svensmark and Larsen 1988

*Hard water - 500 ppm of C&* (12.5 mM), Mg* (20.6 mM), or Ca&* + Mg* (16.5 mM); **IM - inorganic salts (Plesner et al. 1964).

matter in the medium (2-0.5% PP) decreases (Table 1).
Tolerance is low in the absence of organic matter
(~20 uM Zn?*) (Carter and Cameron 1973, Ruthven and
Cairns 1973, Svensmark and Larsen 1988) but increases
(Table 1) in presence of high amounts of inorganic
calcium (Ca) and magnesium (Mg) salts (Chapman and
Dunlop 1981). The protective power of organic matter
may relateto the high affinity of Zn for forming more or
lesslabile complexeswith ligands, such as, amino acids,
peptides, and various proteins (Albert 1981, Vallee and
Falchuk 1993). In 2% PP medium, the amounts of
0.5, 1, and 2 mM Zn?* found as free ions or very labile
complexes, were 17, 15, and 11%, respectively, (Larsen
and Svensmark 1991); the decreasing percentage may
relate to formation of the fluffy precipitate seen at high
Zn?* concentrations. The Zn-PP precipitate was prefer-
entialy ingested by the cellswhich then became exposed
to a higher (unknown) amount of the metal than that
added to the medium.

Metallothionein (MT) is an important protein which
binds Zn as aready mentioned. The amount of MT is
low in proliferating Tetrahymena but increases when
growth ceases in old cultures (Santovito et al. 2000).
Although it remainsto be established, M T is expected to
increase markedly in Tetrahymena exposured to excess
Zn, as happensin other organisms (Shapiro and Cousins
1980, Cherian and Chan 1993), and when the ciliate is
exposed to Cd (Piccinni et al. 1990). With ahigh binding
affinity for Zn, 7 Zn atomsper MT-molecule (e.g. Vallee
and Falchuk 1993), MT may act as a modulator as it
captures and releases Zn readily (Brady 1982, Cherian
and Chan 1993, Vallee and Maret 1993). In the cyto-
plasm MT may function by releasing Zn when needed
(Brady 1982, Bremner 1993, Cherian and Chan 1993),
wheresas storage of Zn would be expected to be within
membrane-bound compartments.

Tetrahymena exposed to Zn?* had small refractive
granules as aso reported by other investigators (see
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Fig. 17. Proposed intracellular state of Zn homeostasis in
Tetrahymena assuming a constant intracellular “Zn pool”. Control
cellsat low external Zn?* concentration (a, b) and proliferating cells
exposured to excess amounts of Zn?* (c, d). a - proliferating control
cell, Zn* enters plasma membrane in balance with an intracellular
“pool” of available Zn?* and drainage of remaining Zn* through
metabolism; b - non-proliferating control cell: entry of Zn? through
plasma membrane is unchanged but intracellular drainage through
metabolismisdecreased, excessZnwill beexported through pathway
of granule formation for storage as aminor component with Ca, Mg,
K, and P; ¢ - on exposure of proliferating cellsto excessZn?, massive
entry of Zn?* through plasma membrane rising the intracellular con-
centration (causingimmobility), lessZnisdrawn through metabolism
(proliferation ceased), theinbal ance activates the pathway to granule
formation where Zn may become a major cation in the refractive
granules, some Zn is passed out of the cell via defecation balls, the
chaotic stateis stabilized during lag period; d - end of lag period with
restored homeostasis, massive entry of Zn?" through plasma mem-
brane unchanged, intracellular “Zn pool” restored, drainage through
metabolismincreased to normal ascellsproliferate, but not enoughto
eliminate the pathway of granule formation completely, turnover of
accumulated Zn via defecation. - When high cell density has been
reached the situation resembles that of (b) but with largeincreasein
number of granules.

Table 1). The granules increased in number during the
lag period and remai ned present throughout the exposure
to Zr?*. However, when cell proliferation resumed, the
number of granul es decreased, indicating aturnover, but
itincreased again at high cell density when cell prolifera-
tion ceased. The small refractive granules are not seen

Effects of zinc on Tetrahymena 27

in proliferating control cells but they appear normally in
Tetrahymena in high density cultures when cell prolif-
eration is decreasing (Rosenberg 1966; Munk and
Rosenberg 1969; Nilsson 1976, 1989), a cyclic event.
The granules contain Ca, Mg, potassium (K) and phos-
phorus (P) (Rosenberg 1966) with a constant cations/P
ratioinanorganic matrix (Coleman et al. 1972) and they
have been proposedto beinvolvedintheintracellular ion
regulation as storage sites for excess metals. The cyclic
appearance/disappearance of the granules relates to the
activity of an associated pyrophosphatase with an opti-
mum at pH 6.0 which is different from the optimum of
pH 7.5 of a soluble pyrophosphatase in Tetrahymena
(Munk and Rosenberg 1969). In the presence of excess
Zn, therefractive granules also contained Zn in addition
to Ca and P (Dunlop and Chapman 1981) and Mg and
K (Jones et al. 1984) and after 24 h, Zn became the
major cation with Ca and Mg as minor components
(Jones et al. 1984). Aswould be expected, Zn was also
detected in minor amount in granulesin old control cells
(Dunlop and Chapman 1981). In the present study, the
dense granules fused with food vacuoles, hence any
Zn accumulated within them, would together with in-
gested Zn, become defecated from the cells; thisfinding
indicates a constant turnover of accumulated Zn in
Tetrahymena exposed to excess amount of Zn. In
humans several Zn-transporter proteins (ZnTs) have
been identified to be involved in Zn efflux (ZnT1), in
vesicular sequestration of the cation (ZnT2, ZnT3), and
in export of Zn (ZnT4) out of cells (Milon et al. 2001).
Moreover, in human Hel a cells excess Zn accumul ates
inintracellular vesicles (Chimienti et al. 2001) like the
granules in Tetrahymena. Whether specific Zn trans-
porter proteinsare involved in Zn metabolismin ciliates
remains to be shown.

The initial, dramatic effect of high Zn?* concentra-
tions on motility of Tetrahymena has not been reported
previously. Immobility, associated with rocking move-
ments of the cells, was a gradual effect developing
within ~0.5 h and strongly indicates an interference of
Zn with Ca metabolism. Availability and change in the
intracellular ionic Ca concentration play an important
rolein proper functioning of ciliary movement (Machemer
1988). In a related ciliate Paramecium fixed while
actively swimming, excess Zn deposited at high Casites
(Fischer et al. 1976), a finding suggesting entry of
Zn* through C&* gates. In Tetrahymena a cation
channel for K* and Ca?* has been isolated from ciliary
membranes and the channel was found to be permeated
also by other cations (Oosawa et al. 1988); Zn was not
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tested but it is likely to enter the cells via these Ca?*
channels. That Zn interferes with Ca metabolismisalso
indicated by suppressed uptake of “°Cain Tetrahymena
exposured to 0.5 and 1 mM Zn* (Jones et al. 1984).
Moreover, in rat liver cells 0.5 mM Zn?* stimulates the
activity of Ca, Mg ATPases in plasma and |lysosomal
membranes (Adachi et al. 1996), and Zn enters rat
neurons through Ca channels (Blsselberg 1995). Inac-
tivation of cilia, i. e. cell immobility, is Ca-dependent and
induced by membrane depolarization which causes a
dight riseintheintraciliary Caconcentration (Machemer
1988). It seems likely that the immobility induced in
Tetrahymena by exposure to excess Zn, is caused by
massive entry of the metal through Ca channels in the
ciliary membrane whereby Cahomeostasisis disturbed,
causing aslight riseintheintraciliary Ca2* concentration
whereby ciliary beating is inactivated. The cells recov-
ered, however, and regained motility during the lag
period, i.e. they adapted to the high external Zn concen-
tration, indicating restoration of Zn homeostasis.

In proliferating cultures Tetrahymena is assumed to
have an established Zn homeostasis. In homeostasis, a
balance exists between the amount of Zn entering the
cell and a constant cytoplasmic “pool” of available Zn,
ionic and temporary in binding proteins, and drainage of
the metal through metabolism as proposed in Fig. 17a.
When proliferation ceases, the same amount of Zn will
enter the cell but as less Zn is drawn through metabo-
lism, excess Zn is directed through the pathway of
granule formation (Fig. 17b) where it is stored together
with Ca, Mg, K and P in small refractive granules. In
excess amount of Zn, the e ement enters the cell mas-
sively which disturbshomeostasiscausing anincreasein
the intracellular Zn?* concentration, cell proliferation
ceases so less Zn is drawn through metabolism, and the
increased Zn?* concentration is lowered by activating
(induced protein synthesis?) the pathway to granule
formation (Fig. 17c¢). Once anew balanceis established
between entry of Zn and the intracellular handling of
the metal, the cells will proliferate and drainage of
Zn through metabolism will return to previous value
(Fig. 17a) but not enough to eliminate the pathway of
granule formation (Fig. 17d), i.e. cells proliferating in
excess Znwill still have granules, but in alower number
than during the lag period (Fig. 17¢) because accumu-
lated Zn is turned over and defecated (Fig. 17d). Like-
wise, when the culture reaches high cell density, prolif-
eration ceases and less Zn is drawn through metabolism
so the number of granulesincreasesin the non-prolifer-

ating cells. Infact, if non-proliferating cells, i.e. activein
granule formation (Fig. 17b), were exposed to excess
Zn, they would probably adapt more quickly with less
effect on cell motility than that observed in the present
study.

In conclusion, proliferating Tetrahymena exposed to
high sublethal amounts of Zn?* experiences a major
hazardinitially. Dueto amassiveentry of Zn, cell motility
is affected but once the cells have circumvented the
hurdle and restored homeostasis (during the lag period),
they can resume proliferation. Hence, apart from the
initial hazard, excess amount of Zn has no adverse long
time effects on Tetrahymena, only a somewhat pro-
longed generation time, i.e. the metabolic cost of the
intracellular handling of excess Zn.
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Summary. This paper documents a multi-level microcosm system: Dreissena-ciliates-bacteria-viruses. In the first comprehensive
investigation of endocytobionts present in the cytoplasm of endosymbiotic ciliatesfrom mussels, bacteriaare described from Conchophthirus
acuminatus and an undescribed Ophryoglena sp. species which are, respectively, commensal and parasitic in the freshwater bivalve
Dreissena polymorpha. Light microscopy, electron microscopy, Feulgen staining, and in situ observation indicated that in some popul ations
of C. acuminatus practicaly all individuals were infected with cytoplasmic bacteria. Some of these bacteria were in the a-subgroup of
proteobacteria. In situ hybridization indicated that some other eubacteriawith avery similar morphology were a so present in the cytoplasm
of C. acuminatus. Using in situ hybridization with appropriate oligonucleotide probes, alarge amount of bacteria, most of which were also
in the a-subgroup, were observed in the cytoplasm of each specimen of Ophryoglena sp. examined. Some bacteriawith virus particleswere
aso observed in a population of the Ophryoglena sp. The bacteria in C. acuminatus were not likely the same as in the Ophryoglena sp.
The presence of a-subgroup proteobacteria in the cytoplasm of both endosymbiotic ciliates, in conjunction with previous reports of these
bacteria in free-living species, indicates that they are widely established endocytobionts in these protists.

Key words: bacteria, Conchophthirus acuminatus, Dreissena polymorpha, in situ hybridization, Ophryoglena sp.

INTRODUCTION

The freshwater macrofouling bivalve Dreissena
polymorpha, commonly known as the zebra or wan-
dering mussel, has been continually spreading through-
out Eastern and Western Europe since the beginning of
the 19th century. Although considerable research has
been carried out to understand the ecological interrela-
tionships of this bivalve with other aquatic organisms,
relatively little effort has been made to investigate the

Addressfor correspondence: Sergei |. Fokin, Tuchkov 3, apt. 6,
199053, St. Petersburg, Russia; E-mail: fokin@peterlink.ru

diversity, distribution, and significance of endosymbiotic
organisms present within these mussels. This gap of
information is currently being addressed as a project of
the International Research Consortium on Molluscan
Symbionts(IRCOMS) (Malloy et al. 2001, Molloy 2002).
IRCOMS investigations have documented that ciliates
are the most common endosymbionts of D. polymorpha.
Five host-specific ciliates (Conchophthirus acuminatus,
C. klimentinus, Hypocomagalma dreissenae,
Fhenophrya dreissenae, and S. naumiana) are known
from the mantle cavity of this mussel and at least one
undescribed Ophryoglena sp. from its digestive gland.
The nature of the symbiotic relationships of these
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species with their dreissenid hosts is typically not well
defined, but appears to range from commensalism, e.g.,
C. acuminatus, to parasitism, e.g., Ophryoglena sp.
(Molloy et al. 1997, Laruelle et al. 1999).

Intracellular bacteria have been observed in the cyto-
plasm, nuclei, and perinuclear space of anumber of free
living ciliate species, but their phylogenetic positions
have rarely been determined (Gértz 1983, 1998; Fokin
1993; Fokin and Karpov 1995; Fokin et al. 1996, 2000).
In this IRCOMS investigation, we report bacterial
endocytobiontswithin endosymbiotic ciliates, in particu-
lar, within two species from D. polymorpha:
the commensal C. acuminatus (Scuticociliatida,
Conchophthiridae) (Fig. 1) and the undescribed parasitic
Ophryoglena sp. (Hymenostomatida, Ophryoglenidae)
(Fig. 2).

MATERIALS AND METHODS

Organisms: Dreissena polymorpha populations from the fol-
lowingfivelocationswere dissected to coll ect endosymbiotic ciliates:
lake Bodensee at Konstanz and a lake near Karlsruhe in Germany,
from the Volkerak and Haringvliet waterbodies in the Netherlands,
and from the lvankovskoye reservoir in Russia. C. acuminatus was
obtained from all locations, and the Ophryoglena sp. from all except
the Karlsruhe lake. Although the majority ciliate populations exam-
ined contained bacteria in their cytoplasm, the research efforts out-
lined below focused primarily on specimens of C. acuminatus from
Karlsruhe and Volkerak and on the Ophryoglena sp. from Bodensee,
Volkerak, and Haringvliet.

Microscopy: live ciliates were temporarily immobilized follow-
ing the methods of Skovorodkin (1990). Photomicrographs were
taken with DIC and fluorescence optics (Axioskop, Zeiss, Germany
and Zeiss confocal laser scanning microscope, LSM 410).

Staining: Feulgen procedure was done according to previous
work (Fokin 1989). For in situ- hybridization, cells were fixed with
4% formaldehyde (w/v, freshly prepared from paraformaldehyde) in
phosphate buffered saline solution (PBS) pH 7.2, for 2 h and washed
with PBS. Cells were incubated with oligonucleotide probes in hy-
bridization buffer (Fokin et al. 1996). A eubacterial specific probe
(5'-GCTGCCTCCCGTAGGAGT-3'), labeled with fluorescein
(FITC) and an a-subgroup of proteobacteria specific
probe (5'-GCGTTCGCTCTGAGCCAG-5'), labeled with tetra-
methylrhodamine (TRITC) (Amann et al. 1990, 1991) were used.

Specimens were examined using a Zeiss LSM 410 with a plan
neofluar 100x oil immersion objective. For detection of FITC and
TRITC, anargon-ionlaser (488 nm) and ahelium-neon laser (543 nm)
with appropriate emission filters, BP 510-525 nm, and 575-640 nm,
respectively, were used. Color pictures were taken by a Polaroid
recorder on aZeissLSM 410.

Electron microscopy: immediately after collection, during zebra
mussel dissection, the ciliates were immersed in 2% glutaraldehyde
(Gradel, SigmaChemical Co.) in 0.025 M sodium cacodylate buffer
(pH 7.4 ) for 90 min at 4°C. After centrifugation at 200 G, the cell

pellets were rinsed in buffer solution (0.05 M) and post-fixed with
1% osmium tetroxide (Sigma) buffered with sodium cacodylate.
To facilitate manipulations, the cells after fixation were first embed-
ded in agar. Following their dehydration through graded alcohol, the
ciliateswereembedded in Epon-Araldite (Sigma). Ultra-thin sections
(60-80 nm), cut with adiamond knifeon aLKB Ultratom V ultrami-
crotome, were placed on copper grids and stained with uranyl acetate
and lead citrate. Ultrastructural observations were made using a Jeol
CX100 (80KV) transmission electron microscope.

RESULTS

Bacteria in the cytoplasm of Conchophthirus
acuminatus (Figs 1, 11)

Prevalence of infection was high, and in some
C. acuminatus populations practically al individuals
were infected. Using DIC and phase-contrast micros-
copy, relatively large bacteria (2.0-6.0 x 0.5-0.7 um)
were detected in four of the five C. acuminatus popu-
lations investigated, with infection intensities ranging
from about 5 to 70 of these large bacteria per ciliate.
Whereas bacteriawere occasionally visiblein liveintact
cells, they were more easily seen in squashed prepara-
tions. The best methods of detection, however, were
Feulgen-staining and the in situ hybridization.

According to the DIC pictures of sguashed living
cells, the bacteriaappeared to bewell distributed through-
out the cytoplasm. From light microscopic observations,
it seemed that at least some bacteria were located in
individual vacuoles. Electron microscopic images, how-
ever, did occasionaly reveal membranes surrounding
some bacteria, but whether these were truly
endocytobiotic vacuoles was unclear. A clear zone
frequently separated the bacteria from host cytoplasmic
structures (Figs 3-5). Bacteria were sometimes ob-
served close to the cisternae of endoplasmic reticulum
without ribosomes (Fig. 5). No clear nucleoid structures
were found inside of the bacteria. In rare cases, a
portion of the bacterial “cytoplasm” appeared to have a
different density (Fig. 5). The cell wall structure sug-
gests that al bacteria could be Gram-negative (Figs 3,
4).

Using an in situ hybridization procedure with two
oligonucleotide probes, at least two types of bacteria
were detected in the cytoplasm: an a-subgroup of
proteobacteriaand one moretype of eubacteria(Figs 12,
15). Sinceall bacteriahad similar dimensions and shapes,
we were not able to discriminate anong them morpho-
logically, but the two types aways were located in
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Figs 1-2. Ciliates investigated. 1 - Conchophthirus acuminatus, an endocommensal from the mantle cavity of Dreissena polymorpha; and
2 - Ophryoglena sp., aparasite of the digestive gland of D. polymorpha. Living cells, DIC contrast, MA - macronucleus. Scale bars 10 um (1);
20 um (2).
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Figs 3-5. Electron micrographs of bacteriain the cytoplasm of Conchophthirus acuminatus. A - clear space separates the bacteria from host
cytoplasmic structures; membranes surrounding some bacteria may be associated with individual endocytobiotic vacuoles. B - bacteria,
arrowhead - region of bacterial cytoplasm with different density, large arrow - cisternae of endoplasmic reticulum. Scale bar 0.5 um.
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Figs 6-9. Electron micrographs of bacteria in the cytoplasm of Ophryoglena sp. 6, 8, 9 - no host membrane surrounding the bacteria was
observed; instead, clear space separated the bacteria from host cytoplasmic structures. 7 - another type of bacterium was found, apparently,
enclosed inanindividual host vacuole; 9 - virus particleswere observed in some of the bacteriain one of Ophryoglena population. B - bacteria,

arrow - virus particles, MA - macronucleus. Scale bar 0. 5 pm.
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Figs10-15. In situ hybridization. 10 - Ophryoglena sp. cell - the organelle of Lieberkiihn (arrow). 11 - Conchophthirus acuminatusin division
process; 12 - the same dividing cells labeled with eubacteria- and a-subgroup-specific probes. Bacteria in the cytoplasm (double labeling
yellow). 13 - bacteria in the cytoplasm of Ophryoglena sp., the same cell as presented on fig.10. A labeling with eubacteria-specific probe
(green); 14 - the same region with double labeling. Main bacteria are |abeled as a-subgroup bacteria (orange) and some are labeled just as
eubacteria(green). 15 - two different types of bacteriain the cytoplasm of C. acuminatus. Doublelabeling: popul ations of a-subgroup bacteria

(orange) and some other eubacteria (green). The populations do not mix in the cytoplasm. Figs 10, 11 - DIC; Figs 12-15 - fluorescence
microscopy. Scale bars 10 um (10-12, 15); 6 pum (13, 14).



separate parts of the cell (Fig. 15). The a-subgroup was
the most frequent type detected, and the C. acuminatus
in some mussels appeared to have only this type
(Fig. 12). Distribution of the bacteria during ciliate
division appeared to bearbitrary (Figs 11, 12), with some
progeny possibly receiving no bacteria. Experimental
infection of aposymbiotic C. acuminatus with bacteria
was not attempted.

Bacteria in the cytoplasm of Ophryoglena sp.
(Figs 2, 10)

Inliving Ophryoglena it wasimpossible to detect any
endocytobionts because of the opacity of the cytoplasm
(Fig. 2), but bacteria were visible in squashed prepara-
tions of live specimens. In situ observations indicated
that at |east two types of bacteria (usually totaling more
than 100 individuals) were present in each ciliate. Elec-
tron microscopy revealed that one type was rod-shaped,
1.5-2.0 x 0.3-0.5 pm. No host membrane was observed
surrounding this type, but a clear space separated indi-
vidual bacterial cells from host cytoplasmic structures
(Figs 6, 8, 9). The second type of bacterium was short
and rod-like, measured about 1.0 x 0.4 um, and appeared
enclosed in individual host vacuoles (Fig. 7). The two-
membrane cell wall structure typical of Gram-negative
bacteriawas present in both types (Figs 6, 7). Both types
of bacteria were generally located everywhere in the
cytoplasm, sometimes even close to the nuclei (Fig. 8).
Theinner structure of the short bacteriawas distinctive,
differing from that of the larger rod-shaped type as well
as the bacteria in C. acuminatus (Figs 3, 6, 7). In one
population of Ophryoglena from the Netherlands, virus
particles were observed in bacteria which morphologi-
cally resembled the larger rod-shaped type (Fig. 9).

Using the in situ hybridization procedure with two
oligonucleotide probes, a-subgroup protecbacteriawere
identified in the cytoplasm of the Ophryoglena sp.,
along withasmaller number of other eubacteria(Figs 13,
14). From the size of the bacteria observed, it appeared
that the large rod-shaped bacteria belonged to the
o-subgroup and that the short ones were a mixture of
both a-subgroup proteobacteria and other eubacteria
(Figs 13, 14).

DISCUSSION
This is the first comprehensive investigation of

bacteria present in the cytoplasm of endosymbiotic
ciliates from mussels. Previous investigations of
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bacterial endocytobiontsin ciliates have focused mostly
on free-living host species. It is aso the first detailed
investigation of the cytoplasm of either C. acuminatus
or the undescribed Ophryoglena sp.

Conchophthirus acuminatus

Conchophthirus acuminatus is an obligate com-
mensal of the mantle cavity, and Dreissena spp. are its
only known hosts (Molloy et al. 1997, Laruelle et al.
1999). Intensity of infection can be over severa thou-
sand ciliatesper mussel (Burlakovaet al. 1998, Karatayev
et al. 2000), and the species is widely distributed in
European Dreissena populations (Molloy et al. 1997).

Four from five C. acuminatus popul ationswe sampled
in this study were infected, but these bacteria are not
present in a number European C. acuminatus popula-
tions (authors, unpublished data). However, we ob-
served a high prevalence of bacterial infection in these
four C. acuminatus populations, suggesting that where
present, infection is usually of high intensity. The range
in infection intensity recorded (i.e., 5 to 70 bacteria per
host) was understandable since we observed that
bacteriadid not appear to be equally distributed between
ciliate progeny during C. acuminatus division (Figs 11,
12).

Intracellular bacteria are known to be site specific,
e.g., residinginthecytoplasm, in the micro- or macronu-
clei, or in the perinuclear space (Heckmann and Gértz
1991, Fokin 1993, Fokin and Karpov 1995). Some bac-
terial endocytobionts cannot live together in the same
region of the host cell (Fokin 1993). Using in situ
hybridization, we recorded two different types of bacte-
riain C. acuminatus and noted their presence in sepa-
rate regions of the host cytoplasm (Fig. 15). In addition
toapossibleinhibitory (i.e., antibiotic) effect of onetype
of bacterium on another, we suggest that the lack of a
uniform bacterial distribution might be due in part to a
heterogeneous distribution of key host metabolites or
nutrients. The ability of these bacteria to be cultivated
outside of their host was not tested. Because of the
relative ease of collection of infected C. acuminatus,
thisciliate could beavery valuable organismfor studying
the dynamics of niche preferences among intracellular
bacteria.

Ophryoglena sp.

Although ophryoglenine ciliates have been exten-
sively studied (Canella1976, Puytorac et al. 1983, Lynn
et al. 1991, Kuhlmann 1993), their endocytobionts have
never been investigated. Moreover, the Ophryoglena
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sp. from the zebra mussel digestive gland is only cur-
rently being described as a new species (authors, in
preparation) and has received very limited research
attention. Since this Ophryoglena sp. is parasitic, the
role of its cytoplasmic bacteriamay be more specialized
than in freeliving ciliates. Evidence of thisisthat every
Ophryoglena specimen examined in this study was
infected by similar types of bacteria. A continual prob-
lemininvestigating the majority of intracellular bacteria
within ciliates has been the inability to cultivate them
outside of their host. Preliminary tests indicate that this
is true for the bacteria of Ophryoglena as well. This
suggests that the majority of these bacteria found in
ciliateslikely are obligate symbionts.

Overview

Our observations of a-subgroup proteobacteria in
two endosymbiatic ciliate species, in conjunction with
reports of these bacteria from a number of free-living
ciliate species (Gortz 1998, Brigge et al. 1999, Fokin et
al. 2000, Fokin unpublished data), indicate that they are
widely established endocytobiontsin these protists.

This paper documents a multi-level microcosm sys-
tem: Dreissena-ciliates-bacteria-viruses. The presence
of different bacteria inside ciliate cells has been well
documented (Heckmann and Gortz 1991, Fokin 1993,
Brigge et al. 1999), but never as part of such a multi-
level microcosm. Such a system could be a useful one
for microbiological and ecologica investigations. The
cytoplasm isaninitial environment for establishment of
any endocytobiont, and thus, among the cytoplasmic
bacteriaboth phylogenically old and young formscan be
found. Thus, investigations of cytoplasmic bacteria or
cytoplasmic stages of endonucleobiontscould, therefore,
potentially have significant impacts on theories of ecol-
ogy and evolution of symbiotic microbes (Fokin et al.
2000).

Therelationship between Dreissena’s endosymbiotic
ciliates and their endocytobiotic bacteriahad previously
never been studied. It islikely that future investigations
of ciliates from other Dreissena populations will reveal
even a wider diversity of intracellular bacteria than
reported herein.
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TheOccurrenceof Trichodinadomerguel Wallengren, 1897 and Trichodina
tenuidens Faur é&-Fremiet, 1944 (Peritrichia) on Three-spined Stickleback,
Gasterosteus aculeatusL ., 1758 Found in a Brackish and Freshwater Envi-

ronment

Ahmet OZER

Ondokuzmays University, Sinop Fisheries Faculty, Sinop, Turkey

Summary. Trichodina domerguei Wallengren, 1897 and Trichodina tenuidens Fauré-Fremiet, 1944 infestations on three-spined stickleback
(Gasterosteus aculeatus L., 1758) were studied in the period from January to May 2000 in the Black Sea coasts of Sinop, Turkey. The
overal infestation prevalence and meanintensity level were 60.9% and 109.1 + 21.5 trichodinids per fish, respectively. Statistically significant
differences existed for the trichodinid species among sites on the fish, among length classes and between the sexes of fish hosts. While
T. tenuidens itself represent anew parasite record, Gasterosteus aculeatusis a new host record for T. domerguei in Turkey. Many structures
of the parasites were smaller in March, when the habitat was brackish, compared to May, when waters were fresh.

Key words: fish ectoparasite, Gasterosteus aculeatus, Trichodina domerguei, T. tenuidens.

INTRODUCTION

Trichodinids are a widely dispersed group of ecto-
parasites. Many species are morphologically variable
and show low host specificity which make their deter-
mination difficult (Lom and Dykova 1992). Host speci-
ficity intrichodinids appears highly variable, some spe-
cies (i.e. Trichodina domerguei Wallengren, 1897,
T. acuta Lom, 1961 and T. nigra Lom, 1961) infesting
a large number of host species, while others (i.e.

_ Address for correspondence: Ahmet Ozer, Ondokuzmay(s
Universitesi, Sinop Su Uriinleri Fakdiltesi, 57000 Sinop, Turkey;
Fax: (+90) 368 2715530; E-mail: ahmetozerl00@hotmail.com

T. intermedia Lom, 1961 and T. tenuidens Fauré-
Fremiet, 1944) infest only one or two host species (Lom
1970 a, b). Trichodina domerguei and T. tenuidens
are both commonly found parasitising three-spined
(Gasterosteus aculeatus L., 1758) and nine-spined
sticklebacks (Pungitius pungitius L., 1758). Along with
the fact that many trichodinids have several hosts, the
site of infestation of trichodinids on the host seemsto be
variable (Van Asand Basson 1987). While T. domerguei
primarily infects the skin and rarely the gills, for
T. tenuidens it is the reverse with the gills being the
principlesiteof infection (Lom and Stein 1966, Calenius
1980, Gaze 1995).

In this study, the existence of T. domerguei and
T. tenuidens in relation to different length classes and
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the sex of three-spined sticklebacks as well as environ-
mental conditions are investigated. While T. tenuidens
itself represents a new parasite record in Turkey,
Gasterosteus aculeatus is a new host record for
T. domerguei in Turkey. This study is also the first that
both trichodinid species are observed in a brackish and
freshwater environment.

MATERIALS AND METHODS

Specimens of Gasterosteus aculeatus were collected by gill net
and cast net from Slriaktkalb¢lar stream which connects with the
Black Seaonthe coast of Sinop. Siak tkal_&¢lar streamischaracteris-
tically dlightly brackish during the late autumn and early spring
months (Octaober to March) when the water level rises and connects
with the Black Sea. In summer and early autumn, however, the water
level drops, the connection isbroken and the stream turnsto freshwa-
ter.

Sampling was carried out on amonthly basis. Following the May
collection however, asthewater level sdropped fish became harder to
collect asthey moved upstream and into deeper waters. For parasito-
logical examinations, fish were transported alive in local water di-
rectly to the Sinop Fisheries Faculty Laboratory. A total of 151 fish
wereinvestigated over the period January to May 2000. Sticklebacks
were weighed, the total length measured and their sex determined
at post-mortem. The total number of trichodinids were determined
by screening all body surfacesincluding thefinsand gillsusing alight
microscope at x200 magnification. For species identification and
determination of infestation site, following total counts, samples of
Trichodina were taken from each fish specimen and dry smearswere
mede in accordance with Klein's silver nitrate (AgNO,) method
(Lom and Dykova 1992).

The prevalenceand mean intensity levelsof thetrichodinidswere
determined according to Bush et al. (1997). The preval ence and mean
intensity values of T. domerguei and T. tenuidens were given for
pooled data rather than by species.

Kruskal-Wallis test (Nonparametric ANOVA) was performed to
find out the significant differences in the mean intensity values of
trichodinids for infestation sites, length classes of fish aswell asfor
the months in which this study was conducted. The difference
between parasite |oading on male and femal e sticklebacks aswell as
the differences in the morphometric dimensions measured in March
and May weretested by the Mann-Whitney U-test. All the statistical
tests performed at the significance level of 5% and were given in
Table 1 along with the results of the possible comparisons.

RESULTS

Throughout the investigation period, T. domerguel
and T. tenuidens were the only species identified
(Figs 1A, B). Both trichodinid species were found to
have dlightly smaller dimensions in brackish water in
March than those recorded in May when waters be-

came fresh (Table 2). Some particular parts of the
trichodinids also had statistically significant differences
when compared between March and May (Table 2).
The overall infestation prevalence (%) and mean inten-
sity levels recorded from a total of 151 fish specimens
were 60.9% and 109.1 + 21.5 trichodinids per infested
fish, respectively (Table 1). Both levels were also re-
corded for al body partsaswell asfor the sex and length
classes of Gasterosteus aculeatus (Table 1). Statisti-
cally significant differenceswere determined in relation
to the sex and length classes of fish and are shown in
Table 1. However, it must be noted that no statistically
significant differences were determined between the
infestation values of each of the three length classes of
fish in all months, thus the data were pooled and
analysed for three length classes regardless of sampling
months (Table 1).

Monthly occurrences of both species were recorded.
No trichodinids were observed in January but, an in-
crease in both the infestation prevalence and mean
intensity levels were recorded throughout the investiga-
tion period as can be seen in Fig. 2. Statistically signifi-
cant differences were determined in the mean intensity
values of trichodinids in February and March versus
May (P<0.01). Inaddition, proportionsof 1/8 T. domerguel
/T. tenuidens in February and 1/10 T. domerguei/
T. tenuidens in March and April and /1 T. domerguei
/T. tenuidens in May were observed in stained dlides of
each month.

DISCUSSION

Trichodinids are geographicaly a widely dispersed
group of ectoparasitesin freshwater, marine and euryha-
line environments. About 70 species were identified in
marine fishes (Kinne 1984) and more than 112 from
freshwater fishes worldwide (Lom and Dykova 1992).
Some trichodinids including T. domerguei and
T. tenuidens parasitising Gasterosteus aculeatus and
Pungitius pungitius have been recorded in euryhaline
waters (Lom and Stein 1966, Calenius 1980).

The morphological data of the species T. domerguei
and T. tenuidens fall within the size ranges given by
other authors (Lom and Stein 1966, Calenius 1980, Gaze
1995). Themorphological variationsof denticleformand
appearance of central circlein T. tenuidens observed in
this study are also in agreement with the statement of
Lom and Stein (1966) that this species was found to be
among the most variable of trichodinid species. During
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Figs 1A, B. A - Trichodina domerguei Wallengren, 1897; B - Trichodina tenuidens Fauré-Fremiet, 1944. Specimens stained by silver-nitrate.
Scalebar 10 pm.
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Fig. 2. Monthly infestation prevalence (%) and mean intensity levels of Trichodina domerguel and T. tenuidens on Gasterosteus acul eatus.
n - represents the number of fish examined in each month.
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Table 1. Infestation prevalence (%) and mean intensity levels of Trichodina domerguei and T. tenuidens on Gasterosteus aculeatus and the
results of statistical tests performed.

Infestation Mean intensity Possible Statistial Significance
prevalence (%) = S.E comparisons test used
Infestation site
(gills) vs. (skin) vs. (fins) Kruskal-Wallis P = 0.0001
Gills (n = 85) 60.9 879+ 198
(gills) vs. (skin) Dunn’s P < 0.001
Skin (n = 65) 56.3 329+ 141
(gills) vs. (fins) Dunn’s P < 0.001
Fins (n = 60) 431 74+ 11
(skin) vs. (fins) Dunn’s P > 0.05
Sex of fish
Female (n = 116) 56.9 125.1 + 289
(female) vs. (male) Mann-Whitney U P < 0.05
Male (n = 34) 70.6 65.9 + 16.8
Length classes of fish (mm)
(<60) vs. (61-69) vs. (70>) Kruskal-Wallis P = 0.0076
<60 (n =28) 35.7 111+ 11
(<60) vs. (61-69) Dunn’s P<0.01
61 - 69 (n = 83) 724 122.3 + 30.9
(<60) vs. (70>) Dunn’s P < 0.05
70 = (n = 40) 72.3 1144 + 27.8
(61 - 69) vs. (70>) Dunn’s P> 0.05
Overdl| 60.9 109.1 + 21.5

Table 2. Biometric data of Trichodina domerguei and T. tenuidens.

Trichodina domerguei
(measured in March)
(range; mean + SE)

Trichodina domerguei
(measured in May)
(range; mean + SE)

Trichodina tenuidens
(measured in March)
(range; mean + S.E)

Trichodinatenuidens
(measured in May)
(range; mean + SE)

Host

Location

Adhesive disc diameter
Border membrane width
Denticlering diameter
Denticle number
Number of radial

pins per denticle
Denticlelength
Bladelength

Thorn length

Central part width
Central circlediameter

Gasterosteus acul eatus
skin, fins, gills

48-56 (52 + 0.53)
5-6.2 (5.4 + 0.06)
29-38.1 (33.8 £ 0.62)
24-28 (26)

8-11 (9)

11-12.1 (125 + 0.07)*
5.0-6.1 (5.6 + 0.06)
4.4-54 (4.9 + 0.07)*
2-3(2.2)

16.2-19.1 (18.1 + 0.24)

Gasterosteus acul eatus
skin, fins, gills
50-57.5 (53.5 + 0.55)
5-6.3 (5.5 + 0.07)
30-38.6 (34.7 £ 0.53)
24-29 (26)

8-11 (9)

12-13.9 (13.3 + 0.08)*
5.2-6.4 (5.8 + 0.08)
4.9-5.8 (5.1 + 0.05)*
2-3 (2.3)

16.8-19.5 (18.4 + 0.19)

Gasterosteus aculeatus
gills, skin

40-57 (44.9 £ 1.3)
4.7-5.8 (5.4 + 0.06)
30.2-32 (31.0 £ 0.13)
24-29 (25)

8-10 (9)

6.6-8.2 (7.1 + 0.11)
48656 (53 + 0.11)
5.6-7.4 (6.4 * 0.17)
1623 (1.7)

12-13 (12.5 + 0.07)*

Gasterosteus aculeatus
gills, skin

43-60 (475 £ 1.1)
4.9-59 (5.5 + 0.06)
30.9-32.4 (31.3 + 0.16)
24-30 (25)

8-11 (9)

6.6-8.5 (7.3 % 0.15)
49- 6.7 (55 + 0.14)
5.8-7.5 (6.5 + 0.15)
1.6-2.3 (1.8)

12-13.2 (12.8 + 0.07)*

All measurements are in pm and based on 20 trichodinid specimens measured for each species. Mean values with superscript letter (*)
represent statistically significant differences at P<0.05 when compared between March and May.



the months January, February and March when the
stream mouth was in connection with the Black Sea,
salinities of about 3, 4 and 3 %o, respectively, were
recorded and the dimensions of both trichodinid species
were found to be dlightly smaller in agreement with the
findings of Lom (1970a) and Gaze (1995) who reported
smaller specimen sizesin marine popul ations.

Host specificity in trichodinids seems to be highly
variable, some species such as T. domerguei, T. acuta
and T. nigra infest alarge number of host species (Lom
and Stein 1966, Lom 1970a, Calenius 1980) while
T. tenuidens parasitises only one or two host species
(Lom 1970b, Caenius 1980). It must be noted that
severa other fish species aso inhabit the sampling site
inthisstudy, including Aphaniuschantrei Gaillard, 1895,
Neogobius melanostomus Pallas, 1811, Mugil cephalus
L., 1758 and Liza aurata Risso, 1810, but T. tenuidens
was not recorded on these fish species in contrast to
T. domerguei which infected N. melanostomus as well.
Thesefindingson the host specificity of thesetrichodinid
species also agree with the results of above mentioned
authors.

The site of infection of trichodinids on host fish was
categorised by Van As and Basson (1987) into four
different groups based on site preference. Of the total
number of trichodinid specimens, regardless of the ac-
tual species, counted throughout the study period, the
infestation prevalence (%) and mean intensity levels
were the highest on the gills as was shown in Table 1.
Trichodina tenuidens was the dominant species and
recorded mainly from the gills and rarely from the skin
in accordance with Lom and Stein (1966), Calenius
(1980) and Gaze (1995). On the other hand, most of the
skin specimens were T. domerguei in this study. The
above mentioned authors al so reported this speciesto be
skin specific and rarely found on the gills as well.

Seasonal and temperature dependant variations on
the occurrence of trichodinids have been shown to occur
(Ozer and Erdem 1998, 1999). Spring wasreported to be
themostly favoured season for trichodinid multiplication
by the above mentioned authors and an increase was
observed between the months February and May as in
the present study. The obviousincrease seen in both the
infestation prevalence and mean intensity levels (Fig. 2)
could be a result of the increase in temperature as the
protozoan infestations in fish are strongly dependant on
the ecological conditions such as temperature.

The number of studies on the existence of trichodinid
parasites on both male and femalefishisrareand almost
no statistically significant differenceintheir existenceis
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found (Ozer 2000). However, the difference on the
mean intensity levels of the trichodinids found on both
sexes of fish in the present study is statistically signifi-
cant. Pickering (1977), Pickering and Christie (1980)
and Urawa (1992) attributed these differences to sev-
era factors such as rhythmica changes in epidermis
thickness of male fish, a decrease in the number of
AB-positive mucous cells and an increase in PAS
positive mucous cells.

The size of three-spined sticklebacks was a factor
affecting the number of T. domerguei and T. tenuidens
in this study and the differences in the parasite mean
intensities among the different fish length classes were
statistically significant. In general, the severity of most
ecto- and endoparasitic infectionsincreases with the age
of the host fish, possibly as a result of the greater
accumulation period and/or the larger space for feeding
and breeding of the parasite. Ozer and Erdem (1998)
noted a tendency to increase in the mean intensity of
Trichodina spp. in relation to the length of common
carp. Our findingsontheintensity levelsof T. domerguel
and T. tenuidens agree with those reported by the above
mentioned authors.

Studies on the parasite faunain farmed and wild fish
in Turkey are quite rare. Ozer and Erdem (1998, 1999)
and Ozer (2000) carried out extensive studies on the
occurrence of trichodinids on common carp in the Sinop
region of Turkey. Thisisthefirst study conducted on the
trichodinids of three-spined sticklebacksfound in abrack-
ish environment in Turkey and T. tenuidens represents
a new species record for Turkey.

Acknowledgements. The author is grateful to Dr. Jiri Lom, Czech
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description of trichodinid species found in this study.
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Cultellothrix velhoi gen. n., sp. n., a new Spathidiid Ciliate (Ciliophora:
Haptorida) from aBrazilian Floodplain Soil

Wilhelm FOISSNER

Universitat Salzburg, Institut fir Zoologie, Salzburg, Austria

Summary. Cultellothrix velhoi sp. n. was discovered in floodplain soil from the Parané River near the town of Maring4, Brazil, South
America. Its morphology wasinvestigated using live observation and protargol impregnation. Cultellothrix belongs to the gymnostomatous
ciliate family Spathidiidae, where it represents a new genus characterized by the lateral location of the dorsal brush. Cultellothrix velhoi
sp. n. differs from the European congener, C. lionotiformis (Kahl, 1930a) comb. n. (basionym: Spathidium lionotiforme Kahl, 1930a), by
the smaller body size, the possession of a postoral extrusome row, and the lack of ordinary somatic ciliary rows between the circumoral
and brush kineties. It is argued that the redescription of S. lionotiforme Kahl, 1930a by Foissner (1984) is based on an unfortunate
misidentification. Foissner’s species is Spathidium scal priforme Kahl, 1930a, which is assigned to the genus Arcuospathidium and lowered
to subspecies rank: Arcuospathidium cultriforme scalpriforme (Kahl, 1930a) comb. n., stat. n.

Key words: Arcuospathidium cultriforme scal priforme comb. n., stat. n., Cultellothrix lionotiformis comb. n., Cultellothrix velhoi gen. n.,
sp. n., litostomateous ciliates, South America, Spathidium lionotiforme, terrestrial Protozoa.

INTRODUCTION

Spathidium is one of the largest ciliate genera
known. Kahl (1930b) already compiled nearly 100
species, and about the same number has been described
later (Foissner, unpubl.). Unfortunately, many descrip-
tions lack sufficient details, leaving doubt about the
validity of the species. However, recent studies confirm
that there are many distinct Spathidium species and

Address for correspondence: Wilhelm Foissner, Universitét
Salzburg, Ingtitut fur Zoologie, Hellbrunnerstrasse 34, A-5020
Salzburg, Austria; Fax. ++43 (0) 662 8044 5698

even indicate a high number of still undescribed taxa
(Dragesco and Dragesco-Kernéis 1979; Foissner 1984,
1996, 1999, 2000; Leitner and Foissner 1997; Foissner
et al. 2002).

Dragesco and Dragesco-K ernéis (1979) and Foissner
(1984) split Spathidium into the genera Spathidium
(continuous circumoral kinety with somatic kineties till
attached to circumoral kinety fragments; oral bulge
elongate elliptical), Protospathidium (with circumoral
kinety fragments distinctly separated from each other
and attached to somatic kineties), Arcuospathidium
(somatic ciliary rows directed dorsally at both sides of
oral bulge and separated from continuous circumoral
kinety; oral bulge cuneate), Epispathidium (somatic
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ciliary rowsseparated from continuous circumoral kinety
and so strongly curved anteriorly that the circumoral
kinety is seemingly doubled), and Supraspathidium
(with many contractile vacuoles; poor generic feature).
Recently, Foissner et al. (2002) added three further
genera, all based on new speciesdiscovered in Namibian
soils: Apospathidium (with nematodesmata-bearing so-
matic monokinetids), Semispathidium (with discoidal
oral bulge and continuous circumoral kinety), and
Apertospathula (circumora kinety shortened at left
end). Here, | add a further new genus, Cultellothrix,
based on a new species discovered in floodplain soil
from Brazil.

MATERIALS AND METHODS

The soil sample, which contained Cultellothrix velhoi sp. n., was
collected in May 2001 by Dr. L. Felipe Machado Velho in the high
ParanaRiver floodplain near thetown of Maringa(53°15'W 22°40' S,
altitude about 500 m), State of Mato Grosso do Sul, Brazil. It was
taken from the Aurelio Lagoon, that is, amarginal lagoon associated
with the Baia River, atributary to the Parana River. The dark, humic

Table 1. Morphometric data on Cultellothrix velhoi sp. n.

soil was mixed with much partially decomposed plant litter, had
pH 5.1 (in water), was air-dried in the Salzburg laboratory for about
one month, and then stored in a plastic bag. In November 2001, the
about 300 g soil were put in a Petri dish (13 cm @) and saturated, but
not flooded with distilled water to obtain a“non-flooded Petri dish
culture”, asdescribedin Foissner et al. (2002). About two weeksafter
rewetting, asmall population of C. velhoi developed and was studied
in vivo and with Foissner’s protargol protocol (Foissner 1991).

Counts and measurements on prepared specimens were per-
formed at a magnification of x 1000. In vivo measurements were
conducted at magnifications of x 100-1000. Although these provide
only rough estimates, it is worth giving such data as specimens may
changein preparations. |llustrations of live specimenswere based on
in vivo measurements and free-hand sketches, while those of pre-
pared cellsweremadewith acameralucida. Terminology isaccording
to Kahl (19304, b) and Corliss (1979).

RESULTS

Cultellothrix gen. n.

Diagnosis: Spathidiidaewith dorsal brush onleft side
and ciliature in Arcuospathidium pattern.

Characteristics® x SD *E cv Min Max n
Body, length 105.7 103.0 18.1 4.4 17.1 77.0 140.0 17
Body, width 29.2 25.0 9.7 2.4 334 21.0 50.0 17
Anterior body end to end of circumoral 53.8 55.0 10.4 25 19.3 38.0 75.0 17
kinety (mouth length), distance
Mouth, width in anterior third 3.8 4.0 0.6 0.2 16.6 3.0 5.0 10
Anterior body end to macronucleus, distance 56.3 58.0 12.1 29 215 41.0 80.0 17
Dorsal brush row 1, length? 322 32.0 7.6 1.9 237 20.0 43.0 17
Dorsal brush row 1, number of dikinetids 29.0 28.0 7.3 1.8 25.1 18.0 40.0 17
Dorsal brush row 2, length? 32.7 35.0 8.0 20 24.6 20.0 47.0 17
Dorsal brush row 2, number of dikinetids 23.2 24.0 4.4 1.1 18.8 16.0 29.0 17
Dorsal brush row 3, length? 9.2 10.0 15 0.4 16.0 7.0 12.0 17
Dorsal brush row 3, number of dikinetids 7.1 7.0 13 0.3 19.1 5.0 10.0 17
Macronuclear figure, length 26.9 22.0 10.7 2.6 39.7 17.0 56.0 17
Macronucleus, length (spread)® 40.7 40.0 - - - 25.0 56.0 17
Macronucleus, width 5.8 6.0 12 0.3 20.8 4.0 9.0 17
Macronucleus, number 1.0 1.0 0.0 0.0 0.0 1.0 1.0 17
Micronucleus, length 29 3.0 0.4 0.1 14.6 2.2 4.0 17
Micronucleus, width 2.6 25 0.5 0.1 20.8 20 4.0 17
Micronucleus, number 1.0 1.0 0.0 0.0 0.0 1.0 1.0 17
Somatic kineties, postoral number? 11.7 12.0 11 0.3 9.4 10.0 14.0 17
Kinetids in a right side kinety, number 27.2 28.0 5.0 12 185 18.0 35.0 17
Dorsal brush rows, number 3.0 3.0 0.0 0.0 0.0 3.0 3.0 17

a Data based on mounted, protargol-impregnated (Foissner’s method), selected (cells with large rotifers ingested strongly inflated and thus
excluded) specimens from a non-flooded Petri dish culture. ® Distance from circumoral kinety to last brush dikinetid. ¢ Approximate values.
4 Including dorsal brush rows. Measurements in um. CV - coefficient of variation in %, M - median, Max - maximum, Min - minimum,
n - number of individuals investigated, SD - standard deviation, SE - standard error of arithmetic mean, =<- arithmetic mean.
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Figs 1-8. Cultellothrix velhoi sp. n. from life (1-5) and after protargol impregnation (6-8). 1 - left side view of arepresentative, knife-shaped
specimen with dorsal brush occupying anterior |eft side of cell. The oral apparatus extends to mid-body (arrowhead); 2 - left side view of a
broadly knife-shaped specimen having just ingested arotifer (FV). Note the postoral extrusome row (arrowheads), which extends onto the
dorsal sideof thecell andisdifficult to recognizein vivo becausetheindividua extrusomesarefine and often hidden by cell inclusions(Fig. 1);
3- posterior portion of dorsal brush with bristlesup to 5 um long. Note monokinetidal bristletail of row 3; 4 - extrusomes are curved rodswith
asizeof about 6-7x 0.3 um,; 5- arrangement of extrusomes, which form short, obliquerowsintheoral bulgeand asingle, postoral row extending
todorsal sideof cell; 6, 7 - ciliary pattern of left side. Notelack of an ordinary somatic ciliary row between circumoral kinety and dorsal brush,
amain differenceto C. lionotiformis, which has at least two such rows (Figs 12a, b). Dorsal brush rows 1 and 2 are distinctly more narrowly
spaced than the other ciliary rows; 8 - ventral view showing the parallel-sided circumoral kinety with cuneate proximal portion. B - dorsal
brush; B1, 2, 3 - dorsal brush rows; CK - circumora kinety; CV - contractile vacuole; E - extrusomes; FV - food vacuole with a rotifer;

MA - macronucleus; MI - micronucleus; N - nematodesmata (oral basket rods). Scale bars 50 pm.

Type species. Cultellothrix velhoi sp. n. Cultelothrix velhoi sp. n.

Etymology: composite of the Latin noun cultellus
(small knife) and the Greek noun thrix (hair ~ cilium ~ Diagnosis: size about 120 x 25 pm in vivo. Knife-
ciliate), referring to the conspicuous knife-shape of the  shaped with blade (oral portion) approximately half of
two species known. Feminine gender. body length. Macronucleus about 40 um long, usually
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Figs9-14. Cultellothrix velhoi sp. n. (9-11) and related species (12-14). 9-11 - right and | eft side ciliary pattern (9, 10), nuclear apparatus (10),
and oral basket (11) of asmall (length 77 um), stout specimen of C. velhoi after protargol impregnation. Note lack of ciliain proximal portion
of circumoral kinety (arrowhead) and postoral basal body row (arrows). Dorsal brush row 3 (B3) hasamonokinetidal bristletail. Theoral bulge
(OB) is cuneate, hardly set off from body proper, and contains fibres originating from the circumora dikinetids. Oral basket rods
(nematodesmata) likely originate only from the right half of the circumoral kinety. Note lack of ordinary somatic ciliary rows between
circumoral kinety and dorsal brush, amain differenceto C. lionotiformis, which has at least two such rows (Figs 12a, b); 12a, b - left sideview
and postoral transverse section of Spathidium (now Cultellothrix) lionotiformefromlife, length 140-220 um (from Kahl 1930a, b). Arrowheads
mark two ordinary somatic ciliary rows, lackingin C. velhoi (Figs 7, 8, 10), between circumoral kinety and brushrow 1 (B1); 13- left sideview
and postoral transverse section of Spathidium (now Arcuospathidium) scal priformefromlife, length 250-330 um (from Kahl 1930a). Foissner
(1984) mi sidentified thisspeciesas Spathidium (now Cultellothrix) lionotiforme; 14a- |left sideview of Cranotheridiumstilleri fromlife, length
80 um (from Lepsi 1959); 14b - Ieft sideview of Litonotusdubiusfromlife, length 160 um (from VVuxanovici 1962). B1, 2, 3- dorsal brushrows;

BA - oral basket; CK - circumoral kinety; OB - oral bulge.

tortuous. Extrusomes approximately 6 x 0.3 um, form
short, obliquerowsin oral bulge and along postoral row
extending to dorsal side of cell. On average 12 ciliary
rows, those left of circumoral kinety anteriorly modified
to dorsal brush; brush row 3 distinctly shortened consist-
ing of an average of 7 dikinetids.

Type location: floodplain soil of Parana River in
Brazil, near the town of Maringa, 53°15'W 22°40’S.

Dedication: dedicated to Dr. Luiz Felipe Machado
Velho, Universidade Estadual de Maringa, Brazil, who
provided the sample containing this and other new
Species.

Description: size 80-150 x 20-40 um in vivo, later-
ally flattened up to 2:1, fragile and thus frequently more
or less inflated in protargol preparations (Table 1).
Slenderly to broadly knife-shaped with blade (ora por-
tion), however, often indistinctly separated from
cylindroidal handle; dorsal outlinemoreor lessdistinctly
sigmoidal, ventral slightly convex; anterior end bluntly
pointed, posterior more or less broadly rounded (Figs 1,
2, 7,9, 15). Nuclear apparatus slightly underneath mid-
body in postoral portion of cell. Macronucleus about
40 umlong, basically rod-shaped, usually, however, more
or less tortuous and coiled; contains many small and
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Figs15-17. Cultellothrix velhoi sp. n., right side (15) and left side (16) surfaceview, and optical section (17) of adlightly squeezed and flattened
(by cover glass pressure), live specimen under interference contrast optics. Note the loose ciliation and the dorsal brush rows (arrows) on the
left side of the cell; row 3 (B3) is short, but has a monokinetidal bristle tail. The extrusomes are fine and thus inconspicuous in cells viewed
laterally (17); the postoral extrusome row is out of focus. B2, 3 - dorsal brush rows; CK - circumoral kinety; CV - contractile vacuole;

E - extrusomes; MA - macronucleus. Scale bar 50 um.

medium-sized nucleoli. Micronucleus attached to middle
third of macronucleus, broadly ellipsoidal, 3-4 um in
vivo. Contractile vacuole in posterior body end; excre-
tory pore(s) not impregnated. Cortex thin, bright and
very flexible; cortical granules and/or extrusomes not
recognizable, not even with interference contrast optics.
Extrusomes 6-7 x 0.3 um and slightly curved in vivo, do
not impregnate with the protargol method used, form
many short, oblique rows in ora bulge and a single
postoral row extending across posterior body end to
dorsal side of cell; some scattered in cytoplasm (Figs 1,
2,4,5,17-19, 21, 22). Oral areaflat and hyaline, postoral
portion, depending on state of nutrition, also flattened and
hyaline or packed with lipid droplets 1-5 um across and
some large food vacuoles containing rotifers in various

stages of digestion. Slowly glides on and between soil
particlesand the microscope slide showing great flexibil -
ity.

Somatic cilia 7-8 pum long in vivo, widely spaced,
arranged in an average of 12 meridiona rowscommenc-
ing at and near curved anterior end of body and thus
more or less distinctly curved dorsally at both sides of
circumoral kinety (ora bulge), as in Arcuospathidium
(Foissner 1984), except of asingle or two, rather irregu-
lar postoral rows, which, interestingly, lack cilia; all
kineties equidistantly spaced, except of more narrowly
arranged postoral and dorsal brushrows1and 2 (Figs1,
7, 9, 10, 15, 16; Table 1). Dorsal brush occupies left
surface of anterior body third, produced by paired bristles
a anterior end of first three ciliary rows left of circu-
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Figs 18-22. Cultellothrix velhoi sp. n. from life, interference contrast optics. 18 - a heavily flattened (by cover glass pressure) specimen
showing the oblique extrusome rows, some marked by arrowheads, in the oral bulge; 19 - same specimen asdepicted in figure 18, showing the
up to 3 um long dorsal bristles forming three rows (numbers 1-3) in the anterior portion of the cell’s left side; brush row 3 mainly consists of
3umIlong, monokinetidal bristles. Arrowheadsmark oblique extrusomerowsin oral bulge, shown at higher magnificationinfigure18. Thecilia
of thecircumoral kinety (CK) areslightly longer (10 um) than the ordinary somatic cilia(7 pm; SC); 20- | eft anterior portion of aspecimenwith
about 5 umlong dorsal bristles, which are arranged in three rows (numbers 1-3); the posterior portion of row 3 consists of monokinetidal, 4 um
long bristles; 21, 22 - extrusomes, length 6-7 um. CK - circumoral kinety; SC - somatic cilia. Scale bars 10 pm.

moral kinety; posterior bristle of dikinetids 3-5 pmlong
anddightly inflated distally, anterior granule-like because
only 1-2 um long; bristle length gradually decreasesin
posterior third of rows 1 and 2 and is rather variable in
individual cells; one or few monokinetids may occur at
anterior end of one or al brush rows. Brush row 1
composed of an average of 29 narrowly spaced dikinetids,
of similar length asrow 2 consisting of only 23 dikinetids;
row 3 extends along dorsal margin of cell, strongly
shortened posteriorly, composed of only 7 dikinetids on
average, has , however, a monokinetida tail of 3-4 um
long bristles extending to second body third (Figs 1, 3,
6-8, 10, 16, 19, 20; Table 1).

Oral area more or less distinctly curved dorsaly,
bulge thus convex; hyaline because flattened about
2:1 and containing only few, small lipid droplets. Mouth

occupies anterior body half on average, very steep
because extending parallel to main body axis, conspicu-
ous due to the obligue rows of refractive extrusomes
contained. Oral bulge inconspicuous because less than
3 um high and thus hardly set off from body proper,
containsshort, anteriorly directed fibres, originating from
circumoral dikinetids, forming arrowhead-like pattern; in
frontal view elongate cuneate to almost parallel-sided
with proximal portion wedge-like narrowed, about 5 um
wide in vivo. Circumora kinety of same shape as oral
bulge, composed of comparatively widely spaced
dikinetids each associated with a dightly elongated,
about 10 um long cilium lacking in proximal, wedge-
shaped portion of kinety. Nematodesmata originate only
fromright side dikinetidsof circumoral kinety, gradually
decrease in length from anterior to posterior, the long



anterior rods form bundles extending to mid-body;
I could not decide whether the left side basket rods are
lacking or present, but not impregnated (Figs 1, 2, 6-11,
15-17, 18, 19; Table 1).

Occurrence and ecology: Cultellothrix velhoi
sp. n. is arare species because | did not find it in about
1000 other soil and moss samples, including approxi-
mately 100 samples from similar habitats, collected
world-wide. Although looking fragile, C. velhoi is a
rapacious predator feeding mainly on large rotifers,
showing that the oral apparatus can open widely and the
body is very flexible. The second species,
C. lionotiformis, is obviously also rare because it has
not yet been redescribed (see Discussion).

DISCUSSION

Spathidiid classification and the new genus
Cultellothrix

Cultdlothrix bel ongsto the gymnostomatous haptorids,
as defined by Corliss (1979) and Foissner and Foissner
(1988). Both live and protargol-impregnated specimens
of Cultellothrix highly resemble pleurostomatid ciliates,
such as Litonotus and Amphileptus, many of which
have a similar body shape and basic ciliary pattern
(Figs 1, 2, 7-11). However, pleurostomatids invariably
have the left side ciliature reduced to short bristles, and
many have a specia nuclear pattern, viz., two globular
macronuclear nodules and a micronucleus in between
(Kahl 1931, Foissner and Leipe 1995, Foissner et al.
1995). Cultellothrix has ordinary ciliaat both body sides
and atortuous macronucleus and thus does not belong to
the Pleurostomatida.

The body plan and ciliary pattern show that
Cultellothrix belongs to the Spathidiina, as defined by
Foissner and Foissner (1988). Within this suborder, it
resembles members of the family Spathidiidae.
Cultellothrix is uniqgue among the spathidiids in having
thedorsal brush not dorsally or dorsolaterally located, as
the other genera mentioned in the Introduction (for
examples, see Foissner et al. 2002), but on the left side
(Figsl, 7,10, 16). Admittedly, thisisarather inconspicu-
ous difference; however, the two species known look
guite unique, indicating that further characters, espe-
cialy the curious body shape and the special arrange-
ment of the extrusomes, can be added to the diagnosis
when further species with the same features have been
discovered. Generaly, most spathidiid genera are sepa-
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rated by rather sophisticated features; nonetheless, their
recognition greatly aidsin recognizing specieswithinthis
rich assemblage.

Within the spathidiids, Arcuospathidium,
Apertospathula, and Cultellothrix form a special group
characterized by the Arcuospathidium type somatic
ciliature, that is, al lateral ciliary rowsform acute angles
with the circumoral kinety because they are directed
dorsally at both sides of the oral bulge. This is an
indication for a common ancestor and a (sub)familial
split. The arrangement of the oral bulge extrusomes in
short, transverse rows and the single postoral row in
C. velhoi resemble several Bryophyllum species, whose
oral bulge and circumoral kinety, however, extend along
the whole body length and curve around the posterior
body end to terminate on the dorsal side of the cell
(for description of representative species, see Foissner
et al. 2002). The oral bulge and circumoral kinety of
Cultellothrix, incontrast, extend only to mid-body. Thus,
itismoreclosely related to the spathidiid than bryophyllid
evolutionary path.

Species assignable and comparison of Cultellothrix
velhoi sp. n. with similar species

Spathidium lionotiforme Kahl, 1930a has the same
generic features as Cultellothrix velhoi and is thus
transferred to this genus. Cultellothrix lionotiformis
(Kahl, 1930a) comb. n. (Figs12a, b). Thisspecies, which
Kahl (19304, b) discovered in Sohagnum mossand in a
pond among Hottonia palustris in the surroundings of
Hamburg, differs from C. velhoi by body length
(140-200 pm vs. 80-150 um), the lack of a postoral
extrusome row, and in having two ordinary ciliary rows
between brush row 1 and circumora kinety (none
in C. velhoi). Kahl (1930a, b) recognized that
S. lionotiforme is an “atypical species” showing
“transistions to Amphileptus’. Indeed, this kind of
spathidiids is easily confused with pleurostomatids, as
discussed above. Further, Kahl (1931) mentioned a
single specimen of an Amphileptus sp., found among
colonies of Carchesium polypinum, which might be a
further distinct Cultellothrix species. Cranotheridium
stilleri Lepsi, 1959 (Fig. 148) and Litonotus dubius
Vuxanovici, 1962 (Fig. 14b) might also belong to
Cultellothrix. Unfortunately, data are too incomplete for
adefinite transfer; both need redescription with modern
methods.

As concerns the redescription of S lionotiforme
Kahl (1930a, b) by Foissner (1984), see following chap-
ter on Arcuospathidium cultriforme scalpriforme. Kahl
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described S. lionotiforme as species nova two times,
viz., in 19304, b. | suggest Kahl (1930a) as correct date
because he described aso many other new species in
this paper later referred to “Kahl, 1930a’ by Kahl
(1930b).

Arcuospathidium cultriforme scalpriforme (Kahl,
1930) comb. n., stat. n. (Fig. 13)

1930 Spathidium scalpriforme Kahl, Arch. Protistenk.
70: 381.1930 Lionotus scalpriforme Kahl,

1930 - Kahl, Tierwelt Dtl. 18: 165 (although seemingly
transferred to Lionotus, described under the genus
Spathidium).

1984 Arcuospathidium lionotiforme (Kahl, 1930) nov.
comb. - Foissner, Stapfia 12: 78 (misidentification).

2002 Arcuospathidium cultriforme lionotiforme (Kahl,
1930) Foissner, 1984 nov. stat. - Foissner, Agathaand
Berger, Denisia 5: 300 (ranked as a subspecies).

The present study shows that my former redescrip-
tion of S lionotiforme Kahl (19304, b) is based on an
unfortunate misidentification caused by insufficient ex-
perience and the widespread opinion that Spathidiumis
highly variable. The species| investigated in 1984 obvi-
ously belongs to the Spathidium cultriforme complex,
specificaly to S. scalpriforme Kahl, 1930a (Fig. 13), a
species which | never found in soil and moss (Foissner
1998), athough it lives there (Kahl 1930a, b), simply
because| continuously misidentifiedit asS. lionotiforme.

Based on the investigations by Foissner et al. (2002),
| here consider S scalpriforme as a subspecies of
S cultriforme Penard, 1922. My published (Foissner
1984, Foissner et al. 2002) and unpublished noteson that
type of Spathidium show that all belong to
Arcuospathidium and have similar extrusomes, viz.,
moderately fine and sometimes dlightly acicular rods
with asize of 4-6 x 0.8-1 um; when the extrusomes are
partialy exploded, as in some protargol preparations,
they look like small knifes, just as depicted by Penard
(1922) in S cultriforme.
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Morphology and Ontogenesis of Bromeliophrya brasiliensis gen. n., sp. n.,
a New Ciliate (Protozoa: Ciliophora) from Brazilian Tank Bromeliads
(Bromeliaceae)

Wilhelm FOISSNER

Universitat Salzburg, Institut fir Zoologie, Salzburg, Austria

Summary. This is the first of a series of papers describing the morphology and ontogenesis of new ciliates occurring in the cisterns of
tank bromeliads, agroup of rosette plants of tropical America, entrapping rainwater between the coalescing leaf axils. Likely, most of these
new ciliates have a restricted (Gondwanan) geographic distribution, and some might even be specific inhabitants of tank bromeliads.
Bromeliophrya brasiliensis gen. n., sp. n. was discovered in the tanks of ground bromeliads at the east coast (Mata Atlantica) of Brazil,
South America. Its morphology and ontogenesis were investigated using live observation, silver impregnation, and scanning electron
microscopy. Bromeliophrya belongs to the hymenostome ciliate order Tetrahymenida, where it represents a new family, Bromeliophryidae
fam. n., unique by the partially reduced somatic ciliature and migrating somatic kinety fragments during ontogenesis. The oral apparatus,
especialy apatch (“X-group”) of basal bodies originating from the anterior end of adoral membranelle 2, indicates the Glaucomidae as the
nearest relatives of the Bromeliophryidae. Further main characteristics of B. brasiliensis are: (i) a metopid body shape and ciliary pattern;
(ii) two large, unciliated areas: one left of the oral opening, the other with barren basal bodies occupies the right posterior half of the cell;
(i) elongated caudal cilia; (iv) silverlines projecting loop-likein theright side kineties; (v) alarge, C-shaped adoral membranelle 3 forming
aring-like oral pattern with membranelle 1 at left margin of buccal cavity; and (vi) an unciliated parora membrane.

Key words: biodiversity, biogeography, bromeliad tanks, Bromeliophrya brasiliensis gen. n., sp. n., Mata Atlantica, South America.

INTRODUCTION beeninvestigated in detail in South Americaand Austra-

lia, nor inthe 25 world speciesdiversity hotspots sel ected

Finlay et al. (1996) claim that the main biotopes of by Myers et al. (2000), except for the Mediterranean

the Earth have already been sufficiently investigated for
free-living ciliates and estimate alow total diversity of
only 3000-4000 species. Both statements are contra-
dicted by evidence discussed in Foissner (1999) and
Foissner et al. (2002). For instance, ciliates have not

Address for correspondence: Wilhelm Foissner, Universitét
Salzburg, Institut fur Zoologie, Hellbrunnerstrasse 34, A-5020
Salzburg, Austria; Fax. ++43 (0) 662 8044 5698

Basin. Likewise, soil ciliates are largely unknown, as
shown by a recent study describing 130 new species
from 73 soil samples of Namibia (Foissner et al. 2002).

Here, | present a new ciliate world discovered in the
water cisterns (tanks) of bromeliads, which are well-
known for inhabiting arich, more or less specific fauna
and flora, but whose protists, athough obviously being
common and abundant, were never studied in detail
(Picado 1913, Laessle 1961, Maguire 1971, Janetzky and
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Vareschi 1992, Esteves and da Silva Neto 1996, Little
and Hebert 1996, Martinelli 2000). Only testate amoe-
bae were investigated in some extent (Van Oye 1923),
and recently three new species were described from
Brazilian tank bromeliads, one even representing a new
family (Torres-Stolzenberg 2000).

Bromeliads are rosette plants, the most famous of
which is the pine-apple. The tanks are formed by the
coalescing leaf axils, which collect the rain water, and
the rosettes of the larger species may entrap up to
30 litres. During holidays in Brazil, | collected some of
the entrapped, muddy water of a ground bromelia, just
for fun, because | supposed that, if there were specific
ciliatesat al, they would either bekilled by the putrefying
water or eaten by the micrometazoans during the long
transport to my Salzburg laboratory. Fortunately, thisdid
not happen, likely because the water was surprisingly
acidic (pH 5) and abundances were too high to be
exhausted by rotifers, small crustaceans, and mosquito
larvae. It was a great surprise to discover two new
species, each even representing a new genus, in this
sample. Thus, | asked a Brazilian colleague, who later
visited me in Salzburg, for further samples. Unfortu-
nately, he could collect only one small sample from an
epiphytic bromeliad, but this again contained a new
speciesand genus (Foissner and Cordeiro 2000). Finaly,
another new species, Urosomoida reticulata, was dis-
covered in the dry mud from the tanks of a tree
bromeliad in Costa Rica. Later, this species was found
in soil from Venezuela and Namibia (Foissner et al.
2002). Five other new species and two new genera, |
discovered recently in a few tank bromeliads from the
Dominican Republic.

These data indicate that tank bromeliads contain
many undescribed ciliate species. We do not know how
many, but the number must be considerable, considering
that there are more than 3000 bromelia species, many of
which have special life styles and grow in peculiar
environments; some or even most release specific sub-
stances into the tank water, whose chemical and physi-
cal properties show great local and temporal differences
providing innumerable niches for the minute protists
(Maguire 1971, Martinelli 2000).

MATERIALS AND METHODS

The sample, which contained Bromeliophrya brasiliensis sp. n.,
wascollectedin 1996 at the Atlantic Seacoast (MataAtlantica) inthe
surroundings of the village of Praia do Forte (S14°33' W38°;

1500 mm annual precipitation), that is, about 81 km North of the
town of Salvador, Bahia, Brazil. About 500 ml leaf axil water was
collected from two specimens of alarge ground bromelia and trans-
ported without special precautions to Salzburg. Unfortunately, |
could not identify the bromelian species; possibly, it was Aechmea
sp. The tank water contained partially decomposed leaf litter, mud,
various small metazoans, and had a brownish colour and strongly
acidic reaction (pH 5).

In the laboratory, the water was filtered through a 500 pm net to
removelarger metazoa. Part of the samplewasfixed for preparations,
whilethe rest was used to set up cultures enriched with 1-3 squashed
wheat grains. Bromeliophrya brasiliensis and some other ciliates
occurred in the native tank water and grew well in the wheat grain
cultures, where they fed on bacteria. Thus, ontogenesis could be
studied as well; cultures set up mainly with Eau de Volvic (French
table water) developed poorly, indicating that the tank water con-
tained substances promoting growth of ciliates.

Cells were studied in vivo using a high-power, oil immersion
objectiveand differential interference contrast optics. Theinfraciliature
and variouscytological structureswere revealed by scanning electron
microscopy and the silver impregnation techniques described in
Foissner (1991). Counts and measurements on prepared specimens
were performed at a magnification of x1000. In vivo measurements
were conducted at magnifications of x100-1000. Although these pro-
vide only rough estimates, it is worth giving such data as specimens
may change in preparations. Illustrations of live specimens were
based on video-records and micrographs, while those of prepared
cells were made with a camera lucida. Terminology is according to
Peck (1974), Corliss (1952, 1979) , and Foissner (1996).

RESULTS

Bromeliophryidae fam. n.

Diagnosis. medium-sized Tetrahymenida with par-
tially reduced somatic ciliature and a patch (“ X-group”)
of basal bodies between the anterior ends of adoral
membranelles 1 and 3. Stomatogenesisglaucomid, while
somatogenesis is unique in that some left side ciliary
rows split and the anterior fragments migrate to the left
margin of the oral apparatus.

Type genus. Bromeliophrya gen. n.

Bromeliophrya gen. n.

Diagnosis: Metopus-shaped Bromeliophryidae with
someright sideciliary rowsrectangularly curved to abut
ondorsal siderowspreoraly; twolarge, unciliated areas:
one left of oral opening, the other with barren basal
bodies occupies the right posterior half of the cell. Oral
apparatus in second quarter of cell; adoral membranelle
1 short and concave, forms ring-like pattern with the
large, C-shaped membranelle 3; membranelle 2 short
and convex, extendsa ong proximal part of membranelle



3. Paroral membrane unciliated. Silverlines projecting
loop-like from Kineties in second quarter of right side.
Type species: Bromeliophrya brasiliensis sp. n.
Etymology: composite of the plant generic name
Bromus (Bromeliaceae) and the Greek noun ophrya
(eyebrow ~ cilia~ ciliate), meaning a“ ciliate associated
with bromeliads’. Feminine gender.

Description of Bromeliophrya brasiliensis sp. n.

Diagnosis: size about 55 x 35 pm in vivo. One
broadly ellipsoidal macronucleus and micronucleus in
centre of cell. Contractile vacuole in posterior fifth of
body. Extrusomesmainly left of ciliary rows, rod-shaped,
about 2 x 0.8 um. On average 32 ciliary rows, of which
16 are distinctly shortened postorally and left |aterally;

Table 1. Morphometric data on Bromeliophrya brasiliensis sp. n.
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two left lateral kinety fragments at left margin of oral
apparatus; about 5 elongated caudal cilia originating
from right side kineties. Adoral membranelle 1 com-
posed of one ciliated row; membranelle 2 four-rowed
with anterior row shortened at right; membranelle 3
composed of three rows.

Type location: tanks of ground bromeliads in the
surroundings of the village of Praia do Forte (S14°33’
W38°), Atlantic Sea coast of Bahia, Brazil.

Type material: 1 holotype slide each of cultivated,
protargol-impregnated, Chatton-L woff silver nitrate-im-
pregnated, and Klein-Foissner silver nitrate-impregnated
specimensand 10 paratype slides have been depositedin
the Oberdsterreichische Landesmuseum in Linz (L1).
Specimens shown in Figures 16-34 and some other well-

Characteristics® Method M sD S cv Min Max n

Body, length CHL 50.6 51.0 45 1.0 8.9 42 58 21
Body, width in lateral view CHL 34.9 34.0 31 0.7 8.8 30 40 21
Body, width in ventral view CHL 30.3 30.0 25 0.5 8.2 26 35 21
Anterior end to upper mouth margin, distance CHL 125 13.0 2.3 0.5 184 7 16 21
Anterior end to lower mouth margin, distance CHL 24.6 25.0 25 0.6 10.3 18 28 21
Anterior end to adoral membranelle 3, distance CHL 9.4 9.0 15 0.3 15.7 6 12 21
Anterior end to proximal summit of CHL 27.0 27.0 17 04 6.0 25 30 21

adoral membranelle 3, distance
Anterior end to macronucleus, distance CHL 19.4 19.0 3.7 0.8 19.0 9 27 21
Anterior end to distal end of 1% CHL 13.9 14.0 16 0.4 115 12 18 21
preoral kinety (=K2), distance

Anterior end to last postoral kinety, distance" CHL 29.2 29.0 21 0.5 7.3 25 34 21
Posterior end to excretory pore, distance CHL 9.6 10.0 19 04 194 6 13 21
Macronucleus, length CHL 14.4 15.0 29 0.6 20.3 10 20 21
Macronucleus, width CHL 11.3 11.0 1.9 0.4 16.6 8 15 21
Micronucleus, length CHL 2.7 25 0.7 0.1 23.7 2 4 21
Micronucleus, width CHL 2.6 25 0.6 0.1 227 2 35 21
Oral opening, width® CHL 95 10.0 0.8 0.2 7.9 8 11 21
Oral opening, width® CHL 13.0 13.0 16 0.3 11.9 10 16 21
Buccal cavity, depth CHL 14.3 14.0 1.5 0.3 10.4 12 18 21
Somatic kineties, total numbere CHL 315 32.0 0.8 0.2 2.6 29 33 21
Postoral kineties, numbereh CHL 15.8 16.0 0.7 0.2 43 14 17 21
Left lateral kinety fragments, numberf CHL 20 20 0.0 0.0 0.0 2 2 21
Kinetids in somatic kinety 2, number P 77.0 80.0 11.2 25 14.6 49 94 21
Kinetids in postoral kinety 7, number" CHL 12.4 12.0 23 05 18.2 7 16 21
Kinetids in left lateral fragment 1, number P 7.4 7.0 11 0.2 151 5 10 21
Kinetids in left lateral fragment 2, number P 12.1 12.0 14 0.3 11.4 9 14 21
Caudal cilia, number? P 5.3 5.0 - - - 5 7 21

2Data based on cultivated, mounted, randomly selected, morphostatic specimens. ® Distance from paroral membrane to first kinety left of
oral opening (=kinety fragment 1). ¢Distance from outer margin of adoral membranelle 1 to outer margin of membranelle 3. ¢From laterally
orientated specimens (Fig. 22). ¢Without the two kinety fragments left of oral opening. f Two kinety fragments left of oral opening, see
ontogenesis. ¢ Approximate values because often indistinctly separated from somatic kinetids. "Postoral kinetiesinclude | eft lateral kineties,
which are also shortened and thus inseparable. All measurementsin um. CHL - Chatton-Lwoff silver nitrate impregnation, CV - coefficient
of variationin %, M - median, Max - maximum, Min - minimum, n - number of individualsinvestigated, P - protargol impregnation (Wilbert's
method), SD - standard deviation, SE - standard error of arithmetic mean, x<- arithmetic mean.



58 W. Foissner

Figs 1-15. Bromeliophrya brasiliensis sp. n. from life (1, 2, 4, 6-15) and after silver carbonate impregnation (3, 5). 1 - left side view of a
representative specimen; 2 - extrusome, 2 x 0.8 um; 3 - adoral membranelle 2 consists of four basal body rows, of which the anterior row is
distinctly shortened (arrow); 4 - the cortex of “wild” specimens is distinctly furrowed; 5 - dlightly schematised ventral view of oral and
circumoral ciliature. Arrow marksapatch (“X-group”) of basal bodies between the anterior ends of adoral membranelles 1 and 3. The somatic
kinetids are composed of two granules, of which the posterior one bearsacilium, whilethe anterior granuleislikely aparasomal sac. Notethat
parora kinetidsare composed of three granulesin theanterior half of the organelle; 6-14 - body shape-changes of two specimensrotating from
dorsal (6, 11) toright side (10, 14), redrawn from videorecords; 15 - transverseview. CC - caudal cilia; CV - contractilevacuole; E - extrusomes,
F1-fibre; FU - furrow; F1, 2 - kinety fragments; K1, 2, N - kineties 1, 2, N; M1, 2, 3 - adoral membranelles; OA - oral apparatus, PK - preoral
kineties; PM - paroral membrane; POK - postoral and left lateral kineties. Length of cells: 55 pm (1), 60 pm (6-10), 50 um (11-14). Scale

bars 20 um.
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Figs 16-18. Bromeliophrya brasiliensis sp. n. after protargol (Wilbert's method; 16, 17) and silver nitrate (Chatton-Lwoff method; 18)
impregnation. 16, 17 - ciliary pattern of left and right side of holotype specimen. Notethelarge, unciliated arealeft of the oral opening and that
basal bodies are unciliated, except for the caudal cilia, in the right posterior half (cp. fig. 38). Arrow denotesthe last dorsal kinety, whichisso
strongly curved that it abuts to the anterior end of right side kinety 2. Asterisk denotes the unciliated anterior pole field, which contacts the
bare, obtriangular area between the last and penultimate dorsal kinety. For details on oral structures, seefig. 5; 18 - oblique left side view of
anterior body portion showing lack of silverlinesin the unciliated pole area. Arrow marks curved last dorsal kinety, which abutsto right side
kinety 2. Arrowhead denotes silverlines connecting last and penultimate dorsal kinety. Resting extrusomes (E) are surrounded by asilverline.
CC- cauddl cilia; E - resting extrusome; EP- excretory poreof contractilevacuole; F - kinety fragmentsleft of oral opening; I C - intermeridional
connectives; |F - intrameridional cross-fibres, K2 - somatic kinety 2; MA - macronucleus; MI - micronucleus; POK - postoral and left lateral

kineties. Length of left specimen - 54 um. Scale bars 20 pm.

impregnated cellsareindividually marked by ablack ink
circle on the cover glass.

Etymology: named after the native country.

Description: size 45-65 x 30-40 pum in vivo, usually
about 55 x 35 um (Table 1). Shaperather constant, cells,
however, distinctly asymmetrical and thus showing a
variety of shapes, depending on side and angle viewed
(Figs 1, 6-15, 35, 36, 38, 39); lateral view highly charac-
teristic because similar to that of members of the genus
Metopus, that is, with broad, projecting preoral dome
and rounded obconical postoral portion. Anterior body
end broadly rounded, posterior narrowly rounded to
bluntly pointed; ventral body half more distinctly flat-
tened than dorsal, producing more or less rounded
triangular outlinein ventral, dorsal, and transverse view.
Nuclear apparatusin or near body centre. Macronucleus
globular todlipsoidal (2:1), onaverage broadly ellipsoidal
(1.3:1); nucleoli scattered, inconspicuous. Micronucleus
attached to macronucleus, globular. Contractile vacuole

in posterior fifth of cell, that is, distinctly subterminal,
invariably with a single excretory pore at end of a
shortened ciliary row in or near midline of right side.
Cytopyge extends between posteriorly shortened
(stomatogenic) kinety 1 and posterior pole centre, ap-
pears as athick silverline in silver nitrate preparations
(Figs1, 19, 22, 24-26, 38). Extrusomeshumerous, dightly
left of ciliary rows, left of kinety fragments, at both sides
of adora membranelle 3, and attached to silverlines
traversing unciliated areas, about 2 x 0.5 ymin sizeand
rod-shaped invivo, do not impregnate; resting extrusomes
surrounded by a heavily impregnated silverline ring,
while minute argyrophilic granules mark sites of dis-
charged extrusomes (Figs 4, 20, 23, 25, 51, 56). Cortex
of “wild” specimens distinctly furrowed right of ciliary
rows (Fig. 4), while almost smooth in cultivated speci-
mens (Figs 35, 36, 38, 39, 57). Cytoplasm colourless,
packed with food vacuoles, mainly in anterior body half,
and some scattered, up to 5 pm-sized lipid droplets. In
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Figs 19-25. Bromeliophrya brasiliensissp. n., silverline and ciliary pattern after Chatton-Lwoff silver nitrate impregnation. 19, 20 - right and
left side view of same specimen. Note the conspicuous, |oop-like outgrowths (1F) of theintrameridional silverlinesin the second quarter of the
right sideand thewide-meshed silverline patternin thelarge, unciliated arealeft of the oral apparatus. Right sidekinety 2 extendsto near dorsal
side, whereit abutsto the curved anterior end of the last dorsal kinety (arrowhead); 21 - dorsolateral view showing silverlines connecting last
and penultimate dorsal kinety. Asterisk marksunciliated anterior polearea. Arrowhead denotessilverlineconnecting last lateral andfirst dorsal
ciliary row; 22 - ventrolateral view showing deep buccal cavity; 23 - anterior portion showing the unciliated pole area (asterisk) partially
occupied by the intermeridional connectives, which extend subapically; 24 - posterior polar view showing the thick cytopyge silverline in
kinety 1; 25 - ventral view of arepresentative specimen showing many extrusomes (arrowhead), which are surrounded by minute silverline
rings, attached to the silverlines in the unciliated area left of the oral apparatus. BC - bucca cavity; CY - cytopyge; E - extrusomes;
EP - excretory pore of the contractile vacuole; IC - intermeridional connectives; IF - intrameridional cross-fibres, K1 - somatic kinety 1;
OO - ord opening. Length of cells: 56 um (19, 20), 48 pm (21), 52 um (22), 57 um (25). Scale bars 20 pm.



culture feeds exclusively on about 4 um long bacterial
rods digested in 4-6 um-sized vacuoles, except the
bacterial spores, which often impregnate with protargol
and silver carbonate, making photographic documenta:
tion of the ciliary pattern difficult (Figs 1, 37, 62, 63).
When undisturbed, cells dance conspicuously on bacte-
rial flocks and accumulate at the dark side of the Petri
dish; when transferred to the microscope dlide, they
swim rather rapidly, frequently changing direction by
short jumps.

Ordinary somatic cilia about 10 pum long in vivo,
single throughout; kinetids, however, composed of two
obliquely arranged granulesin silver carbonateand silver
nitrate preparations, but only thelarger posterior granule
is ciliated, while the smaller anterior granule is likely a
parasomal sac (Figs1, 4,5, 16, 17, 35, 38-40, 53, 57, 58).
Caudd ciliain aroughly transverse array formed by last
kinetids of some right side kineties, longer (15 um) and
gtiffer than ordinary somatic ciliaand thuswell recogniz-
ableinvivo (Figs 1, 17, 38, 43). Ciliary pattern compli-
cated by several unciliated areas and specializations
(Figs 1, 5, 16-26, 35-39, 41-48; Table 1). On average
32 ciliary rows, those on right side slightly more widely
spaced than those on left; distances between individual
kinetidsincrease from anterior to posterior, especialy in
right side kineties, cellsthus more densely ciliated ante-
riorly than posteriorly; accompanied by afibre at right.
Somatic kinety 1 isstomatogenic and distinctly shortened
anteriorly, where it commences at right margin of oral
opening, and posteriorly, whereit abuts to the cytopyge.
Right of kinety 1, six to eight, usually seven, very long
ciliary rows, rectangularly curving around upper mouth
margin and extending transversely as preoral kinetiesto
near dorsal side of cell; kinety 2 loosely ciliated in oral
area, abuts to curved end of last dorsal kinety; other
preoral kineties do not abut, producing a rather large,
éliptical, unciliated anterior polearea; transverse portion
of al preoral rows very densely ciliated, while basal
bodieslack cilia, except for caudal cilia, inkineties3/4to
8/9, that is, in posterior right half of cell, which is thus
unciliated. Rest of right side and dorsal kineties extend
longitudinally from anterior to posterior end of cell; last
dorsal kinety anteriorly curved right to abut on kinety 2
asdescribed above, producing an obtriangular, bare area,
which contactsthe unciliated anterior polefield, between
last and penultimate dorsal kinety. Left side kineties
strongly shortened and indistinguishable from postoral
kineties (thus, all may be designated as postoral), pro-
ducing large, bare area left of oral opening; bare area
anteriorly bordered by kinety 2, at left by last dorsal
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kinety, and at right by two kinety fragments originating
from leftmost postoral kineties (see ontogenesis). The
silverline pattern showsthat most of the postoral kineties
abut to the cytopyge to form some kind of suture with
kinety 1 (Figs 1, 5, 16-26, 35-39, 41-48; Table 1).

Ora opening in second quarter of cell, rounded
triangular to broadly reniform due to a small convexity
that bears membranelle 1 at left; margin dlightly thick-
ened; anteriorly and posteriorly smaller than buccal
cavity, adoral membranellesthusonly partially recogniz-
able in vivo and scanning electron micrographs (Figs 1,
20, 22, 25, 35, 36, 39, 41, 57, 58, 60; Table 1). Bucca
cavity about 14 um deep and roughly hemispherical in
silver nitrate preparations. Oral ciliature inconspicuous
in vivo due to lack of paroral membrane and deep
location of adoral membranelles, only ciliaof membranelle
1 project distinctly from buccal cavity. Adoral
membranelle 1 at left wall of buccal cavity, well recog-
nizable in vivo and SEM micrographs because |ocated
onsmall convexity at margin of oral entrance, composed
of asinglerow of cilia, at left accompanied by one or two
argyrophiliclinesinsilver carbonate and protargol prepa-
rations, possibly unciliated kineties because at |east two
basal body rows are recognizable in early and middle
dividers(Figs 28, 29). Adoral membranelle 2 extendson
posterior bottom of buccal cavity and is thus concave
and not recognizable in ordinary SEM preparations;
ciliated in vivo and SEM of broken cells, composed of
four ciliary rows, the upper row isdistinctly shortened at
right. Adoral membranelle 3 also deep in buccal cavity
andthusonly partially recognizablein SEM micrographs,
extends along upper, right and posterior buccal wall and
is thus large and C-shaped, composed of three ciliary
rows with cilia more narrowly spaced in left than right
and upper portion of organelle. “ X-group”, thatis, asmall
array of about six basal bodies |ocated between anterior
ends of membranelles 1 and 3; likely, it originates from
membranelle 2 (see ontogenesis). Paroral membrane
extends along right and posterior half of oral entrance,
unciliated and thus not recognizable in vivo and SEM
micrographs, composed of single, weakly impregnated
granules in protargol and silver nitrate preparations,
while silver carbonate reveals groups of three granules
in anterior half and paired granules in posterior half, or
paired granules throughout. Pharyngeal fibres incon-
spicuous, recognizable only in protargol preparations,
originate at left end of membranelles 1 and 3 and extend
obliquely to anterior left quadrant of cell.

Silverline pattern complex, as shown by Figs 18-25
and 49-56, connects all main cortical organelles, such as
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Figs 26-31. Bromeliophrya brasiliensis sp. n., ventral views of ciliary pattern of a morphostatic (26) and dividing (27-31) specimens after
protargol impregnation with Wilbert's (26, 29, 30) and Foissner’s (27, 28, 31) protocol. 26 - a representative, morphostatic specimen with
pharyngeal fibres supplemented from another specimen. Notethat the unciliated basal bodies of the paroral membrane (arrowhead) are smaller
than those of the ciliated somatic kinetids; 27-31 - ontogenesis, especially stomatogenesis, occurs in the typical tetrahymenid manner. The
parental oral apparatusis not involved and does not reorganize. Arrowheads mark apatch of basal bodies (“ X-group”), likely separating from
theanterior end of membranelle 2, which becomesfour-rowed and distinctly shortensin middleand latedividers (29, 30). Arrows mark thetwo
leftmost postoral kineties, which proliferate basal bodies anteriorly, producing kinetofragments which migrate to the left margin of the buccal
cavity. Note that the shortened postoral and |eft lateral ciliary rows cause the division axisto become obliquein early dividers (28); however,
the disparity is balanced by an increased growth of the left lateral areain middle dividers, generating the broad, blank arealeft of the buccal
cavity and transversecytokinesisinlatedividers (29-31). CY - cytopyge; K1 - kinety 1; MA - macronucleus; M1 - micronucleus; M1-3 - adoral
membranelles; PF - pharyngeal fibres, PM - paroral membrane. Length of cells: 42 um, 47 um, 49 pum, 60 um, 58 um, 50 um. Scale bars 20 pm.
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Figs 32-34. Bromeliophrya brasiliensissp. n., ciliary and silverline pattern of middle (32, 33) and | ate (34) dividers after Chatton-Lwoff silver
nitrateimpregnation. 32 - ventral view of an early-middledivider showing theinvaginating opisthe oral apparatusand theobliquedivision axis
(arrowheads) produced by the strongly shortened left |ateral ciliary rows (for details, see text and explanation to figures 27-31). Note that the
dividing kinetiesremain connected by theintrameridional silverlines; 33, 34 - right sideview of anearly divider and | eft sideview of alatedivider
showing the origin of theintermeridional connectivesfrom foamy silverline arrays devel oping at the right margin of theleft and right side and
dorsdl ciliary rows. Thearrays devel op underneath the prospective division furrow and are, likely, outgrowths of theintrameridional silverline
connecting the basal bodieswithin arow. The proter (parental) connectives are not reorganized. Note that the loop-like intrameridional cross-
fibresin the anterior portion of theright sideciliary rows devel op very late and are thus not yet recognizablein the late divider showninfigure
34. CY - cytopyge; EP - excretory poreof contractilevacuole; IC - intermeridional connectives; IF - intrameridional cross-fibres; PM - paroral

membrane. Length of cells: 56 um, 61 um, 54 um. Scale bar 20 um.

basal bodies, oral apparatus and excretory pore, and
extends, left of oral apparatus, into the unciliated area,
which is thus less conspicuous in silver nitrate than
protargol preparations. Basal bodiesof individual ciliary
rows connected by an intrameridional silverline having
conspicuous, loop-like outgrowths (intrameridional cross-
fibres) in second quarter of right-side; silverlines of
individual ciliary rowsend inthe unciliated anterior pole
area or merge into the intermeridional connectives,
posteriorly they merge into each other or abut to the
cytopyge silverline. Intrameridional silverlines of short-
ened postoral and left lateral kineties extend into the
unciliated arealeft of the oral apparatus to form awide-
meshed pattern with silverlines extending between ora
apparatus, kinety 2, and last dorsal kinety. A wide-
meshed silverline pattern occursa soin the buccal cavity
and connects the adoral membranelles with each other

and with someintrameridional somatic silverlines; short,
longitudinal silverlines connect the preoral kineties. A
single, narrow area with intermeridional connectives,
probably originating fromintrameridional silverlines, oc-
curs subapically and extends via anteriorly directed,
straight silverlines also into the unciliated anterior pole
area. Resting extrusomes surrounded by a minute
silverline, found mainly left of kineties in the
intrameridional cross-fibresand attached tothesilverlines
crossing the unciliated area left of oral apparatus.
Ontogenesis (for terminology, see Foissner 1996) of
B. brasiliensis is homothetogenic and occurs in freely-
motile (non-encysted) condition. Stomatogenesis is
monoparakinetal, asin most members of the group, and
the parental oral apparatus is transmitted to the next
generation without distinct signsof reorganization, which
must be very rare in interphase specimens because | did
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Figs 35-40. Bromeliophrya brasiliensis sp. n. in the scanning el ectron microscope (35, 36, 38, 39) and after silver carbonateimpregnation (37,
40). 35, 36 - ventral views showing oral apparatus in second quarter of cell and metopid arrangement of ciliary rows. Asterisks denote barren
area left of oral opening. Arrows mark two short ciliary rows, which migrate from dorsolateral to the oral opening, a main family character.
Arrowheads denotethelarge, C-shaped adoral membranelle 3; 38, 39 - right and | eft side view showing amain feature of the Bromeliophryidae
family, viz., thetwo large, unciliated areas (asterisks): theright posterior half of thecell, where, however, basal bodiesare present (Figs42, 43);
and aquadrangul ar field left of the oral opening, where even basal bodies arelacking. Arrowhead marks excretory pore of contractile vacuole.
Arrow denotes site where right side ciliary row 2, which extends preorally and |eft laterally, abutsto the last dorsal kinety; 37, 40 - oral area
of strongly squashed specimens, showing the inconspicuous, unciliated paroral membrane. Note that, in silver carbonate preparations, the
kinetids consist of oblique pairsof granules (arrow): the smaller anterior granuleisbarren and likely aparasomal sac, whilethelarger posterior
granule bearsacilium. Arrowhead in figure 37 marks kinety 2, which isloosely ciliated right of the oral opening. CC - caudal cilia; F - kinety
fragments; M1, 3 - adoral membranelles; OA - oral apparatus, PM - paroral membrane.
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Figs 41-48. Bromeliophrya brasiliensis sp. n., somatic ciliary pattern (41- 44, 47, 48) and ontogenesis (45, 46) after protargol impregnation
(Wilbert's method). 41, 42, 47 - ventro-and dorsolateral view of same specimen and anterior polar view of another cell. Note the elliptical,
unciliated anterior pole area (arrowheads) and kinety 2, which abuts on the last dorsal kinety (arrows); 43, 48 - dorsal views showing the
transverserow of caudal ciliaand theunciliated basal bodiesof theright side(cp. figure38); 44 - left sideview showingthelarge, unciliated area
left of the oral opening (asterisks), posteriorly bordered by the shortened postoral and |eft lateral kineties. Arrows mark kinety fragments | eft
of oral opening; 45, 46 - ventral view of an early divider with aconspicuous, dikinetidal paroral membrane. CC - caudal cilia; EP - excretory
pore; K1, 2 - somatic kineties; M1, 3 - adoral membranelles; MA - macronucleus; OA - oral apparatus; PM - paroral membrane.

65
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Figs 49-56. Bromeliophrya brasiliensis sp. n., silverline and ciliary pattern after Klein-Foissner (49, 50) and Chatton-Lwoff (51-56) silver
nitrate impregnation. 49, 51 - left side views showing site where right side kinety 2 abuts on the last dorsal kinety (large arrowheads). Small
arrowhead denotes intrameridional silverlines extending into the unciliated area left of oral opening. 50 - ventral view; 52 - the anterior pole
(asterisk) is unciliated; 53-56 - right side views showing the loop-like projecting intrameridional cross-fibres (arrowheads in 54) and the
subapical intermeridional connectives (IC). DK - last dorsal kinety; E - extrusomes,; EP - excretory pore; K - kinetids; K2 - kinety 2;
IC - intermeridional connectives; |IF - intrameridional cross-fibres; OA - oral apparatus.
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Figs 57-63. Bromeliophrya brasiliensis sp. n., oral apparatus in the SEM (57, 58), after silver carbonate (59, 61, 62) and protargol (60)
impregnation, and in vivo (63). Arrowheads in figures (57, 58, 60, 61) mark two kinety fragments at left margin of oral opening. These
fragmentshave aspecial origin described in the ontogenesis section. Arrow in figure (63) marks shortened kinety in membranelle 2. Asterisks
infigures (57, 58) denote convex left margin of oral opening. Basically, the oral apparatusisin the second quarter of the cell (Figs 35, 36) and
hasabroadly reniform opening (Figs57, 58). The buccal cavity israther deep (Fig. 22) and containsthree membranelles of different shape and
structure (Figs 57-63) described in the results section and diagramatically shown in figure (5). A small patch of basal bodies (“X-group”) is
between the anterior ends of membranelles 1 and 3 (Fig. 59). The paroral membrane consistsof single, unciliated basal bodies (Figs60, 61) and
isthus not recognizable in scanning micrographs (Figs 57, 58). E - extrusomes; FV - food vacuoles; K1, 2, - somatic kineties; M 1-3 - adoral
membranelles; PM - paroral membrane; X - “X-group” (patch) of basal bodies.
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not find a single reorganizer among more than a thou-
sand specimens investigated. Nuclear division and cy-
tokinesis occur as is usual.

Stomatogenesis commences with the formation of an
oral primordium in or very near to kinety 1, that is, the
posterior half of the rightmost postoral ciliary row, with
an intense proliferation of basal bodies, soon forming
threeaxially oriented protomembranelles each consisting
of two basal body rows; at right, scattered basal bodies
remain and later form the paroral membrane; the ante-
rior portion of kinety 1isnotinvolvedin stomatogenesis
and later reorganizes to a new proter kinety 1 (Figs 27,
28). | could not clarify whether basal bodies of kinety 1
are included in the oral primordium. Figures 28 and 45,
46 indicate that this is not the case because a posterior
fragment with an ordinary number of basal bodies
becomes recognizable after the paroral has formed.
Next, protomembranelles 2 and 3 become three-rowed,
a patch of basal bodies (“X-group”) separates from the
anterior end of membranelle 2, and the posterior portion
of the membranelles begins to invaginate and rotate
clockwise. At right, the parora is formed from the
scattered basal bodies of the oral primordium, leaving
back a short (parental?) row of basal bodies forming
opisthe’skinety 1 (Figs28, 32, 45, 46). Inmiddledividers
(Fig. 29), the newly formed ora structures arrange
transversely to the main body axis, membranelle 2
becomes four-rowed and begins to shorten, and the
parora membrane is distinctly dikinetidal. | could not
clarify whether the fourth row of membranelle 2 origi-
nates de novo or by are-arrangement of existing basal
bodies; the latter is more likely, considering that the
membranelle becomes shorter. When cytokinesis com-
mences, the newly formed oral structuresinvaginate and
obtain their specific shape and arrangement; further, the
dikinetidal structure of the paroral becomes indistinct
(Figs 30, 31).

Somatogenesis commencesin early dividerswith the
intrakinetal proliferation of basal bodies and a rather
early split of the ciliary rowsin the prospective division
furrow (Figs 27-29), except row 2, which splitsonly in
late dividers, that is, when cytokinesis commences
(Fig. 30). Therows split inthe middle, even the strongly
shortened postoral and | eft lateral kineties, producing an
oblique division axisin early dividers (Figs 28, 29, 34).
However, the disparity is balanced by an increased
growth of theleft sidein middle dividers, generating the
blank area left of the buccal cavity and transverse
cytokinesis in late dividers (Figs 29-31). At the left
margin of the blank area, two opisthe ciliary rows

generate additional basal bodies forming two projecting
kinetofragments (Fig. 29, arrow), which separate
(Fig. 30) and migrate (Fig. 31) to the left margin of the
buccal cavity (Fig. 26).

Thesilverlinesconnect all parental and newly-formed
structures, including the separating ciliary rows (Fig. 32).
The parental silverline system is not reorganized. The
intermeridional connectives originate from foamy
silverline arrays developing at the right margin of the
right side and dorsal ciliary rows. The arrays are gener-
ated underneath the prospective division furrow and are,
likely, outgrowths of the intrameridional silverline con-
necting the basal bodies within arow (Figs 33, 34). The
loop-likeintrameridional cross-fibresin theanterior por-
tion of the right side ciliary rows develop in very late
dividers.

DISCUSSION

Ordinal and familiar classification

Bromeliophrya has all main features of a
tetrahymenideciliate (Corliss 1979, Lynn 1994), specifi-
caly, it has a paroral membrane and three adoral
membranellesin adeep buccal cavity andin tetrahymenid
position (subapical) and arrangement (Figs 1, 5, 22, 35,
57-62). Further, it hasamonoparakinetal ssomatogenesis
(Fig. 27) and astriated silverline pattern (Figs 19, 20, 49,
53, 54), as all “good’ tetrahymenids have (Foissner
1996). Thus, Bromeliophrya belongs to the order
Tetrahymenida Fauré-Fremiet in Corliss (1956).

Familiar classification is more difficult, although the
“X-group” of basal bodies between the anterior ends of
adoral membranelles 1 and 3 (Figs 5, 30, 59), the curved
anterior portion of some right side somatic kineties
(Figs 16, 20, 25, 35, 39, 41, 49), and ontogenesis (trans-
verse orientation of oral anlagen in middle dividers;
Fig. 29) suggest the Glaucomidae Corliss, 1971 as
nearest relatives (Corliss 1971, Peck 1974, McCoy 1975,
Foissner et al. 1994, Lynn 1994). In contrast, the somatic
ciliature with the two large, unciliated areas and the
migrating kinety fragmentsisuniquefor thewholeorder,
suggesting separation of Bromeliophrya at family level
(Figs 16, 29-31, 38, 39). This is emphasized by the
unique, metopid body plan (shape) and the silverline
pattern, which lacks the secondary meridians so promi-
nent in many tetrahymenids, especially Glaucoma and
Colpidium (Foissner et al. 1994). Note that the kineties
at theleft margin of the buccal cavity of, e.g., Colpidium



and Turaniella, are also fragments of somatic kineties,
however, they do not migrate, as in Bromeliophrya, but
originate by a simple split of kineties during buccal
shaping (Foissner 1970, Iftode et al. 1984).

Thehigh (family) rating of the somatic peculiarities of
Bromeliophrya is based on the Structural Conservatism
Hypothesis of Lynn (1976, 1981), which suggests that
somatic cortical features are more strongly conserved
than oral ones because they are subjected to less
selective pressures. Accordingly, the particularities of
the oral structures define the new genus Bromeliophrya,
while those of the body define the new family
Bromediophryidae.

Bromeliophrya brasiliensis as a new genus and
species

As mentioned above, the new genus Bromeliophrya
isdefined by its oral structures which are unique in that
membranelles 1 and 3 extend along the buccal wall and
thus form a ring-like pattern (Figs 5, 25, 26, 57-63),
similar to that found in another curious genus,
Bursostoma, which belongs either to the tetrahymenids
or the ophryoglenids (Ganner et al. 1988, Lynn et al.
1991). Basically, however, the oral apparatus of
Bromeliophrya resembles that of Glaucoma, not only
by the X-group of basal bodies at the anterior end of
membranelle 2, but also dueto theloosened ciliary rows
composing the anterior half of membranelle 3;
membranelle 2, in contrast, ismuch more conspicuousin
Glaucoma than Bromeliophrya (Corliss 1971, McCoy
1975, Foissner et al. 1994).

Another remarkable feature of Bromeliophrya is the
unciliated paroral membrane (Figs 5, 26-31, 57-62). In
thisrespect, Bromeliophrya resembles Turaniella (I1ftode
et al. 1984), which Lynn (1994) classifiesin the family
Turaniellidae, together with Colpidium, which has the
paroral ciliated, like Tetrahymena in the family
Tetrahymenidae. In Glaucoma, only the anterior portion
of the paroral is ciliated. See Foissner et al. (1994) for
SEM-micrographs of the paroral of Tetrahymena, Glau-
coma, and Colpidium. Obvioudly, this feature is too
progressive to be useful for family classification, but
useful for defining genera.

To the best of my knowledge, there is no ciliate
described in the literature resembling B. brasiliensis.
Thus, it is a new species. Both the metopid body shape
and the unique somatic ciliary pattern make it easily
recognizable in vivo and silver preparations (Figs 1, 16,
39, 41-44).

Bromeliophrya brasiliensis gen. n., sp. n. 69

Biogeographic considerations

Asmentioned inthelntroduction, | found several new
ciliates in the tank of Brazilian bromeliads. Most are
rather small (~ 100 pum) and thus comparatively incon-
spicuous. Accordingly, it can not be excluded that they
occur asoinordinary freshwaters of South America, but
were overlooked up to now. Unfortunately, reliable
studies on free-living ciliates of South America are
practically non-existant. Most of the literature is out-
dated, and even the few recent studies did not use
modern methods, for instance, Cairns(1966) and Hardoim
and Heckman (1996). But there is evidence that the
South American ciliate biota contain alarge number of
undescribed species. Foissner (1997) reported 20 new
speciesintwo soil samplesfrom the Amazon flood plain,
and Steffens and Wilbert (2002) found several
undescribed species in ephemeral flushs of Brazilian
inselbergs.

However, we can be rather sure that Bromeliophrya
brasiliensis and the other new species from tank bro-
meliads are absent in the much better investigated
central Europe, suggesting that they have a restricted
geographical distribution, like some other ciliates and
testate amoebae (Foissner 1999). There is even some
probability that they are restricted to bromelian tanks
because one of them has a special life cycle (Foissner
and Cordeiro 2000).
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A New Species of Eimeria from the Eared Dove Zenaida auriculata (Aves:
Columbidae) in Brazil

Edson A. ADRIANO, Patricia J. THYSSEN and Nelson S. CORDEIRO

Departamento de Parasitologia, | nstituto de Biologia, Universidade Estadual de Campinas (UNICAMP), Campinas, Sao Paulo,
Brasil

Summary. Thirty-four out of 142 (23.9%) eared doves, Zenaida auriculata Des Murs, 1847 had oocysts of an Eimeria species described
here as a new species. Sporulation is exogenous and fully developed oocysts are spheroid to subspheroid, 23.8 um (22.1-26.4) x 20.3 um
(19.2-22.1); the shape index (length/width ratio) is 1.2. The oocyst wall is bilayered, with a dightly pitted outer layer and a brown inner
layer. There is no micropyle or oocyst residuum, but a prominent elongated polar granule is present. Sporocysts are elongated, 13.1 um
(12.0-14.4) x 7.4 um (7.2-7.7); the shape index is 1.8 um with a smooth, thin wall. A large Stieda body is present, but there is no
sub-Stieda body. The sporocyst residuum consists of numerous, nearly uniform granules scattered randomly. Sporozoites are elongate with
alarge, clear refractile body in the posterior end and a smaller refractile body in the anterior region.

Key words: birds parasite, Brazil, coccidia, Eimeria zenaidae sp. n.

INTRODUCTION

The Columbidae consists of about 300 species of
primarily granivorous and fructivorous birds with a
cosmopolitan distribution (Bennett and Peirce 1990). In
the neotropical region, 65 species are present (Stotz
et al. 1996), 21 of which have been recorded in Brazil
(Sick 1984).

Columbids of the genus Zenaida Bonaparte, 1838
are widely distributed in the New World (American
Ornithologists Union 1983). The eared dove, Zenaida
auriculata DesMurs, 1847, iscommon inthe neotropics
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This work is part of a Masters thesis by E. A. Adriano

and occurs from the Antilles to Tierra del Fuego (Sick
1984) in arid scrub areas, in open areas such as fields
and farms and around human dwellings (Donatelli et al.
1994). In some regions of Brazil, Z. auriculata is an
important agricultural pest because of its large numbers
(Donatelli et al. 1994), whilein other regions, such asin
areasof arid scrub, thisdoveisan important food source
(Aguirre 1976).

During a survey of Columbiformes parasites, carried
out inthemunicipality of Junqueirépoalis, Sdo Paulo State,
Brazil, we found a new species of Eimeriain the faeces
of Z. auriculata. This is described below.

MATERIALS AND METHODS

Onehundred and forty-two adult specimensof Z. auriculatawere
captured using gauze-traps (IBAMA 1994) in the municipality of
Junqueirdpolis, State of Sdo Paulo, Brazil, from February to October,
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1998. The doves were housed individually in cagesfor 2 h to obtain
fecal samples, and then tagged and released. Thefecal sampleswere
examined microscopically after flotation, using Sheather’ ssugar solu-
tion. To determine thetimeto sporulation, fecal sampleswere placed
in 2.5% potassium dichromate (K,Cr,0,) at 23-28°C. Photomicro-
graphs were obtained using a Zeiss microscope and Kodak TMAX
100 film. Thirty-four oocysts and sporocysts were measured and
compared to those of Eimeria spp. previously reported in
Columbiformes. All measurements and means are in um with the
range given in parenthesesfollowed by the shapeindex (Iength/width
ratio).

RESULTS

Of 142 adult specimens of Z. auriculata examined,
34 (23.9%) had coccidian oocysts. A morphological
comparison of these oocysts reveaed differences be-
tween them and those of other Eimeria spp. from
Columbiformes, as described below.

Eimeria zenaidae sp. n. (Figs 1-3)

Oocysts spheroid to subspheroid (Figs 1, 3), length
23.8 (22.1-26.4), width 20.3 (19.2-22.1), shape index
(length/width) 1.2, wall of uniform thickness (1.7) and
bilayered, composed of a dlightly pitted outer layer,
1.2thick, and browninner layer 0.5 thick. One prominent
elongated polar granule is present, but a micropyle and
oocyst residuum are absent (Fig. 1). Sporocysts elon-
gated (Figs 2, 3), length 13.1 (12.0-14.4), width 7.4
(7.2-7.7), shape index 1.8 (1.7-1.9), with smooth, thin,
single-layered wall. A large Stieda body is present, but
there is no sub-Stieda body. Sporocyst residuum

composed of numerous, nearly uniform granules scat-
tered randomly (Fig. 1). Sporozoites elongate with a
large, clear refractile body in the posterior end and a
smaller refractile body in the anterior region (Figs 1-3).

Type-host: eared dove, Zenaida auriculata Des
Murs, 1847 (Aves. Columbidage).

Typelocation: municipality of Junqueirdpolis, State
of Sdo Paulo, Brazil (21° 31’ S, 51° 27" W).

Prevalence: 34/142 (23.9%) Z. auriculata exam-
ined were infected.

Site of infection: unknown, oocysts collected di-
rectly from host feces.

Timeof sporulation: most oocysts sporulated within
38 h at 23-28°C.

Type specimens: phototypes of oocysts are depos-
ited in the collection of the Museum of Natural History
of the Ingtitute of Biology, State University of Campinas
(UNICAMP), Campinas, State of S&o Paulo, Brazil
(accession numbers ZUEC 08 and 09).

Etymology: the specific name is derived from the
generic name of the host.

DISCUSSION

There have been so far recorded only two coccidian
species parasitising columbids of the genus Zenaida:
an unnamed Eimeria sp., reported by Conti and
Forrester (1981) infecting Zenaida asiatica and
Zenaida macroura in Florida, USA and Eimeria
palumbi, described by McQuistion (1991) parasitising

Figs1, 2. Photomicrographsof sporulated oocystsof Eimeria zenaidae
sp. n. 1 - typical oocyst showing the polar granule (PG), sporocyst
residuum (SR) and refractile bodies (RB); 2 - broken oocyst with a
free sporocyst; note the large Stieda body. Scale bar 10pum.

Fig. 3. Composite line drawing of a sporulated oocyst of Eimeria
zenaidae sp. n. Scale bar 10 um.



Zenaida galapagoensis in the Galapagos Archipelago,
Equator.

This is the fisrt report of an Eimeria species in
Z. auriculata. The morphological characteristics of
E. zenaidae sporulated oocysts were compared to
those of other Eimeria spp. previously described in
Columbiformes. Only Eimeria palumbi McQuistion,
1991, found parasitising Zenaida galapagoensis from
the Galapagos Archipelago, resembled the species de-
scribed here in the size of its oocysts and sporocysts.
However, the oocysts of E. zenaidae can be easily
distinguished from those of E. palumbi by the absence
of the residuum, the presence of a conspicuous €elon-
gated polar granule and by the dlightly pitted aspect of
the outer wall. The sporocysts of E. zenaidae differ
from those of E. palumbi by the presence of an
extremely large Stieda body and the presence of two
refractile bodies, alarge, clear one in the posterior end
and asmaller one in the anterior region. Based on these
characteristics, we consider the species described here
to be a new coccidian for which the name E. zenaidae
is proposed.
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a New Freshwater, Filose, Testate

S-15 Concession 1, RR #1, Sunderland Ontario, Canada LOC 1HO

Summary. A previously undescribed species of Corythionellawasdiscoveredin threewidely separated freshwater lakesin Ontario, Canada.
A formal description of this species (Corythionella golemanskyi sp. n.) is given, together with comments on related taxa in the Testacea
filosia. Tightly packed elliptical (and occasionally circular) scales, asmall, flared oral collar and arounded-triangular cross-sectional shape
of the test set C. golemanskyi apart from all other Corythionella species.

K ey words: Corythionella golemanskyi sp. n., Cyphoderiidae, Euglyphida, Filosea, Psammonobiotidae, Pseudocorythionidea, Testaceafilosia.

INTRODUCTION

Over the past three decades, a rich and diverse
assemblage of testate amoebaeinhabiting the supralittoral
zones of marine beaches has been described
(Golemansky 1974, 1998a; Chardez 1977). Comparable
freshwater communities are not known, perhaps
because these habitats have been largely ignored in
limnological and biotic surveys of freshwater lakes.
Beginning in 1997 (Nicholls 1998), the supralittoral of
some freshwater beaches and nearshore littoral sands
were sampled as part of a broader investigation of
testate rhizopods in freshwater habitats in Ontario,
Canada. The purpose of this paper is to describe
Corythionella golemanskyi sp. n., a previously

Addressfor correspondence: Kenneth H. Nicholls, S-15 Conces-
sion 1, RR #1, Sunderland Ontario, Canada LOC 1HO; E-mail:
khnicholls@interhop.net

undescribed filose testacean discovered in three widely
separated freshwater lakes in Ontario, Canada.

MATERIALS AND METHODS

Samples of nearshore (submerged) and supralittoral sand
(100-1000 cm?) were collected with a garden trowel and placed in a
clean pail with about 1 | of lake water. After thorough mixing to
dislodge and suspend any organisms attached to sand grains, the
supernatant was poured off into 500 ml polycarbonate screw-capped
bottles for transportation on ice to the laboratory. Another portion
(25 ml) was immediately preserved with formalin (about 1.5 %
formaldehyde).

Living and preserved samples were examined with an inverted
microscope using a 10x objective under dark-field illumination for
initial detection and high power (40x and 100x oil immersion objec-
tives) with Zernike phase-contrast for critical measurements and
examination of scale structure of rhizopod tests. Isolation of single
specimens was done with a micro-pipette (drawn out in a flame);
manipulation of single specimens to facilitate measurements in two
dimensions was by hand with a single-hair brush. Specimens were
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mounted in Styrax® or Canada Balsam to aid in measurement of
scales and for permanent preservation of type material. Test dimen-
sions and terminology were as portrayed in Figs 1 and 2. Statistical
data describing test morphology (mean, standard deviation, median,
minimum, maximum, coefficient of variation) and Mann-Whitney
U-tests of significant difference between populations were done in
CoStat (CoHort Software 1995).

RESULTS

Corythionella golemanskyi sp. n.

Phylum, Rhizopoda; Class, Filosea; Subclass,
Testacedfilosia; Family, Cyphoderiidae

oral aperture
(pseudostome)

2 anterior

dorsal
L surface

collar

ventral
surface

-+

i posterior
f—W ] et —]

Figs 1, 2. Diagrammatic representation of the, 1 - ventral and 2 - |eft
lateral viewsof Corythionella golemanskyi sp. n. illustrating themain
test dimensions for which descriptive statistics were compiled
(Table 2); keyed as follows: L - total test length; W - test width;
H - test height.

Diagnosis. test, translucent, pale yellow in colour,
elongate-elliptical to nearly circular in outline (ventral
and dorsal views); wider than high, rounded-triangular
in cross-section. Oral aperture not invaginated, but sepa-
rated from the main body of the test by a short neck and
surrounded by aflared collar about 2 umwide. Diameter

of theoral aperture 15-22 um, including theflared collar.
Test length, 45-62 um; width, 31-49 um; height, 23-
30 pum. Test covered with small elliptical (occasionaly
circular) silica scales, 1.5-2.7 um. Scales are densely
arranged, sometimes overlapping at their margins. Pro-
toplast with long, sometimes branching fil ose pseudopo-
dia

Etymology: the specific epithet is in honour of
Prof. Dr. Vassil Golemansky, who pioneered the study of
marine sand-dwelling rhizopods over the past 35 years
and who has provided much help with reprints and other
information during the course of my investigations.

Type specimen:. the type specimen mounted in
Canada Balsam on a glass dlide, was deposited with the
Invertebrate Zoology Division, Canadian Museum of
Nature, Catalogue No. CMNI-2002-0001.

Holotype material: retained by the author in sample
No. V-1321, collected 12 October, 1999.

Type Locality: littoral zone sands of Sibbald Point
Provincial Park, Lake Simcoe, Ontario, Canada (44°
18' N; 79°18' W).

Specimens of C. golemanskyi were first found in
samples collected 12 October, 1999 at Sibbald Point
Provincia Park, Lake Simcoe, but others were later
discoveredin collections of submerged beach sand made
September 5, 2001 at Dorcas Bay, Lake Huron
(45°11'30"N; 81°35' W), and January 23, 2002 from the
littoral zone of Mazinaw Lake, Ontario (44°50'N; 77°15'
W). These three lakes range widely in size and depth,
but all have generally excellent water quality with low
concentrations of N and P (Table 1). The Lake Simcoe
and Lake Huron collections contained specimens in
adequate abundance for statistical comparisons of the
test dimensions of the two populations (Table 2).

There was no significant difference in test length
between the Lake Simcoe and Lake Huron populations
(mediansof 55.5 and 55 um, respectively); althoughinall

Table 1. Comparative morphometric and water quality data for the three Ontario lakes from which Corythionella golemanskyi sp. n. was
collected. Data are summer average valuesfrom OWRC (1971), Nicholls (1995) and the Ontario Ministry of the Environment (unpublished).

Lake Huron LakeSimcoe Mazinaw Lake
Lake area (km?) 59500 722 16
Maximum depth (m) 230 40 145
Total akalinity (mg/l) 80 125 20
Conductivity (umhos/cm) 220 350 100
Total phosphorus (ug P/I) 8 11 6
Total inorganic N (pg N/I) 550 20 50
Total organic N (g N/I) 310 380 250
Total chlorophyll a (ug/l) 4 5 12
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Figs 3-11. Some examples of form variation in test, pseudopod and test scales of Corythionella golemanskyi sp. n.; 3-5 - test shapesin ventral
views; 6 - representation of aliving cell with extended pseudopodia; 7-9 - test shapesin left lateral views; 10 - optical cross-section of the test

showing rounded triangular form; 11 - scales covering thetest.

Table 2. Descriptive statistics for critical test dimensions of Corythionella golemanskyi sp. n. from Lake Huron and Lake Simcoe. Units
of measurement are um; L = length; W = width; H = height; PS = oral aperture excluding collar; CO = outer diameter of oral collar (see Figs
1 and 2). Mann-Whitney U-test probabilities greater than 0.05 are considered indicative of a strong likelihood of no significant difference

between the two populations.

Lake Simcoe L
Mean 55.2
Median 55.5
Minimum 45
Maximum 62
sD 46
CV (%) 8.5
N 22

Lake Huron L
Mean 549
Median 55
Minimum 47
Maximum 59
SD 3.0
CV (%) 55
N 21

Mann-Whitney U-test probability 0.751

W H PS CcO
343 274 134 176
335 28 13 17
31 24 12 15
42 30 16 22
3.0 1.9 13 19
8.7 6.9 9.7 10.7
22 21 21 21
W H PS CcO
38.2 25.2 14.6 18.8
39 25 15 19
33 23 13 16
49 30 16 21
3.8 14 0.8 15
10.2 55 5.6 8.0
21 21 21 21
0.0008 0.0002 0.001 0.031

other dimensions, the tests from Lake Huron were
significantly larger (Mann-Whitney U-test probabilities
al < 0.05; Table 2). Despite some variability in overall
test shapein both populations (Figs 3-5, 7-9, 12-16), test

width was greater than test height in all 42 specimens
measured. Theratio W:H wassignificantly greater inthe
Lake Huron population. Test cross-section had the ap-
pearance of a very rounded isosceles triangle with a
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Figs 12-20. Photographs of Corythionella golemanskyi sp. n. tests. 12, 13 - ventral views; 14 - oblique lateral view; 15, 16 - lateral views;
17 - reproduction (testsarejoined at their oral apertures); 18, 19 - scales covering thetest arefaintly visiblein the posterior regions of the tests
(mounted in water); 20 - Scales covering test (dried and mounted in Canada Balsam). Scale bars 10 um.

dightly concave base that was greater in length than
height (Fig. 10). In optimum optical cross-sectional
views (most easily achieved after the specimen was
transferred to a viscous medium (e.g. glycerol) and
manipulated with a single hair brush), the collar sur-
rounding the oral aperture could be seen as a projection
from the base of the test (Fig. 10).

Scales on the test surface (Figs 11, 18, 19) were
difficult to see, even with oil immersion, phase contrast
optics. Visualizationimproved after drying and mounting
in mediawith a high refractive index (Fig. 20), but this
method tended to obscure the slight marginal overlap of
many of the scales seen in specimens mounted in water.
Most scales on the main body of the test were elliptical,
measuring 1-1.5 pumwidex 1.5-2.7 um long. Occasional
circular scales were also present. Scales in the anterior
region of the test in the area surrounding the oral

aperture were smaller than those on the main body of the
test.

Protoplasts observed in living specimens of this spe-
cies appeared to be typical of the family; for example,
pseudopodia were very Cyphoderia-like (Fig. 6). An-
other typical characteristic of living cells was the occur-
rence of multiple attachment points of the plasmamem-
brane with the interior of the test, separated by concavi-
ties in regions of the protoplast where there was no
contact with the test wall (Fig. 6).

DISCUSSION
The genus Corythionellawas erected by Golemansky

(1970) to include Pseudocorythion-like taxa with tests
covered with endogenously produced elliptical or oval



(Corythion-like) scales (Pseudocorythion tests have
circular imbricated scales). Corythionella differs from
Corythion in the structure of the pseudostome which, in
Corythion, isinvaginated and surrounded by a series of
specialized toothed scales; Corythionella lacks these
toothed scalesand its pseudostome is not invaginated. In
all but one species (C. acolla Gal.) the pseudostome is
surrounded by aflared collar, which, like the rest of the
test, is covered with scales. There are six known
species of Corythionella: C. pontica Gol., C. acolla
Gol. C. minima Gol., C. anteroplanata Chardez,
C. sudzukii Chardez, and C. minima var. nipponica
Sudzuki [I presume that Sudzuki (1979a) intended this
|atter taxon to be a subspecies, not a variety, as defined
by Article 45 (g) of the Int. Code Zool. Nomenclature
(ICZN 1985). Thereis, however, considerable confusion
surrounding the nomenclature for thistaxon. In Sudzuki
(1979a, bottom of p. 288) herefersto it as“ P. minima
var. nipponica” (implying Pseudocorythion?) in a
section of the paper headed Corythionella; but, in the
same paper the caption of his Fig. 12 clearly states
“Corythionella minima var. nipponica’. In a compan-
ion publication (Sudzuki 1979b), hereferred to thistaxon
as “C. minima f. nipponica Sud. ‘79"].

The flared collar in C. golemanskyi is only dlightly
greater than the pseudostome diameter. C. minima,
C. minima var. nipponica, and C. pontica all have
flared pseudostome collarsthat are much greater in size,
being about equal in diameter to the main body of the
test. C. acolla lacks a pseudostome collar. Other differ-
ences between C. golemanskyi and C. acolla include
the apparently large inter-scale spacesin the investiture
of test scales [e.g. see figure 5 in Golemansky (1973)]
and the smaller size of C. acolla. Chardez (1977)
reports sizes for C. acolla that are about one-half those
measured for C. golemanskyi.

Corythionella sudzukii Chardez (1977) is closest to
C. golemanskyi in the proportional sizes of the
pseudostome and flared collar, but overal test size in
C. sudzukii is much smaller (L = 26-30 um; W = 10-
15um; H=8-10um; PS=4-7 um; CO=6-11 um). Also,
Chardez's (1977) figure 6 suggests that test scales in
C. sudzukii are large and much more elongate than in
C. golemanskyi. The main feature separating
C. anteroplanata (Chardez 1977) from all other species
of this genus s its highly compressed anterior (marked
dorso-ventral flattening). The tightly packed elliptical
(occasionally circular) scales, thesmall flared oral collar
and the rounded triangular cross-sectional shape of
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the test set C. golemanskyi apart from all other
Corythionella species.

The only critical study of Corythionella scales has
been done by Ogden and Colteaux (1989). They showed
that the SEM structure of the scales on the collar of
C. pontica were smaller than those covering the main
body of the test; they also differed in shape, being more
elongate with nearly paralel sides (their figure 11).
There is, however, some question about whether or not
their specimen is realy C. pontica; the collar (though
damaged - see their figure 9) is very narrow relative to
the test body width, and the total test length, estimated
at about 40 um from their figure 9, is much too short for
C. pontica. Test lengths for C. pontica given by
Golemansky (1970, 1998b) are 77-96 um. Ogden and
Codteaux (1989) may have described the scales on
C. minima, or some other (perhaps undescribed) spe-
cies.

The taxonomy of the genus Corythionella and the
related genera Pseudocorythion and Messermvriella is
not clearly defined at the family level. All three were
placed in the family Psammonobiontidae along with
other marine psammonobionts like Psammonobiotus
and Chardezia by Golemansky (1974); but Sudzuki
(1979b) proposed a new family (Pseudocorythionidae)
for Pseudocorythion (and others) and that a new sub-
family, Corythionellinae, be erected for Corythionella
and another taxon he described as “Pseudowailesella”.
Unfortunately, several of the new taxa described by
Sudzuki (1979b) were inadequately described, so the
logic of hisproposed family and sub-family taxonomy is
not entirely convincing at this point in time. Taxa like
Sudzuki’s “Corythionelloides’, Micropsammelloides’,
and “Pseudowailesella” await rediscovery and critical
examination before Sudzuki’'s taxonomy can be ac-
cepted. Intheinterim, Meisterfeld (2002) has suggested
an appropriate (but perhaps temporary) solution to the
taxonomy of this group, whereby both Pseudocorythion
and Corythionella were placed in the family
Cyphoderiidea de Saedeleer, 1934. This proposd is
attractive because it groups together at the family level
al taxa having (i) atest covered in endogenously pro-
duced scales, and (ii) anon-invaginated pseudostome at
the anterior terminus of a curved neck. The revised
family Psammonobiotidae continues to include genera
with pseudostome morphology like those in the
Cyphoderiidae, but their tests consist of an uncovered
organic matrix or are covered in particles of exogenous,
not endogenous, origin.
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Although it has atest structure that would otherwise
qualify it for membershipinthe Cyphoderiidag, Corythion
must remain in the separate family Trinematidae, be-
cause it has an invaginated pseudostome with a sur-
rounding row of specialized toothed scales (likeitssister
genera Trinema, Pileolus and Puytoracea, in the same
family).

It was not without considerable vacillation that
| assigned C. golemanskyi to the genus Corythionella.
Some characteristics of this species (the occasional
presence of circular, overlapping scales) suggest
affinities with the genera Pseudocorythion and
Messermvriella. The scale structure of C. golemanskyi
is intermediate between that generally typical of
Corythionella (ellipsoidal, or oval and non-imbricate)
and that of Pseudocorythion and Messemvriella (cir-
cular, imbricate). The dorsal-ventral compression
(width>height), the cross-sectional rounded-triangular
shape and rounded posterior, together with its predomi-
nantly elliptical scalesisjustification for assignment of
C. golemanskyi to the genus Corythionella, in my
view. Still, the distinguishing features of thethree genera
Corythionella, Pseudocorythion (test with a pointed
posterior) and Messemvriella (tests with a rounded
posterior) relating to minor differencesin scale structure
and test shape might be better ascribed to species
differences within a single genus rather than generic
differences. For example, Chardez (1979) has shown
that the posteriors of specimens of Pseudocorythion
undulacollis Chardez & Thomas from Corsica are
highly variable andinclude somewith rounded aswell as
pointed posteriors. It is possible that further study of
these and related taxawill result in some new taxonomic
combinations.
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Book Review

Sail Ciliates(Protozoa, Ciliophor a) from Namibia (Southwest Africa), with
Emphasis on Two Contrasting Environments, the Etosha Region and the
Namib Desert. Part |. Text and Line Drawings. Part Il. Photographs.
W. Foissner, S. Agatha and H. Berger. Denisia, Vol. 5. Linz, Austria. 2002.
| SSN 1608-8700. 1459 pp., 443 figures, 203 tables, hard covers. 150 €
(ca $150 U.S)

Once again, Wilhelm Foissner (and colleagues) have produced a monumental profusely illustrated taxonomic
work on the ciliated Protozoa, this time requiring two volumes. Emphasis is on generic and species uniguenesses
and on diversity and community structure within restricted habitats (collections were taken from some 73 specific
sites) located in the Namibian area of Southwest Africa. It is to be noted that most “classical” types of fresh-,
estuarine, and salt-water habitats, although present in Namibia, were deliberately excluded from the present (time-
limited and already massive!) research project on principally soil forms. The monograph isin English!

As typical of the experienced Foissner teams, taxonomic study techniques included observations on living
material, TEM and (mostly) SEM ultrastructura methods, and wide employment of silver impregnation for
examination by light microscopy of carefully fixed specimens. Type material (preserved on ca 800 dides) has been
deposited in the Museum of Upper Austria in Linz. Rules from the latest edition of the International Code of
Zoological Nomenclature have been followed rigorously.

The fine illustrations merit special comment. Actual figures number far more than the “443” mentioned in the
heading of thisreview. Typically, one“Figure” alone contains multiple drawings or photographs of agiven species,
including different body viewsand highlighting different organellesor particular structuresor stagesinthelifecycle
of the organism. For admittedly perhaps an extreme example of such multiplicity, 13(!) plates/pages of Vol. Il are
devoted to such figures of the single colpodid species Exocolpoda augustini (for which a new genus has been
created). The entire 395 pages of Val. Il are filled with 2500 excellent photographs! The first 79 of them are in
color, the remai ning bl ack-and-white ones average over half-dozento a“ Figure” and are mainly of living organisms,
silver impregnated specimens, or SEM images. A few collection sites have also been photographed.

In the 1063 pages of Part | (Vol. | of the set), we find another 221 Figures (with multiple line drawings per
“Figure”) of the same - and sometimes different - species as those displayed so beautifully in the much slimmer
Part 11 (Vol. 11). But here, of course, we aso find the text of the whole monograph and the full taxonomic
(and nomenclatural) identifications or descriptions of some 365 species, new (ca 40%) and/or old, included in the
overal study. Involved aswell are descriptions of anew order and suborder, three new families, and 33 new genera
and subgenera. And there is a 100-page section on ecology with emphasis on species distribution and their
community structure. The great majority of the 203 Tables in this monograph is devoted to detailed morphometric
data on the individual species studied.
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In addition to the helpful “summarizing” tables near the beginning of Vol. I, where all speciesinvolved are listed
and very briefly identified, the volume concludes with an extensive Systematic Index of 16 pages. Here, bonafide
(valid, acceptable, “good”) species, genera, etc. and their names are helpfully differentiated by type of print from
the non-acceptable (in the authors’ opinion). Multiple page humbers supplied refer only to locations in Vol. I;
however, when one consults such pages, one discovers references to pages of Vol. 11 where photographic figures
are found for many species.

A specia word should also be said about the 21-page References section (located in Val. I, just preceding the
Systematic Index). It is atreasure trove indeed of ciliate literature relevant to the topics treated in the monograph,
including older as well as very recent papers of significance. Out of the total of some 525 titles given, well over
20% represent publications- not inappropriately - from the Foissner school (with 86 of them sole- or senior-authored
by Wilhelm Foissner himself). They offer evidence not only of Foissner’s experience in taxonomic ciliatology built
up over the past 25 years but also of hisleadership ability. Incidentally, there are still additional (non-cited) papers
by the prolific Austrian, and another big monograph is currently in press.

This review is not the place for a discussion of some of the controversial matters in modern ciliate biology,
taxonomy, and ecol ogy; for example, those involving the definition of a“true”’ speciesor endemism ver sus ubiquity
of diverse species around the world. The Foissner school’s view on such topicsis generally the opposite to that of
what we may call the Finlay-Fenchel-Esteban school’s view. The latter group has offered data in support of its
contention that most, probably all, free-living speciesare, or potentially are, cosmopolitanin nature. Thusonly afew,
generaly the so-called cryptic species, may remain largely undescribed. Foissner, on the other hand, feels strongly
that his researches prove beyond doubt that new species, many considered “endemics’ geographically, exist in
abundance awaiting proper taxonomic description. It istrue that numerous general biologists, apparently plus many
phycologists and some other protistologists, have an “intuitive feeling,” at least, that protistan species yet-to-be-
described (free-living and parasitic) may number in the tens of thousands. So the controversies mentioned briefly
above probably require further studies for clearer resolution.

John O. Corliss
PO. Box 2729
Bala Cynwyd, PA 19004, U.SA.
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