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Cytoplasmic Calcium Transients in Amoeba proteus during Induction
of Pinocytotic and Non-pinocytotic Rosettes’

Wanda KEOPOCKA and Pawel POMORSKI

Department of Cell Biology, Nencki Institute of Experimental Biology, Warszawa, Poland

Summary. Dynamics of the total level and intracellular distribution of cytosolic free Ca** was studied in Amoeba proteus stimulated to form
pinocytotic rosettes in 125 mM NaCl or 125 mM KCl and non-pinocytotic rosettes in 125 mM acetylcholine chloride or 125 mM choline chloride.
In both cases a sharp increase in total [Ca*], was observed a few seconds after external application of a solution from a micropipette. Since
the Ca™ signal precedes the loss of locomotion and rosette formation independently of the presence or absence of pinocytosis, it is considered
to trigger only the motor reaction resulting in changing the cell shape from locomotory form to a rosette. The formation of pinocytotic channels
seems to be related rather to the residual increased level of cytoplasmic Ca* observed only in NaCl and KClI solutions. Differences were
demonstrated in the spatial distribution of increased [Ca**), and the direction of calcium wave propagation depending on the kind of inducer.
Differences between the pinocytotic induction by NaCl and KCI correspond to the morphological changes observed at the beginning of Na* and
K* pinocytosis. During Na* induced pinocytosis the Ca™ signal and the first channels appear in the uroidal cell region before suppression of the
tail-front differentiation. In the presence of 125 mM KCl, [Ca™*] raises simultaneously in the whole amoeba, and pinocytotic channels appear
in any place after the cell deformation. The [Ca®*] increase starts from the frontal cell region in acetylcholine and choline chlorides which produce

only non-pinocytotic rosettes.

Key words: Amoeba proteus, calcium, Fura-2, pinocytosis, signal transduction.

INTRODUCTION

Calcium ions act as intracellular messenger in the
majority of living systems. They initiate muscle con-
traction and regulate various responses of non-muscle
cells (Ebashi and Endo 1968, Williams 1974, Carafoli et
al. 1975, Hitchcook 1977, Wassermann et al. 1977). In
amoebae, besides other functions, Ca* is involved in
the control of specialized movement phenomena such
as locomotion (Nuccitelli et al. 1977, Hellewell and

‘Preliminary results were presented during the IX International
Congress of Protozoology in Berlin (1993)
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Taylor 1979, Taylor et al. 1980, Taylor and Fechheimer
1982, Kuroda et al. 1988), pinocytosis (Allison 1973,
Josefsson 1975, Johansson and Josefsson 1978, Klein
and Stockem 1979, Taylor et al. 1980, Stockem and
Klein 1988), phagocytosis (Prusch and Minck 1985)
and cytokinesis (Satterwhite and Pollard 1992).

All investigators agree on the significance of in-
tracellular Ca** for actomyosin network activation
and motive force generation, not only for locomotion
but also for formation of the channels during pinocy-
tosis (Klein and Stockem 1979, Gollnick et al. 1991).
It should be, however, kept in mind that pinocytotic
channels of Amoeba proteus do not develop by a
simple and immediate invagination of cell periphery,
but arise at the tips of specialized pinocytotic pseudopo-
dia, which radially grow out after cessation of lo-
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170 W. Klopocka and P. Pomorski

comotion and spherulation of the cell. This form of
amoeba is called pinocytotic rosette (Chapman-Andresen
1962, Holter 1965). Some inducers produce non-pi-
nocytotic rosettes, similar in shape but without channels.

The aim of the present study was to check whether Ca**
signals, which are usually generated when external stimuli
activate surface receptors, are responsible for formation of
pinocytotic channels or they rather trigger the first motor
reaction, i. e. cell transformation from the locomotory form
to the rosette stage. Changes in free [Ca®], were studied in
the cytoplasm of Amoeba proteus treated with two pinocy-
totic inducers: NaCl and KCl, and two agents known as
inducers of non-pinocytotic rosettes: acetylcholine and cho-
line chlorides.

MATERIALS AND METHODS

Amoeba proteus was cultured in standard Pringsheim medium
(Chapman-Andresen 1968) and fed on Tetrahymena pyriformis.
During experiments, amoebae were adhering to round coverslip,
mounted in a | ml stainless steel experimental chamber. They were
microinjected with 100 uM Fura-2 (Molecular Probes, Eugene; USA)
pentapotassium salt dissolved in half concentrated Pringsheim me-
dium. For microinjections, glass micropipettes pulled by Medipan
micropuller were used. Micropipettes were mounted on de Fonbrune
pneumatic micromanipulator.

All inducers: Na*, K*, acetylcholine and choline chlorides were
dissolved to 1.25M concentration in Pringsheim medium (Ca(NO,),
4H,0 200 pg ml', MgSO,7H,0 20 pg ml"', Na HPO,2H,0 20 pg
ml", KC126 pg ml", FeSO_7H,0 2 pg ml"). Such solution has been
injected into the experimental chamber. The final concentration of
inducer in culture medium was 125 mM.

The loaded cells were observed in phase contrast before application of
the inducers and just after recording Ca™ transients. Ineach one of the five
types of experiments 6- 10 amoebae were monitored. It produced the total
of 31 tested amoebae. Nevertheless, we do not have enough data for
statistical analysis of calcium distribution in the cell and averaging shapes
of cell response curves. Therefore the graphs most typical for a given
experimental situation are shown in Figures. All graphs present average
calcium concentration measured over the whole cell area.

Loaded cells were visualized by a MagiCal image processing system
(Joyce Loebel) connected by a Photonic Science Extended Isis intensified
CCD video camera to a Nikon Diaphot inverted epifluorescence micro-
scope equipped with 10X objective. Calculations of calcium concentration
maps were done by Tardis v. 7.2 program (Applied Imaging) based on
Grynkiewiczetal. (1985) equation. For calibration of the system a modified
whole cell calibration method was used (Carew et al. 1994).

RESULTS

Immediately after microinjection of fura-2 into normal
migrating amoebae, they stop locomotion and loose motor
polarity. However 1-3 min. later the injected cells start

to migrate again. All experiments were run after the
fura-2 loaded amoebae have returned to normal locomo-
tor activity.

Changes in the level of cytoplasmic calcium were
provoked as well by pinocytotic inducers: NaCl (Fig. 1a)
and KClI (Fig. 1b), as by acetylcholine chloride (Fig. 2a)
and choline chloride (Fig. 2b) which produce rosettes
without pinocytotic channels, under present experimental
conditions, that is in presence of 0.85 mM CaCl,. Inde-
pendently of the kind of the substance used, a few seconds
after its application, a sharp increase in [Ca®*] from the
level characteristic for migrating cells (10-20 nM) to about
80 nM was observed (Figs. 1, 2). In all experiments Ca**
signals appeared about 20 s after application of a stimulus
and reached the peak during the following 40 s when the
maximal Ca’* concentration increase spread over the
whole cytoplasm (compare Fig. 1 with Figs. 3, 4 and,
respectively, Fig. 2 with Figs. 5, 6). Within the next minute
it fell down again to the initial level when non-pinocytotic
agents have been applied (Fig. 2). After induction of
pinocytosis the residual increase in [Ca*], - about twice
the original concentration (Fig. 1a) was observed.

Application of the culture medium from the micropi-
pette, as a form of mechanical stimulus, usually does
not change [Ca**], (Fig. 2a - P). Sometimes only, a small
increase in [Ca™], correlated with a transient reversal of
endoplasmic streaming in frontal pseudopodia, was
observed.

Rapid intracellular calcium transients preceded loss of
locomotion and cellular polarity, as well under the influ-
ence of Na* and K* as in acetylcholine and choline
chloride. Calcium signals obtained in NaCl and KCI
solutions were correlated in time rather with the motor
reaction resulting in the formation of rosettes than with the
development of pinocytotic channels (Figs. 3-6).

Figures 3 and 4 show also differences between pinocy-
totic induction provoked by Na* and K*. In amoebae,
stimulated by 125 mM NaCl, transient increase of [Ca®],
is at the beginning limited to the uroidal region (Fig. 3c).
During the following 20s high [Ca®*] moves as a wave
from this part of the cell via intermediate region to the
former fronts (Fig. 3d). This corresponds to the first peak
in Fig. 1a. The second one may correlated in time with the
retraction of motor pseudopodia and formation of the first
pinocytotic pseudopodia in the uroid (Klein and Stockem
1979, Grebecka and Klopocka 1986). A polarity in the
distribution of cytosolic free calcium and in the formation
of channels has never been observed when pinocytosis was
induced by K*. After application of 125 mM KClI
[Ca®], raises simultaneously in the whole amoeba
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Fig. 1. Curves illustrating transient average increase of cytoplasmic Ca** induced by external application of 125mM NaCl (a) or 125mM KCl (b).
N - NaCl, K - KCI. Black dots indicate the stages displayed as images in Figs. 3-6

(Figs. 4c¢, d), and pinocytotic channels appear in any
place after the cell deformation.

The initial morphological changes that follow the
application of acetylcholine or choline chloride are similar
to those observed during the first steps of pinocytotic
induction. All these substances provoke rapid inhibition of
migration, loss of cellular polarity, and development of

100 T T

rosettes. In each case the described reactions are correlated
in time with transient increase of the internal calcium
concentration. The final result however, it is the formation
of rosettes, is achieved independently of the direction of
propagation of the transient increase of cytosolic Ca™.
Immediately after the application of acetylcholine or cho-
line chloride, the [Ca®], rapidly increases in the former

s 2 E

Ca concentration (nM)
2
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Fig. 2. Calibrated curves demonstrating the time course of average [Ca**] changes in amoebae treated with 125mM acetylcholine chloride (a) or
125mM choline chloride (b). A - acetylcholine chloride, C - choline chloride. Notice that control application of culture medium (marked as P in
Fig. 3a) does not influence the level of cytoplasmic calcium. Black dots indicate the stages displayed as images in Figs. 3-6
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172 W. Klopocka and P. Pomorski

fronts, and then Ca** wave propagates toward the poste-
rior region (Figs. 5, 6), in contrast to the cases of NaCl
or KCI application (Figs. 3, 4).

DISCUSSION

It is generally accepted that calcium is an essential
factor in the complicated movement phenomena in
amoebae, by controlling sol-gel-sol transformations and

triggering contraction. In migrating Amoeba proteus the
spatial distribution of increased localized [Cal‘]' corre-
sponds to places where the actomyosin system is known to
generate motive force (Stockem and Klopocka 1988).
[Ca™],is higher than 107 M at the uroid and in retracting
pseudopodia. In the frontal regions of extending
pseudopodia it does not attain 10* M (Gollnick et al.
1991). So, the intracellular [Ca*'] gradients always
correspond to the direction of cytoplasmic streaming
and characteristic pattern of amoeboid movement. An

3a 3b 3c 3d 3e
h~ v

2s 39 s 61 s 81s 290 s

4a 4b 4c 4d

77 s 241 s 268 s 303 s 553s

Sa 5b 5c 5d Se

89 s 184 s 196 s 214 s 352 s
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195 s

71 s 175 s

205 s

462 s

Fig. 3. Six stages selected from a series of images at the time points indicated as black dots in Fig. 1a. The successive pictures show changes in
the level and distribution of cytoplasmic calcium. Notice the propagation of a Ca’* wave from the uroidal region (U) to the former fronts (F) of the

experimentally treated cell (c-d)

Fig. 4. Six stages (indicated as black dots in Fig. 1b) demonstrating the KCl induced Ca* transients. Increase of [Ca**] occurs simultaneously in

the whole cell (¢c-d)

Fig. 5. Propagation of the cytoplasmic calcium wave induced by acetylcholine. The Ca* wave propagates from the former front of the amoeba

(b) towards the uroidal region (b-d)

Fig. 6. The stages of choline induced Ca** transients selected from the experiment graphically illustrated in Fig. 2b. Notice the similar direction of

wave propagation as in acetylcholine (Fig. 5)
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internal concentration of Ca** above 107 M induces con-
traction and transformation of ectoplasmic gel into endo-
plasmic sol that flows toward fronts where in [Ca**] below
10* M the reconstruction of the rigid gel occurs (Taylor
1977, Hellewell and Taylor 1979, Taylor et al. 1980,
Kuroda and Sonobe 1981, Taylor and Fechheimer 1982).
In large amoebae, calcium ions are involved in controlling
the reversible equilibrium between G- and F-actin via
profilin and cytoplasmic kinase (Sonobe et al. 1985, 1986).
Phosphorylation of the profilin/G-actin complex by kinase
occurs under high concentration of Ca**, which promotes
destruction of F-actin network.

External application of different stimuli alters the
former intracellular Ca** gradients and in consequence
influences the motor behaviour of amoeba. The stimula-
tion usually leads to a transient increase in cytoplasmic
calcium level which triggers different responses of amoe-
bae. For example, the calcium signal generated by local
irradiation with UV-light is followed by reversal of
endoplasmic streaming from the stimulated area. The
reaction lasts until the normal physiological conditions
are restored, i.e. about 1 min. (Gollnick et al. 1991). 30
mM KCl generates a Ca®* wave which leads to a uniform
distribution of increased [Ca®] in cytoplasm. This is
correlated in time with the inhibition of locomotion and
loss of cell polarity (Gollnick et al. 1991).

The participation of calcium ions in signal transduction
and motive force generation during pinocytosis, by chang-
ing the permeability of the plasma membrane and con-
secutive activating the contractile microfilament system,
has been demonstrated in many studies (Allison 1973,
Josefsson 1975, Josefsson etal. 1975, Prusch and Hannafin
1979, Gawlitta et al. 1980, Kukulis et al. 1986, Prusch
1986, Stockem and Klein 1988). The pinocytotic inducers
such as Na* and K* probably substitute for the externally
bound Ca**, which results in a shift of membrane poten-
tial, related to the conformational changes of membrane
components, which could influence the ionic concentra-
tion and distribution between the cell inside and outside
(Brandt and Freeman 1967, Josefsson 1975, Stockem
1977). The external Ca** can influence the induction of
pinocytosis in amoebae (Cooper 1968; Josefsson 1968,
1975; Gawlitta et al. 1980), owing to the stabilizing effect
of this ion on plasma membrane. Therefore, the concen-
tration of inducers necessary for the initiation of the
phenomenon depends on [Ca**]_ (Ktopocka and Grebecka
1985).

According to present results, application of 125 mM
NaCl or KCl, in presence of 0.85 mM CaCl, causes a
sharp increase of the cytoplasmic calcium level inAmoeba

Ca®* transients during pinocytosis in A. proteus 173

proteus. In consequence, the cells lose after such treat-
ment the locomotor activity and polarity, undergo
spherulation, probably by general contraction of the
microfilament layer and finally produce numerous hyaline
pseudopodia with channels and assume the shape of
pinocytotic rosettes. However, similar Ca** signals appear
also as aresult of surface receptor activation by acetylcho-
line chloride and choline chloride, which in the same rather
high [Ca*]_fail to induce pinocytosis, but lead only to the
formation of non-pinocytotic rosettes. This suggests that
calcium signals, which were visualized in the present
experiments, trigger the cell shape changes rather than the
formation of pinocytotic channels.

In contrast to acetylcholine and choline chlorides,
introduction of pinocytotic inducers (Na* or K*) leads to
a transient increase in free [Ca*] which is most often
followed by a sustained level somewhat above the basal
concentration observed in migrating amoebae. This phe-
nomenon is more clear in K* than in Na‘, but this
corresponds to the duration and intensity of pinocytotic
reaction which is much higher in K* (Klopocka and
Grebecka 1986). This residual increased level of cytoplas-
mic calcium might be responsible for channel formation.
As it is known, channels are invaginated due to active
contraction of the microfilament system within discrete
cortical regions (Klein and Stockem 1979, Stockem et al.
1983, Grebecki 1991). Temporal fluctuations of [Ca*],
during pinocytosis were earlier demonstrated with aequorin
(Taylor et al. 1980).

Rapid elevations in [Ca*] either arise from Ca™
discharge from internal stores or from entry into the
cytoplasm via Ca®* channels in the cell membrane or both
simultaneously (Tsien 1990). The results of experiments
with very low [Ca**]_or Ca**-influx antagonists imply that
external Ca* is of minor importance for the regulation of
[Ca®), in Amoeba proteus (Josefsson 1968, 1975;
Johansson and Josefsson 1978; Stockem and Klein 1979,
1988; Klopocka and Grebecka 1985;). Calcium released
from accumulating systems, i.e. smooth ER and mem-
brane-attached Ca**-binding sites, may be sufficient to
induce actomyosin contraction (Reinold and Stockem
1972, Stockem and Klein 1979). On the other hand,
depletion of intracellular stores activates calcium influx
across the plasma membrane resulting amplification of
calcium signal duration (Putney 1993). It was demon-
strated that intracellular Ca** signals that last more than
a few minutes depend on influx of extracellular calcium
(Randriamampita and Tsien 1993). If so, the influx of
external Ca** may be not necessary for initiation of
general contraction of the cortical layer and the first
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174 W. Klopocka and P. Pomorski

channels formation but can influence the intensity of a
long lasting phenomenon, such as pinocytosis.

The results show also differences in the spatial
distribution of increased [Ca*] and the direction of
calcium wave propagation between the experimentally
treated cells. Differences in Ca® transients between the
induction of pinocytosis by NaCl and KCI correspond
to the morphological changes observed at the initial
stages of Na* or K* induced pinocytosis (Gregbecka and
Klopocka 1986). In amoebae treated with 125mM NaCl
the Ca’* signal appears in the uroidal region before
suppression of the tail-front differentiation and then
moves via intermediate region to the former front. Such
a propagation of Ca®* wave may be correlated with
distinct polar distribution of the arising pinocytotic
channels. First of them develop in the rear part of
amoeba after the locomotion ceases, but before the
usual tail-front morphological differentiation is com-
pletely effaced (Klein and Stockem 1979, Grebecka and
Ktopocka 1986). So, both pheno- mena start in this part
of the cell where during migration the permanent pi-
nocytosis occurs (Wohlfarth-Bottermann and Stockem
1966). However after application of 125mM KCl, [Ca**],
raises simultaneously in the whole amoeba and pinocy-
totic channels appear in any place after the cell defor-
mation.

Reverse Ca’* waves were observed in subthreshold
concentrations of inducers. In our experiments Ca**
waves, generated by acetylcholine and choline chlorides,
start from the front regions. Morphological changes are
thus limited at the beginning to the anterior cell part. Also
in a lower concentration of KCI (30mM in the presence
of ImM CaCl,) a rapid increase of [Ca*], appears at the
front of amoeba and moves to the uroid (Gollnick et al.
1991). Such a signal transiently effaces cell polarity, but
is not followed by pinocytotic channels formation, al-
though 30mM KCl is sufficient to depolarize the plasma
membrane of amoeba (Bruce and Marshall 1965, Prusch
and Dunham 1972). According to Gollnick et al. (1991),
NaCl in the same concentration does not induce any
calcium signal.

In general, it may be suggested that a short rapid
increase of [Ca®*] precedes the cell shape alteration
in all solutions. If the pinocytosis is not eventually
induced, the Ca’* wave is propagated from the front
backwards. Above the pinocytotic threshold either
the Ca® increase is propagated from the uroid for-
wards (NaCl) or it occurs simultaneously everywhere
(KCl), which corresponds to the order in which
pinocytotic channels are developed.
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Pigment Granules and Hypericin-like Fluorescence in the Marine Ciliate
Fabrea salina
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Summary. Fabrea salina is a light-sensitive marine ciliate, which shows positive phototaxis and photophobic step-down response. It belongs
to the order Heterotrichida, like Blepharisma japonicum and Stentor coeruleus, but, differently from those, it appears colorless when observed
under the optical microscope. Living £ salina cells do not significantly fluoresce, but a fluorescence, similar to that observed in the fresh-water
ciliate B. japonicum, becomes easily detectable when the cells are dead or severely damaged by chemical or physical treatments. This evidence
suggests that £, salina might contain an endogenous pigment, probably belonging to the class of hypericins. In the case of B. japonicum, this
pigment is localized in pigment granules preferentially located close to the cell membrane. The ultrastructural studies reported here reveal that
also K. salina contains membranated pigment granules very similar with respect to localization, size and appearance to the pigment granules
described in B. japonicum. An approximate evaluation shows that the relative density of these granules in F. salina is much lower than in
B. japonicum, which may account for the apparent colorless of F salina. Absorption and emission fluorometric measurements of sonicated
samples of cells show that the florescence of the endogenous pigment of F salina is very similar to that of a hypericin-like pigment. From these
results we can draw the preliminary conclusion that F salina contains a small amount of a hypericin-like pigment, organized in membranated
granules. The role of such pigment in the photoreceptive processes is still an open problem.

Key words: Blepharisma japonicum, Fabrea salina, fluorescence, hypericin, pigment granules.

INTRODUCTION

Some photoresponsive ciliates belong to the order
Heterotrichida (Corliss 1989); among them, a few are
pigmented, such as Blepharisma japonicum and Stentor
coeruleus; their pigment belongs to the class of hypericins,
as shown by means of spectroscopic, fluorometric and
microspectrofluorometric techniques (Lenci and Ghetti 1989,
Kim et al. 1990, Song et al. 1990, Angelini et al. 1995).
Moreover, it has been demonstrated in both ciliates that the

Address for correspondence: Roberto Marangoni, Istituto di Biofisica
del C.N.R., Via S. Lorenzo 26, 56127 Pisa, Italy; Fax: (+39-50)
553501; E-mail: roberto@ib.pi.cnr.it

action spectrum of their photomotile reaction is very
similar to the absorption spectrum of a hypericin-like
molecule (Song et al. 1980, Scevoli et al. 1987). Because
of this evidence, a hypericin-like pigment has been
proposed to be the molecule responsible for photorecep-
tion in these systems.

Fabrea salina Henneguy (1889) also belongs to the
order Heterotrichida and shows photomotile responses;
in particular positive phototaxis and photophobic step-
down reactions (Colombetti et al. 1992a, b). In the early
literature (Fauré-Fremiet 1911, Ellis 1937) E. salina was
described as red-pigmented; later Mgller (1962) suggested
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that the presence of a “dark™ pigmentation was of a
fundamental importance for the survival of E salina
when exposed to UV irradiations. However, our strain
(and all the strains we have examined) appears colorless
when observed under the optical microscope. Moreover,
the action spectrum for positive phototaxis of F. salina
(Marangoni et al. 1994a) does not resemble that of
B. japonicum: on the contrary, it is similar to that of
Paramecium bursaria (Nakaoka and Tokioka, 1988),
another colorless photoresponsive ciliate, in which some
evidences (Nakaoka et al. 1991, Tokioka et al. 1991)
suggest the presence of a rhodopsin as photoreceptor
pigment. In F salina the presence of a rhodopsin
molecule has been suggested by immunocytochemistry
experiments performed with polyclonal anti-bovine rhodop-
sin antibodies (Podesta et al. 1994).

On the other side, it has already been reported
(Marangoni et al. 1994b) that dead F. salina cells show
a spontaneous red-orange fluorescence, indicating the
presence of an endogenous pigment, which preliminary
fluorometric measurements have shown to be similar to a
hypericin-like molecule.

We report in this paper the results of ultrastructural
studies aimed at the investigation of the possible presence
in F salina of pigment granules similar to those observed
in B. japonicum and of fluorescence measurements of
sonicated samples of cells. The results are compared to
those reported for B. japonicum.

MATERIALS AND METHODS

Cell culture

Fabrea salina were grown in artificial sea water (density 1.022) at
aconstant temperature of 22°C in a light-dark cycle (15 h light-9 h dark).
F. salinawere fed the green marine alga Dunaliella salina, which was
grown in the growth medium suggested by Johnson (Johnson et al. 1968)
and on the same light-dark cycle. D. salina used to feed F salinawere
centrifuged and washed three times in the ciliate growth medium.
F. salina cells were starved for four days before being used for the
experiments.

Scanning electron microscopy

Samples for scanning electron microscopy (SEM) were fixed in 2%
(volume/volume) glutaraldehyde prepared in 0.1 M cacodylate buffer,
pH 7.4 for 30 min at 4°C, washed in 0.1 M cacodylate buffer and post-
fixed in 1% (weight/volume) osmium tetroxide in the same buffer, for 40
min at 4°C. The cells were placed on poly-L-lysine-coated coverslips,
and then dehydrated in ethanol gradients. The samples were then coated
with a gold sputter (100 nm) (5150A Sputter Coater Edwards) and
observed by means of a Philips SEM 515 scanning microscope.

Transmission electron microscopy

Samples for transmission electron microscopy (TEM) were fixed in
2% (volume/volume) glutaraldehyde prepared in 0.1 M cacodylate
buffer, pH 7.4 for 30 min at 4°C, washed in 0.1 M cacodylate buffer with
7% sucrose, and post-fixed in 1% (weight/volume) osmium tetroxide in
the same buffer, for 40 min at 4°C. The cells were then dehydrated in
ethanol gradients, washed in propylene oxide and embedded in Epon
araldite. Ultrathin sections were obtained with a Ultratome LKB
ultramicrotome, and stained with uranyl acetate and lead citrate. The
observations were made with a Philips CM-10 transmission electron
microscope operated at 80 kV.

Steady-state fluorometric measurements

Since living cells only show a hardly detectable fluorescence,
fluorometric measurements were performed on sonicated samples.
About 10 ml of cell suspension, kept in an ice bath, were sonicated for
a total of 2 min, by means of an MSE sonicator (150 W), at a nominal
amplitude of 20 um peak to peak. Fluorometric measurements were
performed by means of a Jasco FP 770 spectrofluorometer.

RESULTS

Microscopic studies

Figure | shows a F salina cell observed under the
optical microscope: no pigmentation is evident; the cyto-
plasm appears transparent with the exception of some

Fig. 1. Fabrea salina as seen under the optical microscope (x 200). The
cytoplasm does not show evident pigmentation. There are some dark
digestive vacuoles, filled with green residues of Dunaliella salina algae
Fig. 2. SEM picture of Fabrea salina. The arrowheads indicate the
adoral zone of membranelles (AZM); a dense coat of cilia emerging
from the cell’s surface is clearly visible. Bar - 0.1 mm
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Fig. 3. ATEM section (x 36000) of a Fabrea salina cell. Itis possible to see some granules filled of pigment (FG), some partially empty granules

(PEG) and some totally empty granules (TEG)

Fig. 4. A detailed view (x 74000) of a partially empty granule located just below the cell membrane. The arrowhead indicates a probable point of

junction between the membrane of the cell and of the granule

Fig. 5. A detailed view (x 79000) of a totally empty granule located just below the cell membrane. The arrowhead indicates a probable point of junction

between the membrane of the cell and of the granule

food vacuoles, which appear green because of the remains
of partially digested Dunaliella salina. Figure 2 shows an
SEM picture of F salina: some characteristic structures
such as the adoral zone of membranelles (AZM) are clearly
visible.

Figure 3 shows a TEM section taken in the AZM region:
in addition to mitochondria, cilia and other structures, there
are, clearly visible, many membranated granules, some of
which are filled by an electron-dense pigment, while others
are partially or totally empty. The diameter of these granules
ranges from 0.2 up to 0.5 um, and they are localized just
below the cell membrane: in some cases, it seems that there
might be a continuity between the cell membrane and the
granule membranes, respectively (see Figs. 4, 5).

Figure 6 shows an enlarged view of a partially empty
granule, in which two important features are detectable: (1)
the granule is seemingly surrounded by two membranes, an
inner and an outer membrane. These two membranes are so
near that when the granule is filled by the pigment it is not
possible to distinguish between them; (2) within the granule,
near the edge of the inner membrane, there is an apparently
stacked-lamella structure.

Fluorometric measurements

In order to rule out spectral contaminations possibly
caused by impurities (or metabolites), we have run control
experiments on: fresh F salina growth medium, sonicated
F. salina growth medium and D. salina sonicated samples.
D. salina samples show a typical chlorophyll fluorescence
spectrum. The growth medium shows (independently of
sonication) a spurious fluorescence with a narrow peak in
excitation at 450 nm and a corresponding emission band at
around 680 nm. No emission could be found by exciting at
500 nm and this excitation wavelength also minimized the
chlorophyll components due to the remains of
D. salina cells presentin F. salina samples. All the emission
spectra reported in the following, therefore, have been
obtained by exciting at 500 nm, while the excitation spectra
have been measured by observing at 640 nm.

Figure 7 shows a typical emission spectrum of a sample
of sonicated F salina cells (concentration about 500
cells/ml): the main peak is localized at about 610 nm, and
there is also a small (but meaningful) shoulder between 650
and 660 nm. Figure 8 shows the excitation spectrum for
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Fig. 6. A very enlarged view (x 91000) of a partially empty granule. The
arrowhead indicates a stacked-lamella structure present in the inner
space of the granule. The arrows indicate the presence of two different
membranes surrounding the granule.

emission at 640 nm: there is a large band between 400 and
500 nm, and two more defined peaks, the former and smaller
at 560 nm, and the latter at 610 nm.

We have also determined the relative fluorescence inten-
sities of samples obtained starting from different concentra-
tions of F salina cells (from 10 up to 1000 cells/ml). Figure
9 shows the dependence of the relative height of the emission
peak at 640 nm on the cell concentration before the
sonication: the fluorescence intensity is roughly proportional
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Fig. 7. Fluorescence emission spectrum for excitation at 500 nm. The
abscissa shows the wavelength in nanometers: the ordinate the fluores-
cence intensity, in arbitrary units. The main peak is at about 610 nm; the
arrow indicates the shoulder between 650 and 660 nm
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Fig. 8. Fluorescence excitation spectrum for emission at 640 nm. The
abscissa shows the wavelength in nanometers; the ordinate the fluores-
cence intensity, in arbitrary units. The spectrum is composed of a large
band between 400 and 500 nm and two peaks at 560 and 610 nm,

respectively

8 - . i
o

7 -
6 -

Relative fluorescence (arbitrary units)
w &
1 X
]

2 +
1 o
B e T T T
0 200 400 600 800 1000 1200

Cell density [ml']

Fig. 9. Dependence of the fluorescence intensity on the cell concentra-
tion of the sample. In abscissa, the approximate cell concentration C of
the sample (in cells/ml), before the sonication. In ordinate, the relative
fluorescence intensity RF, in arbitrary units). The regression line repre-
sents a linear fit to the data

to the amount of sonicated cells, thus giving a direct proof
that the fluorescence originates from F. salina cells.
DISCUSSION

The granules visible in the TEM pictures of Fabrea
salina cells are very similar (with respect to size, localiza-
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tion and membrane system) to those described in
Blepharisma japonicum (see Giese 1973). On the other
hand, both fluorescence emission and excitation spectra
are very similar to those of blue B. japonicum (Angelini
etal. 1995) and, therefore, strongly suggest the presence
of a hypericin-like molecule in FE salina. There is no
direct proof that the pigment contained in the granules is
responsible for the observed fluorescence; the
ultrastructural and fluorometric characteristic of
F. salina are, however, so similar to those of other
pigmented Heterotrichida, thatitis reasonable to suggest
that also in F. salina the hypericin-like pigment is con-
tained in the pigment granules.

The problem of the apparent colorlessness of F salina
appears to be related to the relative small number of
granules that this ciliate contains: preliminary observa-
tions, in fact, show that the granule density in F. salina
is much lower than that reported for B. japonicum.

The TEM pictures show also two important features:
the former is that, in some cases, pigment granules and cell
membrane are probably joined; the latter is the presence,
within the lumen of the granule, of the stacked-lamella
structure. These two evidences are of a relevant impor-
tance in suggesting a photoreceptor organelle role for the
pigment granule. If the hypericin-like pigment contained
in the granules is the photoreceptor molecule in F salina,
the existence of a direct junction between the cell
membrane and the granule membrane could account for
a direct and rapid transmission of the signal from the
photoreceptor pigment to the other molecules of the
transduction chain, which are presumably membrane
proteins. On the other hand, the presence of the stacked-
lamella structure within the granule (perhaps generated by
the inner membrane of the granule) could suggest that
primary photoreceptive events take place in this region:
the presence of stacked-lamella structures can, in fact, be
observed in many photoreceptive structures such as
chloroplasts and rod outer segments.

Our findings in F salina are in agreement with some
recent evidences reported by Matsuoka et al. (1994),
which have described in B. japonicum cells the presence
of junction points between the membrane of the granules
and the cell membrane, and the presence of certain
“honeycomb-like” membranated structures, located just
below the inner membrane of the granule. Because of the
large amount of evidences converging toward the assump-
tion of a photoreceptive role for hypericin-like pigment in
B. japonicum, Matsuoka draws the conclusion that the
pigment granules are the photoreceptor organelle in
B. japonicum.
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In E salina the situation is apparently more compli-
cated. The action spectrum for the positive phototaxis
reaction is not similar to the absorbtion spectrum of a
hypericin-like molecule (Marangoni et al. 1994a), but
resembles the action spectrum of Paramecium bursaria
(Nakaoka and Tokioka 1988), in which a rhodopsin has
been suggested as a photoreceptor molecule. Moreover,
immunocytochemical evidences have revealed the pres-
ence on the cell membrane of F. salina of an opsin-like
antigen (Podesta et al. 1994).

This evidence, together with that reported in this paper,
shows that F salina could be an intermediate system
between pigmented and non pigmented ciliates, with the
interesting possibility of the presence of two different
photoreceptive systems active at the same time in the
same cell. The relative independence and the possible
interactions of these two systems are matter for further
studies.
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Modifications of Cortical Pattern in a Ciliate, Dileptus margaritifer
Under the Influence of Elevated External Potassium Concentration
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Summary. Cells of Dileptus margaritifer while in elevated concentration of external potassium, are depolarized and unable to carry out ciliary
reversal in response to mechanical shock or injury. These cells are capable of food intake, of regeneration, of cell division initiation, although
fission is rarely accomplished. In inhibited dividers, oral primordia are completely resorbed while oralized somatic kinetids persist, frequently giving
rise to inverted kineties. Depolarized ciliates are often disfigured by rounding up of previously tapered cell extremities, which lead to formation
of tailless, humpback, or astomous cells. The rounding up of anterior and posterior cell regions is explained as spreading of proliferation of somatic
kinetids over the tapered regions where the proliferation is normally absent. The formation of astomous cells is explained as spreading of partial
resorption of oral structure (in cells activated for conjugation) over the whole oral structure. The hypothesis is made that elevated external
potassium may destroy borders between morphogenetically activated and inhibited cortical territories, at last in the highly labile cortex of Dileptus.

Key words: ciliate, D.margaritifer, pattern changes, potassium, proliferation-resorption pattern.

Abbreviations: a-autophagic vacuole, b-nonciliated bulge, c-cytostome, cf-cytostomal field, fl-filamentous material, ib-inner pharyngealbasket,
Nd-nematodesma, o-oralized somatic kinetid, ob-outer pharyngeal basket, OF-oral fibre, ok-oral kinetid, p-proboscis, Pc-postciliary fibre,
p-microtubule perpendicular microtubule, R-resorption of kinetids, s-suture, sc-sensory cilia, sk-somatic kinetids, T-transverse fibre, t-toxicyst,
tl-tail, tr-transformed part of ventral band,v-tubular vesicles.

INTRODUCTION

Immediate effect of raising the concentration of potas-
sium ions upon ciliate behaviour is ciliary reversal, while
prolonged exposure to elevated concentration of potas-
sium brings about a complete or partial inhibition of ciliary
reversal during the adaptation period (de Peyer and
Machemer 1977, Schusterman et al. 1978, Dryl and
Hildebrand 1979, Machemer 1989). The loss of ability to
carry out ciliary reversal is ascribed to depolarization of
cell membrane.

Address for correspondence: Krystyna Golinska, Department of Cell
Biology, Nencki Institute of Experimental Biology, ul. Pasteura 3, 02-093
Warszawa, Poland; Fax: 48-22 225342

The aim of this study was to investigate what possible
modifications in ciliary pattern may be caused by chronic
raise in external potassium concentration, in the ciliate
Dileptus margaritifer. In ciliates other than Dileptus,
elevated potassium concentration is known to evoke
mating reaction of Paramecium (Miyake 1960), from
degeneration of cilia over a special ventral region, up to
pair formation. These changes are not different from
changes observed during normal conjugation. In Dileptus
changes in oral structure, similar to those preparatory to
conjugation, were also observed under the influence of
elevated potassium (Golinska and Afon’kin 1993), al-
though pair formation was never achieved.

In this study several modifications of ciliary pattern
were found to arise in Dileptus cells exposed to elevated
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potassium. These abnormalities, although not specific for
potassium action, are nonetheless the first described
abnormalities caused by elevated potassium in a ciliate.
Cell division arrest when it occurs in presence of elevated
potassium, may introduce supernumerary and inverted
kineties into midbody cortex of Dileptus. Rise of potas-
sium concentration may also lead to rounding up of cell
extremities, resulting in formation of humpback, astomous
and tailless cells. An explanation is proposed and dis-
cussed, namely that depolarization of cell membrane
unmakes boundaries between morphogenetically active
and inactive cortical territories, leading both to cell defor-
mations and to arrest of cytokinesis.

MATERIALS AND METHODS

Dileptus margaritifer, formerly known as Dileptus anser (see
revision by Wirnsberger et al. 1984), was used in this study. Cells were
keptin glass vessels and fed with Colpidium sp., twice a week. Details
of culture methods are published elsewhere (Golinska and Jerka-
Dziadosz 1973). Observations were carried out on cells belonging to the
two different groups. The first group, further referred to as the activated
cells, contained a mixture of cells belonging to the two mating types
activated to conjugation. Clones belonging to two complementary
mating types were cultured separately and mixed together to initiate
pregamic cell division, whenever there was a need for dividing cells. At
the beginning of an experiment, a complementary mating types were
mixed together simultaneously with an increase of KCl concentration in
surrounding medium. The second group, further on referred to as the
well-fed cells, contained cells all belonging to one of the mating types.
Atthe beginning of an experiment cells were mixed with numerous prey
organisms simultaneously with an increase of KCI concentration in
surrounding medium.

As asource of potassium, KCI was used. Stock solution was 100 mM
KClindistilled water, and this was diluted to the needed concentration
with the culture medium of Dileprus. Most suitable concentration of KCl
was found to be 20mM. In this concentration cells stay depolarized
(i.e. undergo adaptation) for 24 h and more. Preliminary observations
have shown that the depolarized cells were able to regenerate both
anterior and posterior structures. There was no difference in timing and
frequency of successful regeneration in the presence and absence of
elevated KCl, thus details obtained were not shown in Results. Starva-
tion was applied to the activated cells in some experiments. Usually, the
complementary mating types were mixed together one day after food
exhaustion. Cells described as starved were used for experiment three
days after food exhaustion.

Observations in the light microscope were made on samples impreg-
nated with silver proteinate (protargol) after the method of Dragesco
(1962) with slight modification. For electron transmission microscopy
the standard procedures were applied, except for fixation. The fixative
used was a mixture of 2 parts of 2% osmium tetroxide (prepared with
cacodylate buffer, pH 7.2) and | part of 6% glutaraldehyde, freshly
prepared and maintained at 0°C during fixation (30 min.). The sections
were examined with JEOL transmission electron microscope.

RESULTS

Ciliary pattern on interphasal cells of Dileptus
margaritifer

The shape of Dileptus is that of a cylinder, posteriorly
tapered into an elongated tail (Fig. 1). Anteriorly, the
ventral part of the cylinder ends at a circular cytostomal
field, while the dorsal part is tapered into long anterior
processus, termed the proboscis. The oral apparatus
consists of a circular cytostomal field with the cytostome
in its centre (Figs. 1,2), and of a long extension of the field
which occupies the ventral side of proboscis and is termed
the ventral band.

The somatic ciliature is represented by kineties, i.e. by
rows of longitudinal somatic kinetids (Fig. 1). A kinetid,
as proposed by Lynn (1988), is composed of basal body
with all its fibrillar derivatives: cilium and fibrillar rootlets.
The structure of a somatic kinetid is that characteristic for
haptorid ciliates (Leipe et al. 1992): a single basal body
anchors transverse fibres of two kinds (T fibres) in its left-
anterior sector, one postciliary fibre (Pc fibre) in the right-
posterior sector, and one kinetodesmal fibril in the right-
anterior sector (Figs. 6, 7). All these rootlets run from the
basal part of the basal body toward the cell surface. The
surface is supported by microtubules of Pc and T ribbons,
mostly by Pc ribbons which are especially long in Dileptus
(Golinska 1991). Somatic kineties run parallel to each
other on the cylindrical part of the cell body (Fig. 1). On
the tapered parts (regions of tail and of proboscis), kineties
approach each other and their kinetids become more and
more scattered, until the exact arrangement of Kineties
becomes difficult to describe. Kineties end, however, at
different distances from cell extremities since only few
kinetids are found on the tips of both proboscis and tail.

Somatic kineties are arranged into a similar pattern on
tail and proboscis, but on proboscis it is complicated due
to the presence of the oral structure and of rows of the so-
called sensory cilia (Grain and Golinska 1969). Oral
structure on the ventral side of the proboscis is accompa-
nied by oralized somatic kinetids (terminology after Foissner
and Foissner 1988), which are structurally connected to
oral Kkinetids by special filamentous rootlets
(Golinska 1995). Ventral somatic Kineties close to
cytostomal field curve rightwards, and their bent segments
parallel the row of oral kinetids (Fig. 1). Along the right
margin of the ventral band a single oralized kinety parallels
the oral row, along the left margin of ventral band
numerous short oblique rows of oralized kinetids accom-
pany the row of oral kinetids. In the tapered part of the
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186 K. Golinska

Fig. 2. Schematic representation of oral apparatus in Dileptus margaritifer. A - side view of oral structure, B - ventral view of oral structure. As
in all the other illustrations, cell is viewed from the outside. Black circles represent oral kinetids, black ovals are oral dikinetids. ¢ - cytostome,
ib - inner pharyngeal basket, Nd - nematodesma, ob - outer pharyngeal basket, OF - oral fibres, pm - perpendicular microtubules, t - toxicyst

dorsal side of proboscis. Most of somatic kineties end
before they enter the basal part of proboscis, similarly as

proboscis, distances in between oralized kinetids remain
the same, regardless of their localization in wide or narrow

part. Itis unlike the distribution of other somatic kinetids
in the region, which are located further apart when their
kineties come closer one to another.

Sensory cilia of Dileptus (Grain and Goliniska 1969,
later on in other ciliates termed the clavate cilia), are
situated on the dorsal side of proboscis, at first glance in
the prolongation of three somatic Kineties, as in many
other haptorid ciliates. In reality, however, there rather
exists an oblong region of sensory cilia, on its left side
ending at the almost straight line (Fig. 15A). On the right
side of the region sensory cilia are in prolongation of
numerous right somatic kineties when they reach the

do the somatic kineties in posterior narrowing cell region.

The oral ciliature of Dileptus is represented by a single
row of oral kinetids, which encircles the cytostomal field
together with ventral band (Fig. 2). Each oral kinetid
contains microtubular bundle of nematodesma (Nd) de-
scending deeply into endoplasm, and a microtubular
ribbon termed the oral fibre (OF) running under the
surface of oral territory. Oral fibres are orientated with
their short axes perpendicular to the cell surface, like no
other microtubular ribbon in the cell. The OFs on the
cytostomal field are all directed toward its centre, and
some of them enter the cytostomal depression. On the

Figs. 3-8. Large Dileptus margaritifer cells belonging to activated and well-fed groups arrested in division in 20 mM KCl. 3 - protargol impregnated
cell, after 5 h of activation to pregamic cell division. The beginning of resorption of oral kinetids. Note that the row of oral kinetids is disrupted. Oralized
somatic kinetids are arranged into short rows, more numerous than their parental somatic Kineties. Cell anterior is in the upper part of the photograph
(x4500). 4 - protargol impregnated cell, after 24 h of activation. Pattern of somatic kineties in midbody region, resorption of oral kinetids is already
accomplished: Note that the number of kineties in proter (upper part of the photograph) is much lower that in opisthe (lower part of the photograph).
Kineties shown with short black lines (x 6000). 5 - astomous cell, after 4.5 h of activation. Cilia and basal bodies withdrawn under the cell surface
indicate that the resorption of oral primordium is under way. (x 22500). 6 - well-fed cell, after 24 h of the beginning of experiment. Equatorial region
of the cell. Inverted kinety faces its neighbour with postciliary fibres. Arrows show orientation of kineties. Note that interkinetal space is much wider
than on Fig. 7 (x 26000). 7 - the same cell as on Fig. 6, inverted kinety faces its neighbour with transverse fibres. Arrows show the orientation of
kineties. Note that the interkinetal space is narrow, and no resorption of cilia can be found in the area (x 26000). 8 - the cell after 4 h of activation.
Equatorial region of the cell arrested in pregamic division. Cell anterior is in the upper part of the photograph. Arrows show orientation of oralized
kineties. A toxicyst represent remnant of oral primordium (x 17500). o - oralized somatic kinetid, ok - oral kinetid, Pc - postciliary fibre, R - resorption
of kinetids, sk - somatic kinetids, t - toxicyst, T - transverse fibre
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ventral band, OFs run toward the midline of the band, then
curve posteriorly (Fig. 2B). The left OFs are very long,
and their curved distal parts form a stack of ribbons
termed the central fibre (Figs. 2B, 11, 17). The right and
cytostomal OFs are accompanied by perpendicular micro-
tubules (p-microtubules), which represent a special cat-
egory of microtubules anchored at subpellicular alveoli of
oral field (Figs. 2, 17, 28). On the cytostomal field the p-
microtubules not only accompany OFs, but also form a
ring of bundles around the cytostome, termed the inner
pharyngeal basket (Figs. 2, 11, 22, 28). The formation of
the inner basket out of p-microtubules, was documented
elsewhere (Golinska 1978). The outer margin of the
cytostomal field is occupied by oral kinetids bearing the
especially large Nds, which form a palisade of the outer
basket. The inside of baskets is filled up with a specialized
cytoplasm, called the phagoplasm, which contains numer-
ous tubular vesicles intermingled with the loose ends of p-
microtubules (Figs. 11, 28). The phagoplasm is deprived
of the large endoplasmic organelles such as mitochondria,
lipid granules, nuclei or food vacuoles.

Relationship between modifications of ciliary pattern
and morphogenetic activity of cells

In Dileptus the rise in concentration of external potas-
sium at first evokes ciliary reversal, lasting up to 20
seconds. Later on, in appropriate concentration of KCI,
cells enter the adaptation period, and no ciliary reversal
can be provoked by such stimuli as mechanical shock or
mechanical injury. As shown by preliminary observations,
the most useful concentration of KCl is 20 mM, since food
uptake, regeneration and initiation of cell division was in
this solution possible, while ciliary reversal was fully
blocked. In 30 mM concentration the food intake was no
longer possible, failed also the initiation of pregamic cell
division. Moreover some percentage of cells in samples
died during 24 h following the 30 mM KCl application.
Concentrations of 5 or 10 mM KCl were not sufficient to
block the ciliary reversal in all cells in a sample.

After 48 h of chronic KCI application ability to carry
out the ciliary reversal was restored in many cells. During
24 h following KCl application also the active swimming
of cells is restricted, and they simply lie down on the
bottom of glass vessel and move around with their
proboscis. Such cells can regenerate both oral and tail
structures, can form complete oral primordia. Cells fis-
sion, however, is accomplished only occasionally, and oral
primordia are usually resorbed.

Modifications of the ciliary pattern evoked by 20 mM
KCl in well-fed cells with intensely proliferating somatic
kinetids are of two categories: firstly, supernumerary and
inverted Kineties were found in the midbody region,
representing a leftover of resorbed oral primordia. This
modification was frequently encountered in activated
cells: in 17% of cells (n = 207) fixed 24 h after the
beginning of the experiment. In the group of growing cells
such remnants of oral primordia were sometimes also
found.

Another category of the modification in ciliary pattern
was the rounding up of both posterior and anterior cell
regions, accompanied with an increase in number of
somatic kinetids on the rounded parts. Several types of
this modification were named the humpbacked, asto-
mous, and tailless cells.

The formation of supernumerary and inverted Kineties
in the midbody region follows the inhibition of fission
furrow development

In samples of the activated cells fixed 2.5 h after cell
mixing, 46% of cells (n = 33) were found with oral
primordia. On preparations made 5 h after the cell mixing,
oral primordia in different stages of destruction were
found in 16% of cells (n = 170). This indicates that
between 2.5 and 5 h some of the dividing cells separate,
and some of the early divisional primordia are resorbed
without modifications to ciliary pattern. From 5 to 24 h
after cell mixing, oral kinetids are completely resorbed, but
disarrangement of pattern of somatic kineties remains in

Figs. 9-14. Humpbacked Dileptus margaritifer cells found in samples of well-fed cells treated with 20 mM KCI. 9 - unstained cell fixed with
saturated mercuric chloride after 24 h of KCl treatment. Note that the proboscis is very thin (x 2000). 10 - oral structure on protargol impregnated
humpbacked cell after 24 h of experiment (orientation of the cell as in Fig. 9) suture is in the upper part of the photograph. Transformed part of
ventral band, its cross section is shown on Fig. 11 (x 5000). 11 - cross section of transformed part of ventral band, 24 h after the beginning of
experiment. Oral kinetids are dikinetids like on proboscis, but they bear large nematodesmata like at cytostomal field. Inner basket of microtubular
bundles is arranged into single strand under a stack of oral fibres which on proboscis separates left and right portions of ventral band. Cytoplasm
of this structure is deprived of toxicysts, contains few tubular vesicles characteristic of phagoplasma, and is penetrated by loose ends of p-
microtubules (x 28000). 12 - the cell impregnated with protargol, 5 h after the beginning of experiment. The beginning of suture formation on dorsal
side of proboscis. Heavy line shows place where abut several somatic kineties (x 6000). 13 - suture on humpbacked cell, 24 h after the beginning
of experiment. Heavy line marks a border between two sets of kineties which abut the suture. Orientation of somatic kinetids is shown with arrows
(x21000). 14 - the cell fixed 2 h after the beginning of experiment. Right portion of ventral band, the beginning of its transformation into cytostomal
field. Perpendicular microtubules assemble in unusually high number and form ribbons, later on arranged into bundles of inner basket (x 56500).
cf - cytostomal field, ib - inner pharyngeal basket, Nd - nematodesma, ob - outer pharyngeal basket, OF - oral fibre, ok - oral kinetid, p - proboscis,
pm - perpendicular microtubules, s - suture, tl - tail, tr - transformed part of ventral band, sc - group of sensory cilia, separated from their parental
kineties, v -tubular vesicles
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Fig. 15. Schematic representation of ciliary pattern on dorsal side in
A normal, and B humpbacked cell. Dots represent pairs of sensory cilia,
lines are somatic Kineties, black bar represents suture

midbody regions of 17% of large cells, probably the same
cells which had oral primordia in 5th hour samples.

On preparations made 4 or 5 h after KCl application,
both the well developed oral primordia were found
(Fig. 3), and the images of their destruction (Fig. 5). Oral
primordia formed by cells in the presence of elevated
potassium are structurally not different from the normal
ones. Remarkable difference lies in the presence or
absence of resorption of somatic kinetids in front of fission
line, on the territory destined to develop into the tail of
anterior daughter. The appearance of oral primordia is
always preceded by proliferation of somatic kinetids over
the cylindrical part of the Dileptus body. This proliferation
may be weak in small cells, and is always intense in large
cells. The proliferation of somatic kinetids in normal
medium lasts until the oral primordia develop into continu-
ous structure around the cell body. Later on, in normal
medium, the proliferation in front of fission line ceases and
is replaced by resorption of somatic kinetids which pre-
cede and accompany the constriction of fission furrow. On
protargol impregnated preparations the resorption can be
observed as a shortening of some of the somatic kineties
in front of the fission line, and represents the beginning of
tail formation for the anterior daughter. In elevated exter-
nal potassium the proliferation of somatic kinetids around

oral primordia proceeds normally. It is the switch from
proliferation to resorption processes that is apparently
blocked in the presence of elevated potassium. In protargol
impregnated preparations all somatic kineties of the ante-
rior daughter always reach down to oral primordia of the
oral primordia, while the proliferation was frequently
encountered there.

Oral kinetids of disintegrating oral primordia are invari-
ably resorbed. The oralized somatic kinetids, which ac-
company oral kinetids in advanced primordia (Golinska
1995) are at last partially left on the cortex in midbody
region, and apparently give rise to the supernumerary and
inverted kineties commonly found on preparations made
24 h of KClI treatment of activated cells (Figs. 4, 6, 7).
There are several observations that confirm the origin of
the supernumerary and inverted kineties out of the oralized
somatic kinetids. It is known that during cell division oral
primordia on the dorsal and left cell sides are accompanied
by oralized kineties, formed from the bent and separated
segments of somatic kineties (Goliniska 1995), and the
number of the short oralized kineties is always higher than
the number of their parental somatic kineties (Fig. 3). In
cells treated with elevated potassium, the typical remnants
of fission line are the numerous supernumerary Kineties,
all extending posteriorly from the fission line (Fig. 4), some
of them are inverted. The inversion of kinetofragments
may result from distortions in their orientation that accom-
panies and follows the disappearance of oral primordia
(Fig. 8). Later on, the kinetofragments elongate and are
introduced into pattern of longitudinal Kineties, both in
proper and in inverted configuration (Fig. 4).

Interesting features of ciliary pattern with inverted
kineties concerns spatial relations between the inverted
kineties and their normally orientated neighbours. When
the inverted kinety faces its neighbour with T fibres of its
kinetids (Fig. 7), the interkinetal stripe is narrow and no
resorption of kinetids occurs in the area. When, however,
the interkinetal stripe contains double number of oppo-
sitely orientated Pc fibres (Fig. 6), the stripe is wide and
aresorption of kinetids proceeds in vicinity, as visualized
by the presence of numerous ciliary shafts withdrawn
under the cell surface. It is not known whether the
observed resorption may lead to an elimination of inverted

Figs. 16-20. Distortions of cytostomal depression under the influence of 20 mM KCl in Dileptus margaritifer. 16 - well-fed cell fixed 4 h after
the beginning of experiment. Almost normally shaped cytostomal depression (x 34500). 17 - humpbacked well-fed cell, fixed 24 h after the beginning
of experiment. Fissure-shaped depression on elongated cytostomal field. The depression is on one side flanked with left oral fibres, on the other by
right oral fibres. Note the presence of p-microtubules along right oral fibres (x 40000). 18 - well-fed cell, 4 h after the beginning of experiment. Cross
section of fissure-like depression. Oral fibres support walls of the depression, and small invaginations (arrow) may form inside the fissure (x 21000).
19 - well-fed cell, 24 h after the beginning of experiment. Cross section of fissure-like depression. Invaginations of fissure wall are also lined up
with oral fibres (x 39500). 20 - the cell fixed 5 h after the beginning of activation. Cytostome-like structure on nearly destroyed cytostomal field in
forming astomous cell. This probably is not the original cytostome, rather the place where numerous oral fibres happen to descend into cytoplasm
(x 55500). ¢ - cytostome, ¢ - fissure-like depression, c2 - fissure wall, OF - oral fibres, | OF - left oral fibres, r OF - right oral fibres
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kinety, since the modified ciliary pattern was observed no
longer than 24 h after KCI application.

Formation of humpbacked cells

Another modification of ciliary pattern frequently found
in KCl treated cells was formation of a humpback: the
large convexity on the dorsal side of the cell, at the level
of cytostomal field (Fig. 9). This deformation is not a
specific one for 20 mM potassium, since it can be found
whenever culture conditions are unfavourable, although in
this case the percentage of disfigured cells is rather low.
In elevated external concentration of potassium ions, the
humpbacked cells were found both among the well-fed
cells (24%. n = 125), and among the activated cells (60%,
n =204). In samples containing regenerating or starving
cells, no humpbacks were formed.

The oral apparatus of a humpbacked cell is disfigured.
Instead of a circular cytostomal field at the base of
proboscis (Fig. 1), there is the transversely elongated oral
field situated at the base of humpback (Fig. 10). The oral
field terminates at a very narrow proboscis (Fig. 9).
Usually the elongated oral field is twisted toward the right
side and its anterior margin is in prolongation to right
margin of ventral band on proboscis (Fig. 10) while the
posterior margin merges with the left margin of ventral
band. Sometimes, however, the oral field is twisted in the
opposite way, the anterior border of oral field merging with
the left margin of ventral band.

The elongated oral field of humpbacked cell is not
equivalent to the circular cytostomal field, so far as its fine
structure is considered. The part of elongated field closest
to proboscis resembles the ventral band, because there are
dikinetids at both its margins, and the central fibre usually
separates left from right portion of the structure
(Figs. 11, 17). This part of elongated field resembles also
a cytostomal field, since the Nds at its oral dikinetids are
much larger than those found on proboscis (Fig. 11, in
normal proboscis bear several microtubules per Nd:
Golinska 1991). Also the toxicysts are absent in right half
of this structure (Figs. 11, 17). Moreover, p-microtubules
during early stages of the humpback formation multiply in

this region, at first producing ribbons (Fig. 14), which later
on are rearranged into bundles (Fig. 11). Usualy, such
bundles form the ring of inner pharyngeal basket
(Fig. 2), but in this part of the elongated field no circular
basket is present, rather a single strand of bundles extends
just under the central fibre (Fig. 11).

The oral parts located further away from proboscis,
structurally represent a true cytostomal field, although
rather ovoid than circular in shape (Fig. 10). There are
monokinetids at its margin, and the inner pharyngeal
basket repeats outline of the outer basket (Fig. 10). The
elongated oral fields contain numerous p-microtubules in
their phagoplasm, but they almost totally lack the tubular
vesicles (Figs. 11, 17-19). The cytostome, which on
circular cytostomal field is a single permanent depression
(Fig. 16) on the elongated field is represented by series of
fissures in the places where converge OFs coming from
opposite directions (Figs. 17-19). Inside of the fissures
may form additional depressions (Figs. 18, 19). It is not
clear whether such “cytostome™ might function, since the
humpbacked cells were never observed to swallow the
prey.

The structure of the ventral band on proboscis of
humpbacked cell does not structurally differ from that in
the normal cell. The proboscis of humpbacked cell re-
sembles the distal portion of normal proboscis, since its
ciliature consists of oral, oralized and sensory Kinetids, but
no ordinary somatic kinetids can be found there
(Figs. 9, 10). Structure of the narrow proboscis and
structure of the elongated oral field allows to suppose that
during the humpback formation the basal part of normal
proboscis enlarges into the humpback, while its ventral
band undergoes transformation into a part of the oral field.
Further confirmation of such origin of the humpback is
provided by the observations on patterning of somatic
kineties in the humpback area.

Pattern of somatic kinetids on the dorsal side of
normally shaped proboscis resembles the pattern on cell
posterior, since in both tapered regions the somatic kineties
approaching each other contain kinetids scattered further
apart. Kineties end at different levels of the tapered region

Figs. 21-27. Dileptus margaritifer astomous cells and their formation in samples of cells activated in the presence of 20 mM KCI. 21 - unstained
cell, fixed with mercuric chloride after 24 h of activation. Normally proportioned cell (x 2500). 22 - protargol impregnated cell after 5 h of activation.
Beginning of destruction of cytostomal field. 5 h. Protargol impregnation. Inner pharyngeal basket is complete, although elongated toward the anterior
pole. Outer basket is disrupted into several parts (arrows). Oralized kinetids are separated from their kineties and do not parallel row of oral kinetids
(x 5500). 23 - protargol impregnated cell after 5 h of activation. Advanced stage of destruction of oral parts. Inner pharyngeal basket is not discernible
and parts of outer basket are dislocated (x 5500). 24 - protargol impregnated cell after 5 h of activation. Remnant of cytostomal field with few oral
kinetids. This is the last trace of oral apparatus, since proboscis is already resorbed (x 5500). 25 - protargol impregnated cell after 24 h of activation.
Anterior part of astomous cell. The only remnant of cytostomal field is an area deprived of cilia (x 5000). 26 - unstained cell fixed with mercuric
chloride after 24 h of activation. This cell is astomous and tailless (x 2000). 27 - protargol impregnated cell after 5 h of activation. Remnant of proboscis
left on astomous cell. Structures of cytostomal field are completely resorbed. Note that somatic Kineties curve toward the suture (x 7000).
cf - cytostomal field, ib - inner pharyngeal basket, o - oralized somatic kinetid, ob - outer pharyngeal basket, p - proboscis, s - approximate location

of suture, tl - tail
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(Fig. 15A), and most of them do not reach the basal part
of proboscis. During formation of a humpback, at first
cells still have the normal oral structure and already
swollen basal part of proboscis (Fig. 12). On the swollen
region pattern of somatic kineties is changed, since the
once shorter kineties elongate and enter the swollen
region. The intense proliferation of somatic kinetids was
found on swollen region in preparations made 5 h after
KCl application. Well developed humpback is the place
where end all the somatic kineties (Fig. 15B), except the
kineties which abut the cytostomal field. Somatic kineties
coming from right and left sides of the cell meet at a kind
of suture, running on the top of humpback from proboscis
toward the dorsal side (Figs. 9, 13, 15B). No sensory cilia
are present along the suture, they all are crowded on the
proboscis.

In humpbacks fixed 24 h after KCI application the
proliferation of somatic kinetids is weak or absent. Pre-
sumably, all the somatic kineties are already prolonged up
to the suture area. It is proposed that the unusual elonga-
tion of somatic kineties leads both to the humpback
formation and to distortions of the oral structure.

Appearance of astomous cells

The second observed effect of 20 mM KCI upon the
mature oral structure is its complete resorption. The
anterior pole of an astomous cell is rounded up (Fig. 25),
and resembles the humpback of humpbacked cell, since
it is the place where all somatic kineties meet at a suture
(Figs. 25, 31). The number of kineties in an astomous cell
does not differ from the number of Kineties on cells of
normal appearance found on the same preparation slide.
The astomous cells were produced only in samples of the
activated cells. Astomous cells were never seen in samples
of the well-fed cells and in cultures under unfavourable
conditions (when humpbacks were forming). Astomous
were always the large cells in a sample, many of them with
traces of the fission line in the equatorial region. This
indicates that the lack of oral apparatus is not due to
abortive division (i.e. by separation of the astomous

posterior daughter), but it is due to the destruction of the
mature oral apparatus. Several stages of this destruction
were observed.

On preparations made 2 h after the beginning of
activation, the only changes found were those ascribed
to the oncoming conjugation, and localized in the old
oral structure. These changes take place in the basal
part of ventral band, and consist of the withdrawal of
toxicysts and the appearance of an empty space be-
tween right and left halves of the ventral band (Golinska
and Afon’kin 1993).

On preparations made after 5 h of activation were
found both changes leading to the formation of astomous
cells, and the astomous cells themselves. Two sequences
are possible during the destruction of oral apparatus.
Sometimes it is the proboscis that disappears first, leaving
for some time the remnants of cytostomal field (Fig. 24).
In other specimens, the remnants of proboscis last longer
on cells already deprived of their cytostomal fields
(Fig. 27). Destruction of the cytostomal field starts with
disruptions in the circumoral row of oral kinetids (Fig. 22),
and separation of the bent endings of somatic kineties
from the margin of cytostomal field. Later on, the frag-
ments of oral row are often displaced (Fig. 23), and the
inner pharyngeal basket disappears completely. As seen in
electron microscope, the destruction of cytostomal field
starts with the appearance of autophagic vacuoles inside
of phagoplasm (Figs. 28, 29). The content of autophagic
vacuoles are often lipid droplets, easily washed out during
the preparatory procedures (Fig. 28). Alongside to the
formation of autophagic vacuoles, tubular vesicles and p-
microtubules disappear from the phagoplasm (Fig. 31),
until the remnants of a basket are filled up with scattered
fibro-granular material, penetrated by a few p-microtu-
bules. The disappearance of phagoplasm is accompanied
by destruction of the oral kinetids of cytostomal field
(Fig. 29). Basal bodies of the kinetids become tilted and
displaced, their OFs pointing in different directions. Under
the surface of cytostomal field, in places where converge
OFs coming from different directions, form small addi-

Figs. 28-32. Dileptus margaritifer fine structure of astomous cells formedin the presence of 20 mM KCI. 28 - the cell fixed after 3 h of activation.
Pharyngeal basket of almost normal appearance. Oral kinetid bearing its nematodesma and oral fibre is in its proper place and orientation. Tubular
vesicles are still numerous between p-microtubules. Microtubular bundles of inner basket are, however, separated from cell surface, and autophagic
vacuoles, appear in phagoplasma (x 21000). 29 - the cell fixed after 4 h of activation. Advanced stage of basket destruction. Oral kinetids are tilted
and displaced, thus may point with oral fibres in different directions. Autophagic vacuoles are still present in the phagoplasm, p-microtubules and
tubular vesicles become scarce. Nd - nematodesma (x 29000). 30 - the cell fixed after 4 h of activation. Almost destroyed basket: oral kinetids are
scarce, and few oral fibres can be found under the surface of oral convexity. Tubular vesicles are absent, p-microtubules can be sometimes found.
Toxicysts often invade the territory (x 27500). 31 - the cell fixed after 24 h of activation. Somatic kineties close to suture, which is situated in the
upper part of the photograph. Filamentous layer that normally separates ecto- and endoplasm inDileprus of this region is arranged into longitudinal
strands. An arrow indicates new basal body, thus the proliferation of somatic kinetids proceed in the area (x 20000). 32 - the cell fixed after 24 h
of activation. Remnant of oral structure on astomous cell, corresponding to nonciliated area on Fig. 25. The surface of the area is folded, presenting
bulges of different size. Somatic Kinetids are still resorbed in the area. Filamentous material is arranged into compact masses (x 14000). a - autophagic
vacuole, b - nonciliated bulge, f1 - filamentous layer, ib - inner pharyngeal basket, Nd - nematodesma, pm - perpendicular microtubule, OF - oral fibre,
ok - oral kinetids, R - resorption of Kinetids, t - toxicyst, v - tubular vesicles
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tional “cytostomes” (Fig. 20), which are rather the tem-
porary structures. The final stage in destruction of a
cytostomal field is a series of blebs (Fig. 32), covered with
the cell membrane which is underlined by alveoli but
deprived of microtubular arrays. In vicinity of blebs,
numerous cilia can be found under the cell surface of
astomous cells, indicating that some somatic Kineties are
also resorbed after the oral structure is destroyed. The
area of blebs remains in continuity to the suture of somatic
kineties (Fig. 25).

In the anterior part of astomous cell the filamentous
layer (which separates ecto- and endoplasm in Dileptus),
becomes especially thickened along the somatic kineties
(Fig. 30), and clusters into large compact masses in
vicinity of blebs (Fig. 32). Similar large clusters of
filamentous material were observed during destruction of
oral structure in the encysting cells (Kink 1973), and were
interpreted as the remnants of proboscis. The formation
of clusters indicate that the filaments are not immediately
resorbed, but rather are kept in storage. There is no
evidence, however, whether this material could be reused
by the cell.

The somatic Kineties close to the suture are often of
wavy appearance, since many of their kineties are situated
out of the line (Fig. 10). Both the proliferation and the
resorption of somatic kinetids is often seen on the region,
even after 24 h of KCl application, suggesting instability
of ciliary pattern close to the anterior pole in an astomous
cell.

Modifications of ciliary pattern on the cell posterior

In normal cell of Dileptus the cell posterior is tapered
ending with a slender tail (Figs. 1, 21). Somatic kineties on
the narrowing part end at different distances from the tip of
the tail, and their kinetids become scattered until it is hard to
distinguish which kinety continues and which does not.

Under the influence of 20 mM KClI, the cell poste-
rior becomes rounded up in many astomous (Fig. 25)
and humpback cells. This abnormality is not specific
for the potassium influence, because it is sometimes
found in the humpbacked cells formed in standard
culture medium under unfavourable conditions, and
was observed in advanced stages of conjugation
(Golinska and Afon’kin 1993). In elevated external
potassium both humpbacked and astomous cells may
have either the tapered or the rounded up posterior.
Cells with normal anterior parts invariably have the
normally tapered tail.

The rounded up posterior is similar to the humpback
region, because it represents an orientation centre for

the somatic kinetids. On the rounded up cell posterior
all the somatic kineties reach the posterior pole. In
contrast to the humpback region, the pole itself is not
suture-like but circular in shape, and it is often marked by
a small convexity which resembles the tip of normal tail
(Fig. 26). Numerous Pc fibres enter this convexity, but no
kinetids can be found there.

On the rounded up posteriors the proliferation of
somatic kinetids was frequently seen, in contrast to the
tapered region of normal tail where no proliferation
was ever encountered. Resorption of somatic kinetids
was often observed in the tapered region of normal tail,
while on the rounded up posteriors it was rather
exceptional.

DISCUSSION

The observations presented above show that elevated
concentration of external potassium may change the
distribution of proliferation and resorption processes over
the cell body in Dileptus margaritifer. The induction of
proliferation of somatic kinetids spreads over cell extremi-
ties, where it is usually inhibited resulting in rounding up
of polar regions. Similarly, a partial resorption of the oral
structure in cells activated to conjugation spreads over the
whole structure, resulting in formation of astomous cells.

Three main discussion topics emerge from this inves-
tigation. Firstly, the way in which potassium influences
ciliates other than Dileptus and metazoan cells, needs to
be recalled here and compared with the results obtained
in this study. Secondly, an interesting relationship was
found in this study between the maintenance of tapered
form of cell extremities, and inhibition of proliferation of
somatic kinetids, in these regions. Thirdly, a question
arises whether a suture found on a rounded up cell
anterior, has its counterpart in normal cells of Dileptus.

Consequences of chronic exposure to elevated external
potassium concentration for ciliate and metazoan cells

Application of elevated concentration of potassium
ions, first evokes hyperpolarization of cell membrane
(ciliary reversal), later on followed by adaptation period
when cell membrane is unable to generate action potential.
Cell membrane during adaptation is depolarized both in
ciliates (Schusterman et al. 1978, Dryl and Hildebrand
1979, Machemer 1989) and in metazoan cells (Chalazonitis
and Fischbach 1980, Anglister et al. 1982, Unsickeret al.
1983). This depolarization was ascribed either to changes
in Ca* channels (Dryl and Hildebrand 1979), or to
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increase in permeability to K* ions that tends to short-
circuit the Ca** action current (Schusterman et al. 1978).
Cells of Dileptus when in elevated potassium are also
depolarized, because no ciliary reversal follows such
stimuli like mechanical shock or mechanical injury to the cell.

In metazoan cells the influence of chronic rise in
external potassium is best known for neurons. Generally,
elevated external potassium improves both survival and
differentiation of neurons (Lasher and Zagon 1972, Bennett
and White 1979). Neurons grown in elevated potassium
were depolarized ansd could not be excited with depolar-
izing current pulses (Chalazonitis and Fischbach 1980).
Moreover, the shape of depolarized neurons was changed,
since the area of growth cones was markedly increased
(Anglister et al. 1982). In chromaffin cells, chronic depo-
larization induces the formation of neurite-like processes
(Unsicker et al. 1983). The latter report indicates that in
depolarized cells some inhibition that normally prevents
neurite formation, becomes released.

For comparison with Dileptus, this release from inhi-
bition is especially interesting, because the formation of
the humpbacked, astomous and tailless cells can be
explained as release from inhibition. In the case of
Dileptus the inhibition concerns spreading of prolifera-
tion of somatic kinetids over the tapered cell extremities,
or spreading of resorption of some oral structures over
the whole oral apparatus (in astomous cells). Elevated
concentration of potassium ions abolishes also the inhibi-
tion of kinetid proliferation in front of fission line, and
inhibits resorption of oralized somatic kinetids during
resorption of oral primordia.

What kind of relationship might exist between the
depolarization of cell membrane and destruction of inhi-
bition-activation pattern on cell cortex, remains unclear.
An exciting possibility is nonuniform deployment of elec-
tric potentials along the cell membrane. In Paramecium
it was found that the receptor potentials due to activated
Ca and K mechanoreceptor channels, distribute over the
cell surface in the manner of overlapping antero-posterior
gradients (Ogura and Machemer 1980). In neurons, it was
found that the intramembrane potential gradient is more
positive in membranes of neurites than in membranes of
somata (Bedlack et al. 1994). Membrane potential in
highly integrated layer of cells in intestinal villi, was found
to be the highest in cells at the top of a villus, and the lowest
near the crypt region (Tsuchiya and Okada 1982). It
cannot be excluded that in Dileptus membrane potential
for proboscis and tail is different from that on cell body,
allowing the segregation of activated and inhibited cell
regions. Remains unclear, however, why a map of mor-
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phogenetic activities is never abolished in small activated
cells (forming oral primordia), but only in large ones. This
does not allow to expect some simple relationship between
the depolarization of cell membrane and maintenance (or
formation) of cortical map of morphogenetic activities.

Inhibition of proliferation of somatic Kkinetids as
prerequisite for the formation and maintenance of
tapered cell extremities

Timing and distribution of proliferation and resorption
of somatic kinetids are similar on the tapered regions of
proboscis and of tail. The process of tail tapering is,
however, easier to follow than the tapering of proboscis,
because of lack of oral structures in the region of tail. Thus
only the tapering of tail will be further discussed.

The tapering of cell posterior can be easily inhibited
when it takes place during division of large cells, but it is
hard to prevent during division of small cells and during
regeneration. Regeneration of the tapered tail was so far
inhibited only by puromycin (Goliniska 1974), while other
factors studied like Actinomycin D (Golinska and Bohatier
1975), or high concentration of potassium ions, may
prevent tail formation during division but do not prevent
the regeneration of tail. This difference in the sensitivity
of tail tapering during regeneration and division, could be
explained as a difference in feasibility of special precon-
ditions for the tapering to occur in cortices of regenerating
and of dividing cells of Dileptus.

During regeneration, the first reaction to transection in
Dileptus is the resorption of somatic kinetids in wound
vicinity, both at anterior and at posterior poles (Golinska and
Grain 1969, Golinska and Kink 1977). Narrowing and
elongation of the regenerating tail proceeds in the absence of
proliferation of somatic kinetids, while their resorption is
often encountered (Golinska 1991). Thus the tail tapering
during regeneration starts and proceeds on a cortex where the
proliferation of somatic kinetids is inhibited.

In cells dividing in ordinary culture medium, during the
early stages of development proliferation of somatic
kinetids proceeds in front of the fission line. During
advanced stages of development of oral primordia, the
proliferation in front of fission line becomes inhibited and
replaced by the resorption of somatic kinetids. This switch
from proliferation to resorption occurs before the fission
line constriction, i.e. before the tapering of the posterior
part of anterior daughter. When cells divide in the presence
of elevated potassium, no resorption occurs in front of the
fully developed oral primordia, while the proliferation of
somatic kinetids is frequently seen. These observations
strongly indicate that the inhibition of proliferation of
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somatic kinetids (and/or induction of their resorption), is
necessary for the tail tapering for anterior daughter to
occur. The presented analysis of tail tapering in the
dividing and regenerating cells shows that the exceptional
sensitivity of cytokinesis in Dileptus to unfavourable
factors may be due to the difficulty in setting in the
inhibition of kinetid proliferation in the cortex where
intense proliferation is under way. This is further con-
firmed by the observation that a weak proliferation of
somatic kinetids in small dividing cells may fail to prevent
cytokinesis in the presence of elevated potassium.

The difficulty to switch from proliferation to resorption
in cells dividing in elevated potassium concentration, is not
restricted to the somatic Kinetids in front of a fission line.
Just behind oral kinetids form the somatic kinetids of
special category, termed the oralized somatic Kinetids
(Golinska 1995). These kinetids originate from somatic
kineties, separate from them and arrange into multiple
kinetofragments. When development of oral primordia is
blocked in the potassium-treated cells, all oral kinetids are
resorbed leaving the oralized kinetids arranged into addi-
tional somatic kineties, some of them in the reverse
orientation. This was not observed in cells treated with
Actinomycin D (Golinska and Bohatier 1975), and seems
to represent the specific effect of elevated potassium on
dividing cells of Dileptus.

As found in this study, the presence of elevated
potassium hampers not only the switch from proliferation
to resorption of somatic kinetids, but also the maintenance
of tapered cell extremities. This leads to the formation of
humpbacked and tailless cells. It is significant that the both
deformities were found only in large cells, often with
traces of fission line in midbody area, always with somatic
kinetids proliferating everywhere on the cell body. Thus
the proliferation may spread over the once-tapered cell
extremities when it is sufficiently intense. These observa-
tions suggest that in anormal cell some barrier separates the
area where somatic kinetids proliferate (mostly the midbody
region) form the area where Kinetids do not proliferate and
are frequently resorbed (tapered parts). The elevated con-
centration of external potassium could intensify a signal for
proliferation, in large cells leading either to the destruction of
already existing barrier, or to prevention of its formation.

Orientation centre for somatic Kinetids of Dileptus
margaritifer in normal and disfigured cells

The main change resulting from the formation of
astomous and humpbacked cells lies in the relationship
between the anterior cell pole (as appointed by cell
geometry) and the position of the anterior orientation

centre for somatic kineties. In normal cell of Dileptus the
orientation centre for somatic kinetids seems to reside in
the distalmost part of proboscis, which is also the anterior
cell pole. During formation of humpback, an increase in
the number of somatic kinetids reveals, however, the
presence of a suture on dorsal side of basal part of
proboscis. This suture extends from the top of a hump-
back down to the base of proboscis, and is not designated
by any structural landmarks other than the orientation of
somatic kinetids. The emerging pattern strongly resembles
pattern around the anterior suture in Paramecium (Iftode
etal. 1989), where all the somatic kineties abut either the
suture or the anterior pole of the cell. Proboscis of
Dileptus in such pattern would represent a part of oral
structure emerging from the ventral side of the cell.

The elongated form of an anterior suture in Dileptus
can be explained through mode of its formation during the
cell fission. Somatic kineties posterior to oral primordia
show a lateral gradient in intensity of basal body prolifera-
tion (Golinska 1995). Few (3 or 4) kineties on right side
of the cell contain intensely proliferating Kinetids. On a
humpback, these kineties reach the right side of the suture.
Several kineties on the ventral side show not-so-intense
proliferation of their kinetids, while the majority of kineties
on the dorsal and left sides contain very weakly prolifer-
ating kinetids. All the dorsal and left kineties reach the left
side of the suture, while in normally shaped cell only few
of these kineties continue on the basal part of proboscis.
Thus the left and dorsal sides of the forming proboscis are
ciliated by a majority of kineties but by relatively few
kinetids, which allows for the symmetric shaping of
proboscis in spite of asymmetric distribution of kinetid
proliferation. Anyway, this asymmetry is apparently re-
sponsible for the elongated form of anterior suture, when
numerous kineties of dorsal and left sides come to reach
one side of the suture.

This is further confirmed by ciliary pattern found on the
cell posterior in tailless cells. There is no lateral gradient
in proliferation of somatic kinetids during rounding up of
the cell posterior, and no suture forms at the posterior cell
pole in tailless cells.

The comparison of the normal and humpbacked cells
leads to a supposition that in the normal cell an orientation
centre for somatic kinetids is situated not at the distal point
of the proboscis, but that the invisible suture extends
between the narrow distal part of proboscis and its wide
basal part, along the endings of somatic kineties of the right
side. In more general terms, the orientation centre for
somatic kinetids of Dileptus is not identical with the
anterior cell pole.
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The Predation of Litonotus on Euplotes: a Two Step Cell-cell Recognition

Process

Nicola RICCI, Andrea MORELLI and Franco VERNI

Dipartimento di Scienze dell’Ambiente e del Territorio, Universita di Pisa, Pisa, Italy

Summary. The study of the distribution kinetics of Litonotus (the predator) in a T-maze, with Euplotes as the prey, led to a series of findings
useful to help us understand better its predation: (a) Litronotus did not perceive (in a wide sense) Euplotes from a distance by chance; (b)
the chemical gradient of a thermolabile molecule enables the predator to trace the prey; (c¢) the attractions exercised by several species of
Euplotes on Litonotus have different strengths: E. vannus > E. crassus > E. minuta > E. raikovi > E. charon; (d) E. charon attracts Litonotus,
although weakly, but it does not elicit any toxicyst discharge by the predator; (e) E. magnicirratus and E. rariseta (as well as Aspidisca sp.,
Diophrys sp. and Euplotidium itoi) are neither traced nor killed by Lironotus. These results show that a predator-prey recognition actually
occurs from a distance (I step), before they come into contact with each other (II step).

Key words: cell-recognition, Euplotes, Litonotus, predation, T-maze

INTRODUCTION

Although in the natural environment the populations
of ciliates tend to occur in patchy clusters (Taylor
1979, Taylor and Berger 1980, Landis 1981), they
typically spend their lives as isolated, solitary entities:
the only social event they cannot avoid, without
risking extinction, is conjugation, the process bringing
about sexuality (Nanney 1977). The phenomenon of
chemo-orientation is known to play a key-role during
the preconjugant cell interactions of Blepharisma

Address for correspondence: Nicola Ricci, Dipartimento di Scienze
dell’ Ambiente e del Territorio, Universita di Pisa, via A. Volta 6, 56126
Pisa, Italy; Fax: 050-49694

(Honda and Miyake 1975) and, more recently, it has
been demonstrated also in Euplotes woodruffi
(Kosaka 1991). On the other hand, several examples
of cell-cell interactions regulating different adaptive
strategies are well known among the ciliates: the case
of the intraspecific cell-to-cell contacts, which in-
duced the differentiation of giants for Oxytricha
bifaria (Ricci and Banchetti 1993) together with that
of the well known and widely spread phenomenon of
predation (interspecific cell-cell interactions)
[Didinium vs. Paramecium (Balbiani 1873);
Dileptusvs. Colpidium (Visscher 1923); Enchelys vs.
Tetrahymena and Chaenea vs. Uronema (Dragesco
1962); Homalozoon vs Paramecium (Diller 1964)]
offers an incredibly wide range of examples of more
or less species specific and more or less direct cell
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interactions leading the organisms to the specific morpho-
logical [ Euplotes octocarinatus vs Lembadion (Kuhlmann
and Heckmann 1985)] or behavioural responses [ Litonotus
vs Euplotes crassus (Ricci and Verni 1988)].

Predation, indeed, is a phenomenon of relevance
among ciliated protozoa, due to the fact that the
protozoa themselves were the organisms which, in the
primeval oceans, conquered the niche of the secondary
consumers i.e. the carnivorous (Gould et al. 1977). This
niche, beyond being very convenient from an energetic
point of view, plays a relevant role in the course of
evolution because (a) it creates new empty spaces for new
populations to settle and (b) it is at the basis of the
competition between predator and prey, to strike and to
escape, respectively. Therefore, these unique cell-organ-
isms, the protozoa (Fenchel 1987), could not but explore
the way of cell-cell interactions as the new adaptive
strategy guiding the first predators towards their prey
target.

The model offered by Litonotus lamella preying on
Euplotes crassus has already been analyzed thor-
oughly in terms of the successive steps guiding the
predator to ingest the prey and the prey itself to escape
(when possible) from the predator (Ricci and Verni
1994). This phenomenon was described as a succes-
sion of steps (direct contact-prey recognition-discharge
of toxicysts-search-ingestion) differently affected by
different agents (starvation, calcium ions, trypsin,
cycloheximide, Con-A, prey homogenate). The synop-
tic scheme given by these authors, however, left an
initial doubt as to the nature of the initial step: does
L. lamella actively track E. crassus or, on the
contrary, does it find the prey just by chance? The
possible solution of the problem could be of great
interest not only for the Litonotus and Euplotes model,
but also and mainly as regards the general point of view
of the understanding of the basic strategies which
enabled the ancestors of Litonotus to specialize in this
mode. After solving this problem, indeed, it will be-
come possible to have answers also to many other
questions such as the following: (a) if the first encoun-
ter is “guided”, which kind of phenomenon guides
Litonotus in its hunt? (b) is it a chemical gradient? (¢)
if this is the case then in turn, what kind of molecule
is recognized by Litonotus? (d) is it a species-specific
signal or just something like a secondary metabolite? (e)
is such a species-specific phenomenon an all-or-none
phenomenon or, rather, is it a graded one?

With all these questions in mind, a series of experiments
was conducted to obtain as many answers as possible.

MATERIALS AND METHODS

New strains of L. lamella and E. crassus were collected ex novo
in nature, namely along the sea shores of the Tyrrhennian sea close to
Leghorn, cultured in our laboratory according to the standard protocols
(Ricci and Verni 1988) and then studied experimentally. Many other
species were also collected on the sandy shores of the Tyrrhennian and
Ligurian seas, between Leghorn and the Camargue (France) and
grown in our laboratory for the 16 months of ourexperiments: E.charon,
E. magnicirratus, E. minuta, E. raikovi, E. rariseta, E. vannus,
Aspidisca sp., Diophrys sp., Euplotidium itoi. For the experimental
sessions, the organisms were collected from the cultures
through a nylon net with a 8.0 um mesh. To study the kinetics
of the spatial distribution of Litonotus a bidimensional T-maze, ob-
tained in a perspex slide by a milling cutter, was used
(Fig. 1): the length of the principal arm was 6 cm and the shorter arm of
1 cm; their width was 4 mm; the depth of the T-maze was 7 mm and the
populations were observed in sea water never deeper than 4 mm. Our
device was designed according to Van Houten et al. (1975), only
slightly changed to satisfy our need for small volumes, high efficiency
(bidimensional), long time observation (large interface with air for the
oxygen supply) and easy and readable observation under the micro-
scope. Throughout our experiments, a total volume of 0.5 ml was
used and 50 Litonotus were added in the N (neutral)-arm: their
spreading and their distribution between the E (experimental)-arm
and C (control)- arm was measured every 5 min for the first 60 min
since the introduction of the predators. In the E-arm a modified
Pasteur pipette was put in such a way that its tip was 2 mm under the
surface of the water: the pipette itself was kept still by means of
plasticine. In the standard experiments this E-pipette contained a
concentrated population of Euplotes, and its tip was closed by means
of a thick cotton stopper to avoid any leaking of prey through the
T-maze. A gross measurement of the different flows of fluid from the
different pipettes (obtained by coloured ink) was also made and their
values never differed significantly due to our using (a) the same
volume, (b) the same diameter of the tip and (c) the same difference
between the level of the fluids themselves. The experimental Euplotes
were concentrated (10%cells/ml) by mild centrifugation (Sminutes at
300 x g) then washed and incubated in sterilized sea water for 2 days.
When the cell free fluid (cff) of Euplotes was tested it was obtained by

Ep. Cp.

E-orm
C-om

Fig. 1. The bidimensional T-maze: E - Experimental: it refersto the arm
of the T-maze, to the pipette, to the different populations of ciliates
tested. C - Control: it refers to the arm of the T-maze , to the pipette, to
the marine water used as control. N - Neutral: it refers to the arm where
the 50 Litonotus were added. CS - cotton stopper
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filteriig concentrated Euplotes through a BioRad membrane with a
0.42 ym pore to remove both bacteria and Dunaliella salina (used as
food br Euplotes): it was then put into the E-pipette and the effects on
Litonetus measured as already described. The C-pipette contained only
standard artificial sea water. For each experiment the E and the C-arms
were iverted to avoid unwanted possible mistakes: no difference due
to thecharacteristics of our bidimensional T-maze between the two
successive E-populations and the two C-populations was ever observed.
The c:lls were counted directly under the stereo microscope (20x).
Each type of experiment was performed 3 times. The data obtained are
given in terms of mean values and standard deviations (Table 1
A,B.C.D and Table Il A,B) and plotted in the Figs. 2 and 3 to show
the kiretics of the phenomenon. In the figures the standard devia-
tions fave not been shown to avoid useless overlapping of informa-
tion. The effects of the experiments were measured as the number
of Lionotus observed at the successive times (time 0 corre-
spondzd to the introduction of the predators in the N-arm) in E-arm
(E-Lionotus), in the C-arm (C-Litonotus) and in the N-arm
(N-Lionotus). Their trends in the time were then studied statisti-
cally by means of the non parametric Wilcoxon test (Wilcoxon 1945,
Snedecor and Cochran 1976). The data were plotted singly, as
shows in Fig. 2. To compare the relative attraction strength of the
differznt species, a series of experiments was also run using, in the
same T-maze, two different species (one for each Pasteur pipette)
contenporaneously: the dynamics of the spatial distribution of the
50 Lionotus were measured in the same way as in the basic
experments.

Lionotus was also treated by 1% Con-A (Sigma C 2010) for 60 min
and then washed twice by transferring the experimental organisms into
new atificial sea water. To control the specificity of Con-A, several
experments were run with 40 mM o -metil-D-mannoside (Ricci and
Verni 1994).

RESULTS

The first goal was to study whether Litonotus reacts to
the presence of Euplotes crassus or not, and if it does,
how it reacts. The results shown in Fig. 2A give the
kinetics of the accumulation of Litonotus in the E-arm,
namely in the arm of the T-maze with the pipette
contzining the prey. Three main conclusions can be
drawn according to these results: (a) the predators
indeed crowd where the prey is perceived; (b) the
effect, in our apparatus, becomes evident after 25-30
min, on average; (c¢) the effect increases steadily, at
least for the 60 min we monitored.

This kind of result indicated that Litonotus can track
Euplotes also when it is not in physical contact. As a
control, a new apparatus was prepared, where the
E-pipette was filled by cff collected from cultures of
Euplotes, and the results, plotted in Fig. 2B, showed that:
(a) the effect of the cff is evident soon after introducing
the E-pipette into the E-arm (At= 5 min) and (b) the effect
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Fig. 2. The trends of spatial distribution of Litonotus in the E-arm (E),
in the C-arm (C) and in the N-arm (N); the circle and the squares are
black when a significant difference (p<0.05) between them occurs; in
the abscissa the time and in the ordinate the number of Litonotus in the
different arms of the T-maze are given. (A) The basic experiment: the
E-pipette contains Euplotes; (B) the E-pipette contains the cff of
Euplotes: the effect is reached within 5 min; (C) the E-pipette contains
the cff treated at 85 °C for S min ; (D) the same experiment as the (A)
but the predator had been pretreated by Con-A, as explained in the
Material and Methods sections. When also a-methyl - D - mannoside
was used as the specific competitor of Con-A the spatial distribution of
Litonotus in the three arms of the T-maze followed the trend of the basic
experiment (A): in both the (C) and (D) experiments no significant
difference between the E and C arms ever occurred (P>0.1)
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Table I . Temporal distribution of the predators in the 3 arms of the ~ Table I D. The basic experiment with Con-A pre treated Litonotus

T-maze i
Table I A. The basic experiment: E. crassus in the E-pipette Time (min)  Experimentalarm  Control arm  Neutral arm
Time (min) Experimentalarm  Control arm Neutral arm 0 0 0 50
M- 5 143 = 6.0 17.0 £ 0.0 18.7 = 6.6
10 16.7 £ 2.9 19.3 £ 3.2 14.0 £ 3.5
0 0 0 50 15 15.7 £ 5.0 17.0 £ 2.6 172375
5 21.7x 1.5 19.7 £ 5.0 8.6 6.0 20 20.0 = 5.0 153 £ 3.0 14.7 £ 6.5
10 243 = 2.1 21.7 £ 3.5 40+ 1.0 25 18.7 £10.7 15.0 £ 6.2 16.3 £ 99
15 25020 22715 2306 30 17.3 = 6.0 140 = 5.6 18.7 = 6.1
20 25.7 £ 2.1 21.7 £ 25 26 0.6 35 16.0 = 4.6 147 £ 5.0 193 £35
25 283 +38 203 £ 3.5 14£02 40 163 = 4.0 13342 204 25
30 310+ 1.0 17.7 £ 0.6 1.3+ 06 45 157 £ 2.3 13.0 £ 6.6 213+ 49
35 310 £ 44 17.3 £ 5.1 1.7 £ 1.1 50 17.0 = 3.6 127 £ 4.0 203 £ 4.2
40 320+ 44 147 £33 33-+9:1 55 16.7 = 3.0 123 £ 4.0 21.0 £ 46
45 33.0 % 3.6 147 £ 2.3 23x 15 60 17.0 = 2.6 103 £ 4.0 227 x3.0
50 32340 143 = 3.8 34x06
55 347 £57 127 £ 6.0 2620
60 30.7 + 3.8 15.7 + 4.0 3.6 + 2.1 Table II. The effects of attracting/non-attracting prey
Table IT A. The basic experiment conducted with E. vannus in the
Table I B. The cff from E. crassus in the E-pipette E-pipette
Time (min) Experimentalarm  Control arm  Neutralarm  Time (min)  Experimentalarm  Control arm  Neutral arm
0 0 0 50 0 0 0 50
5 28.0 £ 0.0 150 1.4 7014 5 193 = 438 13.0 = 6.8 17.7 £11.4
10 290x14 19.5 £ 0.7 1.5 0.7 10 215+ 5.8 128 + 2.6 15.7 £ 6.9
15 320+42 15549 2507 15 27.0 = 85 120 = 64 11.0 £ 6.0
20 35028 14.5 = 2.1 0507 20 273 + 8.8 127 £ 6.2 100 £ 5.0
25 355+ 64 13578 1.0+ 04 25 265+ 74 143+ 79 92 % 44
30 33.0x42 14.0 £ 7.1 3020 30 255 = 8.7 16.8 +10.8 1745551
35 350+ 0.0 11.0x42 4022 35 238 = 8.6 175 = 9.2 87 x 44
40 33.5+28 125 £ 0.7 40+ 28 40 255 + 8.7 168 = 9.1 Tsl-E033
45 295x17.1 17.0 £ 5.7 3507 45 265+ 7.0 150+ 73 85% 1.7
50 29.5 £ 0.7 155+ 78 5021 50 253 = 6.1 16.7 £10.7 8.0+ 4.7
55 310 1.4 165 £49 25%15 55 24.8 £10.8 152100 100x 1.8
60 300x7.1 18.5+9.2 1.5£05 60 270+ 7.6 153 £10.8 7.7 = 3.6

Table I C. The cff from E. crassus was put in the E-pipette after being

Table II B. The basic experiment conducted with E. magnicirratus in

heated at 85°C for 5 min the E-pipette

Time (min) Experimental arm Control arm  Neutralarm  Time (min)  Experimental arm Control arm  Neutral arm
0 0 0 50 0 0 0 50
5 13.5x2.1 215x2.1 1542 5 183+ 5.7 220 45 97% 56
10 15+0.0 27+42 8+42 10 193+ 53 233+ 46 74+ 44
15 18+5.7 21521 10.5+35 15 20.5% 83 245+ 82 5% 20
20 23+ 14 19.5%0.7 75%2.1 20 21.3+ 94 250x 7.2 3.7% 3.1
25 235+3.5 2114 55+49 25 20.7 £10.3 25.7 £10.1 36+ 30
30 205+2.1 24549 520 30 22.8 %106 22.3+10.7 49 26
35 19.5 £ 0.7 22.5%3.5 8§+32 35 22.8 109 21.5% 82 57 36
40 255+35 19+14 5521 40 21.3£103 23.8+11.2 49+ 26
45 245+49 21549 400 45 222 £12.1 22.5%123 53x 24
50 22+ 14 23+28 5+14 50 23.8+11.2 21.8+104 44+ 26
55 18+0.0 245%0.7 7.5+0.7 55 24 =107 21.2+ 106 48+ 22
60 19.5 + 2.1 25+28 5519 60 24+ 88 19.7+ 82 63+ 26
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is fairly constant with time (up to 60 min, at least). To
investigate the nature of the soluble principle released by
the Euplotes into the cff, this fluid was kept at 85 °C for
5 min and then tested again. Fig. 2C clearly shows that this
“temperature-treated” cff does not affect the behaviour of
Litonotus: the predators in the E-arm are more or less of
the same number as those in the C-arm, while a certain
number (5-10) remains in the N-arm. The fourth experi-
ment was carried out with Litonotus pretreated by Con -A:
the results are shown in Fig. 2D. These results show that
Litonotus, once pretreated by Con-A, does not react any
more to the soluble factor released by the Euplotes as
demonstrated by the numbers of Litonotus, which are
more or less equivalent in the three different arms. What
must be noticed is the relatively large number of Litonotus
in the N-arm in comparison with the small number
of Litonotus in the E- and C-arms. As a control for the
effect of Con-A, other Litonotus were pretreated with
Con-A + o-Methyl-D-mannoside and the results showed
that (a) the effect of Con-A is indeed a specific one and
(b) the Con-A itself does not react in the medium with the
factor(s) released by Euplotes: these data have not been
shown in any specific figure, because they completely
overlap the kinetics of the basic experiment given in
Fig. 2A.

The species specificity of the prey, already reported by
Ricci and Verni (1988) as occurring at the moment of the
direct contact between the predator and the prey, was also
studied by the T-maze apparatus, to ascertain whether a
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Fig. 3. The species-specificity of the attraction of the potential prey on
the predator. (A) The attracting species. E. vannus has been con-
sidered as the typical example; (B) the non-attracting species.
E. magnicirratus has been considered as the typical example
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similar species specificity does exist also at the level of the
recognition of the prey from a distance. Many species of
Euplotes as well as of the genera Euplotidium, Diophrys,
and Aspidisca were tested with the same kind of experi-
ment and the results are given in Fig 3. It is evident that
E. vannus. E. minuta, E. raikovi and E. charon (Fig. 3A)
behave like E. crassus, from the point of view of their
capability ofattracting the predators, while
E. magnicirratus, E. rariseta, Euplotidium itoi, Diophrys
sp. and Aspidisca sp. (Fig.3B) do not attract Litonotus.
Peculiar is the case of E. charon (more clearly shown in
Table III). This species indeed does attract Litonotus,
which, however, does not discharge its toxicysts against it,
even when strongly bumped. The attraction of predators
by different species becomes evident (i.e. the difference
between the number of Litonotus in the E-arm and in the
C-arm is significant) at different times. (Table III, 3-rd
column, At). According to these results E. vannushas the
strongest effect (At = 15), followed by E. crassus
( At = 27), by E. minuta ( At = 35), by E. raikovi and
E. charon ( At =40).

The last experiment involved the use of two species at
atime (one at either extreme of the T-maze), to enable the
50 Litonotus to “choose” between them. To differentiate
clearly the relative attractiveness of the different species
we observed (A) the first statistically significant difference
between the number of Litonotus in the E vs. the C arm
(FDN- First Difference Number) and we measured the time
lag between the beginning of the experiment and the onset
of this difference (FDT - First Difference Time), (B) the
longest numerical difference between the predator in the E
vs. the C arm (MDN: Maximum Difference Number) and
the time lag of its occurrence (MDT - Maximum Difference
Time). The results obtained are shown in Table IV. They
can be summarized by the following points: (a) E. vannus
is the most effective species, as far as its attraction of
Litonotus is concerned; (b) E. crassus is the most similar
to E. vannus, followed by E. minuta, as shown by
the number of predators in the arms of the
T-maze and by the time needed for the first difference
to become significant; (¢) E. raikoviand E. charonrepresent
a sort of third level of attraction for Litonotus, while E.
magnicirratus and E. rariseta are silent from this point of
view, as shown by a comparison between the numbers of
Litonotus in the E-vs those in the C-arm and the number of
Litonotus in the N-arm. The fact that both the FDAt and
MDA are quite similar to those of the other species seems
to be due to some intrinsic structural characteristic of the
T- maze itself, determining the establishment of the chemical
gradient guiding the predators to their targets.
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Table III. The different attraction powers

g

Attraction At (min)

. vannus
crassus
minuta
raikovi
charon
magnicirratus
. rariseta
Aspidisca sp.
Euplotidium itoi
Diophrys sp.

SECECROROROR !
28 888 +++ 4+ +
83828282 8++++

ceseeBELRYG

The effects of different species (column on the left) on Litonotus, are
shown in terms of attraction (+ = yes; e = no), of toxicyst discharge
(direct observation) (TD) (+ = yes; == = no) and of Ast of the first
significant difference between the E-arm and the C-arm (== = no
difference)

Table IV. The direct choice tests

Comparison between FDN FDT(min) MDN  T(min)
E. vannus (E-arm) and

other species (C-arm)

E. crassus 25/12(13) 35 20/5(25) 60
E. minuta 28/14(8) 20 37/4(9) 35
E. raikovi 25/14(11) 15 34/12(4) 30
E. charon 29/9(13) 15 37/3(10) 30
E. magnicirratus 34/12(4) 15 4177 (2) 30
E 29/8(13) 15 38/8 (4) 30

. rariseta

. E. vannus is placed in the E-arm while different species (left column)
are successively placed in the C-arm to test their relative strengths in
attracting Litonotus. FDN (First Difference Number): the number of
Litonotus in the E-arm vs. that in the C-arm (in parentheses: the number
of Litonotus in the N-arm) at the moment of the first significant
difference; FDT (First Difference Time): the time lag necessary for the
firstsignificant difference to occur; MDN (Maximum Difference Num-
ber): the number of predators in the E-arm vs. the same number in the
C-arm (in parentheses the number of Litonotus in the N-arm) at the
moment of the greatest difference; MDT (Maximum Difference Time):
the time lag between the onset of the experiment and the occurrence of
the greatest difference

DISCUSSION

The predator Litonotus lamella can recognize from a
distance its prey, (I recognition step) to intercept them and,
upon direct cell-cell recognition (II recognition step), to
discharge its toxicysts before to kill. This is the main result
obtained by our experiments, but a careful discussion is
necessary to deepen our understanding of such a complex
phenomenon. First of all it represents the solution of the
question proposed by Ricci and Verni (1994) who, de-
scribing the series of steps guiding L. lamella to feed on
E. crassus, left undefined the very first stage of the
interacting relationships between L. lamella and
E. crassus. This is namely the way by which the former
contacts the latter. The data obtained rule out any random
exploration by L. lamella while searching for its preys: the
species indeed proved it was capable of approaching the
prey efficiently. Such a capability, in turn, shows a
predatory strategy which is quite sophisticated and
somehow different from that of other predator ciliates,
such as Enchelys mutans and Chaenea vorax (Dragesco
1962) or Dileptus anser (Miller 1968), which can only
intercept their prey by chance and which, very likely due to
such a handicap, do not show any alimentary specialization,
being capable of feeding on flagellates, amoebae, ciliates and
even planarians. This non-oriented predatory behaviour,
suggesting interesting possibilities of mathematical model-
ling (Voit 1984), is very likely to be more primitive, it being
less specialised than the oriented predation. The latter case,
on the contrary, implies a far more sophisticated chemo-
orientation from the point of view of the mechanisms
involved: that this could be the case also for Litonotus had
already been indirectly reported by Dragesco (1962). Our
data, however, have been obtained by ad hoc experiments
using the T-maze technique (cf. also Berger 1980, Van
Houten et al. 1981, Leick and Helle 1983, Francis and
Hennessey 1995) and this makes them indicative of many
different characteristics of the Litonotus - Euplotes system.

A B C D E
Litonotus recognizes Litonotus changes Litonotus discharges its Litonotus creeps Litonotus ungulfs
from a distance the its behaviour and toxycysts, upon direct backwards and starts stricken specimens of:
soluble factor of finishes close to the cell to cell contact, scarching for the E. vannus,
Euplotes vannus, prey against stricken prey: E. crassus,
E. crssus, E. minuta, E. vannus, E. vannus, E. . minuta,
E. raikovi, E. charon E. crassus; E. crassus, E. raikovi
[the first level of E. minuta; E. minuta,
recognition of prey E. raikovi; E. ratkovi
individuals|. (not E. charon)
[the second level of
recognition of prey
individuals].

Fig. 4. A scheme showing the principal steps following each other in the predation of Litonotus on Euplotes: the A and B steps represent the
main results of this round of experiments, while the C, D, and E steps are just the rearrangement of the more detailed data reported by Ricci and

Verni (1994)
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In the apparatus described in Fig. 1, Litonotus proved
it was able to track Euplotes from a distance of at least 3
cm. According to the nature of the habitat of Euplotes,
namely the tridimensional net of tunnels existing in the
sandy substrate preferred by this organism (Ricci 1989),
we can put forward the hypothesis that the detection
distance between Litonotus and its prey in nature can be
even greater than 3 cm: the water volume containing the
chemical(s) from Euplotes indeed is more dispersed
amid the sandy granules than in the unique volume of our
T-maze. Furthermore, our experiments showed that the
effects of Euplotes in conditioning chemically the water
in the T-maze become evident after 20 min and last for
more than 60 min: within this time lag a gradient forms
which is capable of guiding Litonotus to its prey. The
same results showed also that Euplotes releases into the
medium some chemical(s) which induce in the predator
a creeping behaviour leading it to the prey. Although the
adaptive meaning for Litonotus is self-evident, the na-
ture of its changed behaviour (is it a taxis or a kinesis?)
is still unknown and being currently analysed according
to the standard ethological techniques (Ricci 1992).
Con-A, a well known agent perturbing the cortical
glycoproteins (Ricci and Verni 1994), generally reduces
the motility of the predator (as shown by the number of
Litonotus in the N-arm, Fig. 2D) and their capability of
tracking Euplotes. This might indicate that a Kinesis,
rather than a taxis could represent the adaptive answer
of Litonotus once stimulated by the Euplotes them-
selves.

The data here reported tend to indicate that the
molecule released by Euplotes could be a large one (or
even a complex of molecules) as indicated by its thermo-
lability and this distinguishes the Litonotus - Euplotes
system from that of Didinium, which is attracted by a
thermostable molecule (Van Houten et al. 1981). The
finding that E. crassus releases some substance(s) into
the environment must be considered as a rather unex-
pected one. The species, indeed, seems to use a differ-
ent adaptive strategy, for instance, as far as the cell
bound gamones, mediating its sexuality, are concerned
(Heckmann and Siegel 1964; Nobili et al. 1978, 1987). On
the other hand, the soluble substance released by Euplotes
seems to be an aspecific one, (at least from the point of
view of the prey’s biology) and, thus (differently from the
mating substances) really specific only to guide the preda-
tor to its prey. Quite a new story, in the wider context of
the predation behaviour among the ciliates, is shown by
the demonstration that L. lamella is capable of finding and
killing several species (E. vannus, E. crassus, E. minuta,
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E. raikovi), while it can only find (and not kill) E. charon
and it ignores completely E. magnicirratus and
E. rariseta together with Euplotidium itoi, Aspidisca sp.
and Diophrys sp. The fact that the time lags between
the beginning of the experiments and the onset
of the gradient affecting the behaviour of Litonotus
are progressively longer for E. vannus, E. crassus,
E. minuta, E. raikovi and E. charon, together with
the fact that the direct choicetests (Table IV) show
that the relative attracting forces could be ordered
according to a decre asing strength ( E.vannus>
E.crassus> E. minuta> E. raikovi> E. charon) tends to
indicate that even among the potential preys a difference
occurs, at least as far as their capability of eliciting the
searching behaviour by Litonotus is concerned. The
research being carried out to isolate attractant(s) released
by Euplotes, is expected to throw new light also on the
problem of the difference in the attracting forces of the
various species: does it depend upon different amounts of
the attractant(s) released? Does it depend upon different
affinities that different attractant(s) have with the recep-
tors of Litonotus? With regard to the latter question a
ligand-receptor reaction (Esteve 1981, Ricci and Verni
1994) occurs on the basis of the specific effects of Con-
A on the predation of Litonotus on Euplotes. These
effects actually show that the soluble substance released
by Euplotes does not cross react with Con-A in the
medium, but, rather, that it binds at the cortical level of the
predator. Beyond being interesting in itself, the peculiar
fact that E. charon can be tracked by Litonotus without
evoking any discharge of its toxicysts (what sort of
mechanism might account for such an observation?)
demonstrates that the recognition of the prey actually
occurs at the two different levels and with the two
different mechanisms reported in Fig. 4. The figure is
drawn also according to the whole complex of data here
reported: (A) Litonotus lamella perceives the pres-
ence of Euplotes from a distance before changing its
behaviour in such a way that (B) it can intercept the
prey (C) Litonotus contacts directly Euplotes, the second
recognition occurs, triggering the discharge of the predator’s
toxicysts. The overall picture of the predation of Litonotus
on Euplotes is now far clearer than before and the next
two steps, presently investigated in our laboratory, are
expected to define it at least from a general point of view:
(a) does Litonotus undergo any morpho-physiological
change while creeping upgradient as Marciano-Cabral
etal. (1987) found in Naegleria? (b) does Euplotes sense
the presence of Litonotus and, if this is the case,
does it undergo any adaptive change as E. octocarinatus
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does against Lembadion (Kuhlmann and Heckmann
1985) ?

The outcome of these experiments demonstrate that
the study of predatory systems, like that of
Litonotus - Euplotes, actually represents a multifaceted
precious approach to the biology of these unique organ-
isms, the first eukaryotes to conquer the trophic niche of
the secondary consumers, the predators.
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The Sludge Biotic Index for the Evaluation of the Activated-sludge Plant

Performance: the Allocation of the Ciliate Acineria uncinata

Correct Functional Group

Paolo MADONI
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Summary. In this paper the position of the ciliate Acineria uncinata Tucolesco 1962 into the functional groups of the protistan community
of the activated-sludge process was investigated. Ciliate communities colonizing four different activated-sludge plants receiving domestic and
industrial waste were monitored. The dynamics of the observed ciliate species was studied through the microscopical analysis of the samples
collected in the aeration tank. The sludge biotic index (SBI) method was applied to the observed microfauna and the results obtained were
compared to the chemical and operational parameters. Statistical analysis of these data, revealed a negative linear relation between A. uncinata
and crawling ciliates, possibly due to competition. Lastly, the hypothesis was put forward that A. uncinata is a crawling form rather a free-

swimming form in the activated sludge.

Key words: Acineria uncinata, activated sludge, ciliated protozoa community, functional groups, sludge biotic index

INTRODUCTION

It is well known that the performance of the activated-
sludge sewage-treatment process is strictly associated to
both density and structure of the protistan community
(ciliates, flagellates, amoebae) colonizing the activated
sludge in the plant aeration tank (Curds and Cockburn
1970, Curds 1975, Madoni and Ghetti 1981, Antonietti et
al. 1982, Madoni 1982). In sewage-treatment processes
the components of the microbial community and their
ecological valency can be utilized as indicators of different
operational conditions of the plants.

In particular, the sludge biotic index (SBI), an objective

Address for correspondence: Paolo Madoni, Dipartimento di Scienze
Ambientali, Universita di Parma, Viale delle Scienze, 1-43100 Parma,
Italy; FAX: +39 - 521 - 905402

index based on protistan community, has been devised to
monitor activated-sludge plant performance (Madoni 1994).
This method is based on two principles. First, the domi-
nance of protistan keygroups changes in relation to
environmental and operational conditions of the plant.
Secondly, cell density and number of taxa diminish as the
efficiency of the plant drops.

Since the majority of ciliates present in biological
sewage-treatment plants feed upon populations of dis-
persed bacteria, protistan keygroups consist chiefly of
bacterivorous ciliates which can be subdivided into three
functional groups on the basis of their behaviour: free-
swimmers, crawlers, and attached. All bacterivorous
ciliates rely upon ciliary currents to force suspended
bacteria into the oral region. So, while free-swimming and
attached ciliates are in competition for bacteria dispersed
in the liquid phase, crawling forms, that are in proximity to
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surface growths, feed upon particles that lightly adhere to
the sludge and that are dislodged easily by the feeding
currents (hypotrichous ciliates) or by scraping (cyrtophorian
ciliates). Due to the different food habits preventing
competition, crawling and attached ciliate functional groups
co-dominate the protistan community in activated-sludge
plants. On the contrary, swimming bacterivorous ciliates
are more abundant in the early phases of developing plant,
when sludge flocs are still scarce and, consequently,
sessile ciliates are absent. Nevertheless, when the plant
reaches the optimum efficiency, soon they are competi-
tively displaced by attached ciliates which are more
efficient than free-swimming ciliates in enforcing sus-
pended bacteria and flagellates into the oral region.
Moreover, free-swimming forms are washed out of the
system, whereas attached and crawling forms are rein-
oculated with the return sludge. This explain why an
efficient activated-sludge plant presents a protistan com-
munity composed chiefly by crawling and attached cili-
ates, with almost no swimming ciliates and flagellates.

Nevertheless, among ciliated protozoa commonly found
in activated sludges, there are some species, such as
Acineria uncinata, Trachelophyllum pusillum, and
Drepanomonas revoluta, which position into a well de-
fined functional group appear problematic in the applica-
tion of the SBI method. These three ciliate species are
considered free-swimming forms but their grazing activity
seems to depend more on the floc phase than the liquid
one. The arrangement of these species into the appropri-
ate functional group would make the sludge biotic index
a more reliable measure to evaluate plant operating
conditions.

In order to resolve this problem four different acti-
vated-sludge plants were analyzed. In each plant the
protistan community was characterized by Acineria unci-
nata Tucolesco 1962 as important component in term of
abundance and frequency. The protistan communities
and the main operational conditions of the plants were
monitored to obtain information useful in determining the
SBI functional group to which A. uncinata belongs.

MATERIALS AND METHODS

Sampling

The study was carried out in four activated-sludge plants located
in the Po River plain (Northern Italy). The plants were monitored
weekly. The activated-sludge plant receiving domestic and industrial
sewage from the town of Bergamo (BG) was monitored over a two-

year period from May 1993 to May 1995. One of the two plants
receiving domestic waste from the town of Reggio Emilia (M1) was
monitored from March 1989 to April 1990, while the second plant (M2) was
monitored from April to September 1989. The plant at Roncocesi (RO),
treating domestic and industrial sewage from a wide area in the province
of Reggio Emilia, was monitored from November 1990 to July 1991.

On each sampling event, samples of settled sewage, mixed
liquor, and final effluent were collected and conveyed to the
laboratory for chemical and biological analysis. Samples of mixed
liquor for microscopical observations were kept alive during both
carriage and analysis period, by aerating them sufficiently to keep
all solids in suspension.

Physico-chemical and operational parameters

In each sampling event, biological oxygen demand (BOD,),
chemical oxygen demand (COD), suspended solids (MLSS), vola-
tile solids (MLVSS) and oxygen uptake rate (OUR) were deter-
mined following the Standard Methods (APHA 1985). Flow data
necessary for the calculation of retention time, sludge age and
loading rate, were also registered. The operational conditions of the
plants are shown in Table 1. Values of BOD,_ in the effluent were
low, indicating a good purification efficiency with values of organic
matter removed ranging from 78.3 % to 90.4 % . During the
sampling period, dissolved oxygen in the aeration tank was always
present at concentrations sufficient to mantain the activated sludge
in aerobic conditions. Mean values of D.O. ranged from 2.9 mg/l at
plant M2 to 7.3 mg/l at plant BG. During the two-year study the
mixed liquor suspended solids (MLSS) in the aeration tank of the
plant BG ranged from 3.0 to 4.5 g/l and volatile solids were on
average 70% of suspended solids (Goffredi et al. 1996). The other
plants showed mean values of MLSS ranging from 2.1 g/l (plant
M2)to 5.1 mg/l (plant RO).

Identification and enumeration of microorganisms

Microscopic analysis was performed as soon as possible, and in
any case within 2-3 h since sample collection, using both bright field
and phase contrast illumination. Ciliated protozoa were identified
according to Madoni (1988) and Foissner etal. (1991-1995) and by
using special staining techniques such as ammoniacal silver carbon-
ate (Fernandez-Galiano 1976). Other protists than ciliates were not
identified but some characteristic forms were assigned to generic
level following Streble and Krauter (1981) and Lee et al. (1985).

In each sample, estimates of protozoan population densities were
based on enumerations from sub-samples extracted with an automatic
micropipette. The most appropriate drop size and number of replicate
counts were selected each time, according to the sub-sampling technique
described by Madoni (1984). Mostly, 25 pl sub-samples of activated-sludge
mixed liquor were taken and two replicates of this volume were counted.

Evaluations of the biological performance of the activated-sludge plant
- performed on the basis of the protistan community present - were made
using the sludge biotic index (SBI) devised by Madoni (1994).

Statistical analysis of data was performed using the PC application
program Stat View I (Feldman et al. 1987), and transforming percent
values in arcsin 4@
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RESUIIS AND DISCUSSION

Durirg the whole period of study, 32 taxa of ciliated
protozozand 2 taxa of testate amoebae were identified. Not
all ciliates were identified to species level, and the testate
amoebac not at all. Other protists, such as naked amoebae
and flagdlates, were also observed. Table 2 shows the list of
ciliates ind other groups observed in the activated-sludge
plants ard their relative frequencies and abundances. In the
aerationtank of the four plants, density values of ciliated
protozoar communities were higher than 1 x 10° individuals
per liter «f activated-sludge mixed liquor. At plant BG, mean
abundance values were 15.4 x 10° ind./l with the greatest
density rzached in January 94 with 33.3 x 10°ind./l, and the
smaller values of density observed in October '93 with 6.5
x 10° inc/1. At plants M1 and M2 mean abundance values
were 22.1 x 10°ind/1and 13.6 x 10° ind/l respectively, while
at plant RO the ciliate density ranged from 5.1 t0 50.7 x 10°
ind./l, wth a mean value of 17.6 x 10° ind/l.

The dynamics of the three functional groups (free-
swimming, crawling, and attached) of the ciliate community
are reported in Fig. 1. In most cases, the species making up
the ciliat: community were present during most of the study
period wth the exception of free-swimming ciliates of which
onlyAcireria uncinata was present during the whole period.
The ciliae communities were almost always dominated by
attachedand crawling forms of which the most representa-
tive spedes were Vorticella convallaria and Aspidisca
cicada, respectively. In some occasions (August 93 and
July "94at plant BG:; March, July, and August '89 at plant
M2; March "90 at plant RO) the ciliate community was
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Fig. 1. Temporal changes in the proportion of the three functional groups
(free-swimming, crawling, and attached) of the ciliate community in the
four studied activated sludge plants, measured in terms of numerical
abundance. (Black area- free-swimming ciliates; white area- crawling
ciliates; gray area- attached ciliates).Some protists, such as carivorous
ciliates and testate amoebae are not represented here.

dominated by free-swimming forms, represented princi-
pally by Acineria uncinata.

The values of the sludge biotic index (SBI) are repre-
sented in Fig. 2. The judgements obtained from this type
of analysis corresponded in most cases to plants belonging
to a first quality class (SBI=10) with very well colonized
and stable sludge, excellent biological activity, and very
good performance (Madoni 1994). Whenever free-swim-
ming forms, represented by Acineria uncinata , predomi-
nated, the SBI values resulted lower than 6, corresponding
to a third class of quality. These values did not agree with
the prevalent physico-chemical and operational param-
eters which indicated a good purifying efficiency.

In the application of the sludge biotic index (SBI), the
species A. uncinata was assigned to the group of free-
swimming ciliates. Itis to be underlined that this species

able 1. Sstmmary of the mean, minimum and maximum values of some sico-chemical and operatio al s in four activated-sludge
Table 1. Semm fthe m minimum and | f h h 1 and operational meters in four activated-sludg

plants
Parameter BG
Mixed-liqior temperature (°C) 16.8
(8.8-24.1)
D.O. (mg1) 73
(6.5-7.9)
BOD, inflaent (mg/l) 116
(70-186)
BOD, efflaent (mg/l) 16
(8-46)
Purificatien efficiency (%) 80.2
(70.1-89.6)
MLSS (g/h) 4.1
(3.0-4.5)
Sludge loading 0.52
(kgBOD /kgMLSS d) (0.23-0.84)

Mi M2 RO
16.6 19.1 16.1
(8.5-24.6) (14.8-25.1) (7.0-23.8)
35 29 52
(0.9-7.8) (0.6-7.7) (35-8.1)
180 153 187
(45-420) (68-350) (54-285)
41 33 18
(8-67) (14-60) (4-46)
814 783 90.4
(69.5-90.1) (68.8-93.0) (50.0-98.3)
24 2.1 5.1
(1.5-3.0) (1.1-3.5) (3.5-6.8)
0.20 0.21 0.03
(0.16-0.25) (0.16-0.28) (0.01-0.07)
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Table 2. List of ciliates and other protists observed in four activated-sludge plants and their relative frequencies (F) and mean abundances (A)
(F- percentage of samples containing the species; A- the average ratio calculated considering the number of individuals belonging to a species
divided by the total number of individuals sampled, and expressed as percentage)

Plant BG MI M2 RO
Functional Group and Species R A F A F A F A
BACTERIVOROUS CILIATES
Free-swimming forms:
Acineria uncinata* 9% 94 %0 9.1 100 21.1 91 42
Cinetochilum margaritaceum 3 <l 3 <l - - - -
Colpidium colpoda 23 <l - - - - 4 <l
Drepanomonas revoluta*® 13 <l 100 20 43 <l 56 <l
Glaucoma scintillans <l <l - - - - - -
Paramecium caudatum 4 <l - - - - - -
Tetrahymena pyriformis 5 <l - - - - - -
Trachelophyllum pusillum* - - - - - - 4 <l
Uronema nigricans 7 <l 25 <l <l - -
Crawling forms:
Aspidisca cicada 100 413 100 472 100 37.1 100 404
Aspidisca lynceus 9 <l 7 <l - - - -
Chilodonella uncinata 95 49 42 <l 7 1.0 52 <l
Euplotes sp. 71 23 83 13 8 19 30 <1
Stylonychia sp. 6 <l - - - - - -
Trithigmostoma cucullulus 85 1.5 3 <l 7 <l - -
Trochilia minuta 3 <l 21 1.5 78 1.4 65 <l
Attached forms:
Carchesium sp. - - 5 <l 14 <l 56 5.7
Epistylis spp. X 6.3 73 38 100 119 100 134
Opercularia spp. 90 5.1 93 7.6 93 52 100 155
Stentor sp. <l <l - - - - - -
Vorticella aquadulcis 83 2.7 93 37 93 23 100 13.0
Vorticella convallaria 9 11.7 95 132 100 12,6 91 52
Vorticella microstoma 75 1.0 93 44 100 33 9 <1
Vorticella sp. 9 6.6 - - - - - -
Zoothamnium  sp. 96 25 29 32 21 <l 26 <l
CARNIVOROUS AND
OMNIVOROUS CILIATES
Acineta sp. 64 <l 25 <1 14 <l 35 <l
Amphileptus sp. 2 <l - - 7 <l - -
Coleps hirtus <l <l - - - - - -
Litonotus spp. 67 <l 59 <l 93 <l 39 <l
Podophrya sp. gy <l 46 <l 4 <l 17 <l
Prorodon sp. <l <l - - - - - -
Tokophrya spp. 11 <l 41 <l 50 <l 26 <1
Naked amoebae 76 <l 61 <l 71 <l B <l
Testate amoebae:
Arcella sp. 3 <l 19 <l 43 <l 9% <1
Euglypha sp. 4 <l 17 <l 14 <l 39 <l
Large flagellates:
Euglena sp. 2 <l 42 <l 50 <l 13 <1
Peranema sp. 47 <1 - - - - - -

* Incertae sedis: these species are considered free-swimming forms but their grazing activity seems to be linked to the floc (Madoni 1994)
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Fig. 2. Values of sludge biotic index SBI(#), obtained with the protistan
community for the four activated-sludge plants, compared with the
concomitant percentage of BOD, removal (o). (The SBI values were
obtained including Acineria uncinata in the free-swimming ciliate
functional group)

was the only component of the free-swimmer group in the
major part of samples collected. Consequently, the esti-
mate of the SBI values reported in Fig. 2 resulted in some
occasions heavily influenced by having considered
A. uncinata as a free- swimming form. In these cases
estimated SBI values were not in agreement with purifi-
cation efficiency revealed by chemical and operational
parameters (Fig. 2, Table 1). Moreover, comparing the
values of sludge loading (Table 1) with the trend of free-
swimming ciliates (Fig. 1) emerges that A. uncinata
showed the highest abundance values on occasions of low
sludge loading (< 0.2 kg BOD, /kg MLSS d). This is in
contrast with Curds and Cockburn (1970) who found
free-swimming forms to dominate ciliate community at
high sludge loadings (0.6-0.9 kg BOD, /kg MLSSd).

Fig. 3. Values of sludge biotic index SBI (¢), obtained transferring
Acineria uncinata in the crawling ciliate functional group, and com-
pared with the concomitant percentage of BOD, removal (0)
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The above observations suggest that A. uncinata
should not be regarded as a free-swimming form, and the
results obtained in this paper strengthened the critical
position assigned by Madoni (1994) to this species,
classified as “incertae sedis” when the SBI method is used.
If A. uncinata would be transferred to the crawling
ciliates the SBI values would always by higher than 7, i.e.
to a first class of quality, in agreement with purification
efficiency revealed by chemical and operational param-
eters (Fig. 3).

By testing the existence of possible relationships be-
tween A. uncinata and the other functional groups
(crawling and attached ciliates) was an expedient to see
whether data collected in the present work could be useful
to the widening of this important question. For this
purpose, statistical analysis of regression was performed
on the data. Results obtained (Fig. 4) revealed a negative
linear relation between A. uncinata and crawling ciliates,
whilst no correlation was observed between this species
and attached ciliates. In addition we performed a non-
parametric correlation analysis (Kendall T ); results ob-
tained confirm the previous outcomes of parametric
regression test (RO: 1 = -0.431, p= 0.0001;
BG: 1 =-0.601, p= 0.0001; M1: t = -0.424, p= 0.0001;
M2: 1t = -0.495, p= 0.01). It appears thus that in the
activated sludge A. uncinata puts itself in a relationship
of competition with crawling ciliates, occupying the same
ecological niche. It is well-known, in fact, that in activated
sludge sessile and crawling forms normally coexist without
competition because of their different ecological niches.
By contrast, sessile and free-swimming ciliates compete
for bacteria and small flagellates dispersed in the mixed
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Fig. 4. Relationship between crawling ciliates and Acineria uncinata
in the four activated-sludge plants during the studied period
(BG:y=-0.893x+1.039;r*=0.675;M1: y =-0.745x +0.939; r* = 0.456;
M2:y=-0.617x+0.938;r = 0609 RO:y=-0473x +0.663;r°=0.415).
Data are represented as arcsin Ao of abundance percentage values
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liquor (Madoni 1994). Moreover, every species within
each functional group competes with each other depend-
ing on the ecological niche occupied. According to Augustin
etal. (1987)A. uncinata eats only small prey (flagellates)
because of its restricted cytostome. The data presented
here, however, suggest that A. uncinata in the activated
sludge might be considered more similar to that of effluent
clarifiers such as filter feeding ciliates than that of carnivo-
rous ciliates, even thoughA. uncinata carry out its activity
on the floc rather in the mixed liquor. Nevertheless, further
direct microscopical examination of A. uncinata isolated
from an activated-sludge plant might give a clue as to
whether it adopts a “free-swimming” or a “crawling”
mode of behaviour.

In conclusion, this study revealed that in the activated-
sludge process a close correlation exists between A.
uncinata and crawling ciliates, indicating it is unlikely that
this species is a free-swimming form. Nevertheless, more
supporting experimental evidence is needed, in order to
confirm this and to clarify the position of A. uncinata in
the SBI functional groups as a crawling form rather a free-
swimming form.
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Interactions between Planktonic Protozoans and Metazoans after the
Spring Bloom of Phytoplankton in a Eutrophic Lake, the Belauer See, in
the Bornhoveder Seenkette, North Germany

Heike ZIMMERMANN

Max-Planck-Institut fiir Limnologie, Plon, Germany

Summary. To obtain information about the planktonic protozoans that form a link in the flux of matter from bacterio- to metazooplankton in the
eutrophic Belauer See, one of the lakes in the Bornhveder Seenkette of North Germany, abundance, biomass, production, and grazing loss rates
of the planktonic bacteria, algae, ciliates, flagellates, rotifers, and crustaceans were estimated. Different trophic levels were isolated using the
size fractionation technique, and each was exposed for 24 and 48 h to ambient conditions. Changes in their population densities were recorded.
Toward the end of winter, herbivorous protozoan plankton developed together with small algae. Protozoans that feed on algae were predominant
during our experiments in spring. They were preyed upon in turn by rotifers and crustaceans. The protozoan community structure was influenced
by the presence of cyclopoid copepods, which were also the main predators on rotifers. Cylopoids were the main top-down controlling organisms

in the pelagic food web during the spring.

Key words: energy flux, eutrophic lake, metazoa, pelagic food web, protozoa.

INTRODUCTION

Planktonic protozoans constitute an important part
of the microbial food web (Pomeroy 1974, Azam et al.
1983) and play two principal roles in the aquatic
system. They are the intermediate organisms that link
phytoplankton and bacteria with higher trophic levels
(Verity 1991), and they are important sources of
remineralized nutrients (Caron 1991). Quantitative
investigations of all components of the protozooplankton
in freshwater systems with calculations of energy
fluxes (Weisse et al. 1990, Gaedke and Straile 1994)
are rare. Protozoa were investigated in Lake Oglethorpe

Address for correspondence: Heike Zimmermann, Institut fiir
Hydrobiollogie und Fischereiwissenschaft, Universitit Hamburg,
Zeiseweg 9, D-22765 Hamburg, Germany; E-mail: hz@rrz.uni-ham-
burg. de

(Sanders et al. 1989), the Lake of Constance (Weisse
etal. 1990, Geller et al. 1991), the Miiggelsee (Arndt
and Nixdorf 1991), and water bodies near Schwerin
(Mathes and Arndt 1995).

In recent years, studies on the activity and biomass
of bacteria and protozoans showed that the
bacterioplankton is controlled mainly by
protozooplankton (Giide 1989, Weisse 1990), while
metazooplankton has an impact on the protozoa (Giide
1988, Stoecker and Capuzzo 1990, Arndt 1993, Jiirgens
1994). There is little information about interactions
among the species in the protozooplankton (Weisse
1990, Arndt and Nixdorf 1991) and about their impact
on phytoplankton in early spring. The authors who
formulated the PEG-model (Sommer et al. 1986,
Sommer 1994) thought that small phytoplankton was
consumed mainly by small metazooplankton. The im-
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pact of protozooplankton on phytoplankton was not
even considered by the authors of the PEG-model.
The experiments performed at the Belauer See are
the first to encompass all components of the microbial
food web in an eutrophic lake during spring. They are
designed to assess the importance of protozooplankton,
which includes the first herbivorous species top de-
velop a large biomass during the spring phytoplankton
bloom. Their interactions with various functional groups
were studied while the phytoplankton was developing.

MATERIALS AND METHODS

Study site

Belauer See, a lake in the Bomhoveder Seenkette in North Germany,
is a holomictic, dimictic, eutrophic lake with an area of 1.13 km*and a
maximal depth of 29.6 m (Miiller 1981).

Sampling

Water samples were collected at seven different depths: 1, 3, 5, 10,
15,20 and 25 m, from the deepest part of the lake at biweekly intervals
from January to June.

Picoplankton and flagellate abundance

Samples for determination of picoplankton and flagellate abun-
dance were fixed in 1.5% formalin and stained with the fluoro-
chrome, 4',6-diamidino-2-phenylindole (DAPI), according to Por-
ter and Feig (1980). The picoplankton was counted on black
membrane filters.

Chlorophyll @ biomass

The lake water was filtered through a 47 mm Whatman GF/F
glassfiber filter and frozen at -20°C. The pigments were extracted with
ethanol according to the methods of Nusch (1980). A 2.0 I sample was
filtered.

Primary production

Primary production within the particulate fraction was calculated as
incorporated "“C according to Tilzer and Beese (1988).

Ciliate abundance

Samples of 0.2 ] used to investigate the ciliates were fixed immedi-
ately after sampling by adding 0.06% HgCl,. Ciliates were counted
under the Utermdéhl inverted microscope (Utermohl 1958). Samples
of 0.01 1 were allowed to settle for 24 h; then, the entire surface of
the settling chamber was examined at 200 x magnification. Ciliates
were determined in most cases to the level of genus and sorted according
to their size groups.

Crustacean abundance

The abundance of crustaceans was recorded in samples fixed with
4% formalin.

Size fractionation technique

To study the growth rates, grazing impact, and energy fluxes from the
picoplankton to the metazoans in spring, the size fractionation technique
(Ardt 1990, Landry 1994) was employed in April 1991. The water
column below 3 m was sampled by making four hauls witha 3.6 1 Haney
chamber (Haney 1971).

To separate the species at the higher trophic levels in the plankton,
the water was filtered through 150, 44 and 15 um sieves. Filtered and
unfiltered water (UF) as well as water enriched with zooplankton (3 x
>150 um and unfiltered water, ZP) was placed in 1 | glass bottles. All
procedures were performed on triplicate samples. The bottles were
exposed on arotating wheel under ambient conditions.

Abundance and biomass of the autotrophic picoplankton (APP),
bacteria, algae and protozoa were determined at the beginning of the
experiment and after incubation periods of 24 and 48 h. The protozoa
were separated into several groups: nanoflagellates (NF), flagellates
smaller than 20 pum, large heterotrophic flagellates (LF), flagellates
larger than 20 um, nanociliates smaller than 20 pm (NC), and ciliates
larger than 20 um (L.C). Rotifers and crustaceans were counted at the
start and at the end of the experiments.

The phytoplankton, ciliate, and rotifer species were identified in
samples fixed in Lugol’s solution as described above. The abundance of
bacteria, APP, NF, rotifers, and crustaceans were determined as
described above. The size of the bacteria, APP, and NF was measured
using an image analysis system developed and described by Schrider
and Krambeck (1991). The sizes of the algae, ciliates, and rotifers were
measured under the microscope, and the volume was calculated using
appropriate formulas (Ruttner-Kolisko 1977). Crustacean abundance
was converted to biomass according to known relationships between
body length and dry weight (Downing and Rigler 1984).

The number of cells and their biovolumes were used to calculate the
amount of carbon using the following conversion factors: for bacteria
15 fg C cell”' (Simon and Tilzer 1987); NF 220 fg Cum™ (Bgrsheim and
Bratbak 1987); ciliates 110 fg Cm* (Turley et al. 1986); rotifers 50% of
dry weight, and crustaceans 43% of dry weight (Weisse et al. 1990). For
arough calculation of total phytoplankton C, we converted chlorophyll
a values to C, assuming a C: chlorophylla ratio of 25:1, whichis typical
for phytoplankton during spring blooms in lakes (Bell and Kuparinen 1984).

Protozoan production was estimated from the mean cell concentra-
tions and the calculated size specific growth rates (Zimmermann 1994).
The production of metazooplankton was derived from the calculated
community ingestion rates, assuming a growth efficiency of 25%
(Bosselmann and Riemann 1986). To determine the food supply of the
protozoa, their ingestion rates were calculated, assuming that 200% of
the body weight per day must be ingested by individuals in the size class
from 5 to 50 x 10 um*, when their production efficiency is 50%. An
ingestion rate greater than 300% of the body weight is assumed for
smaller individuals, and 150% for larger ones (Laybourn-Parry 1984).

RESULTS

In early spring algae were dominated in the eutrophic
Belauer See by Bacillariophyceae, followed in abundance
by crysophyceans. The centric diatoms, Cyclotella radiosa
(Grunow) Lemmermann 1900, Stephanodiscus minutulus
(Kiitzing) Cleve and Moller 1878 and Stephanodiscus
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parvus Stoermer and Haknsson 1984, were most numer-
ous until the middle of April. Planktonic bacteria (Fig. 1)
showed much less variability in abundance. APP was not
significantly represented during spring. Ciliates were scarce
in winter (Fig. 1) but became more abundant during the
first phytoplankton bloom, which was produced by dia-
toms. NF and LF (Fig. 1) were not numerous in spring.
The crustaceans (Fig. 1) were most numerous in spring,
when copepods were predominant.

The experiments were performed in the middle of
April, three days before the phytoplankton abundance
maximum in spring of 650 mg chlorophyll @ m? (Fig. 1)
was recorded. In April 1991, several weeks of calm, sunny
weather produced a rapid increase in the surface water
temperature and an incipient thermal stratification. When
the surface temperature reached about 5.5°C, the chloro-
phylla concentration started to rise rapidly (Fig. 1). During
the first phytoplankton peak, the centric diatoms,
Cyclotella radiosa, Stephanodiscus minutulus and
Stephanodiscus parvus, were predominant. The algae at
this time were small and could be consumed by the ciliates.
Of the 12 x 10” bacterial cells I'', 5 x 10° bacteria I’ were
in the size class >0.54 um. They began to become more
abundant in the middle of April together with the phy-
toplankton. The maximal abundance of the ciliates was
65 x 107 individuals I''. The ciliate community consisted
primarily of 13 ciliate species. Vorticella rhabdostyloides
Kellicot 1885, (18 x 10* cells 1') and Tintinnidium
fluviatile (Stein 1863) Kent 1881 (47 x 10° cells I'') were
the most abundant of them. The NF increased to about
6.87 x 10° cells 1" and the LF, mainly Gymnodinium
helveticum var. apiculatum (Zacharias) Utermohl 1925,
to about 36 x 10° cells I'". The only crustaceans present
were the copepods, Cyclops kolensis Lilljeborg 1901,
Cyclops vicinus Uljanin 1875, and Eudiaptomus
graciloides Lilljeborg 1888. They were mostly copepodids,
and only a few adults were present. Populations of the
cladocerans, Daphnia longispina O. F. Miiller 1785,
Bosmina longirostis O. F. Miiller 1785, and Chydorus
sphaericus O. F. Miiller 1784, were also present, together
with 13 rotifer species, the most abundant of which was
the raptorial Synchaeta pectinata Ehrenberg 1832.

Dissolved P decreased sharply near the surface of the
water while the bloom was developing. During the peak,
TDP decreased. NO,-N and silica concentrations also
decreased during the course of the bloom.

Figure 2 shows that five size fractions were used: ZP,
UF, <150 pum, <44 um and <15 pum. In bottles to which
metazoans, such as Cyclops sp., were added, there were
significant reductions in the abundance of protozooplankton
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(ANOVA: p <0.05). After 48 h, 50% of the ciliates and
25% of the LF and NF communities had been eliminated.

All protozoan species increased in abundance. The LF
showed a decrease of about 75% in bottles with organisms
<150 um. There was a significant increase in the NF in
bottles with organisms <44 pum and <15 pm. The ciliates
also increased in abundance in bottles <15 pum.

DISCUSSION

The growing season started with the onset of thermal
stratification in spring. Due to the stratification, turbulent
mixing was reduced, and therefore, the average light
intensity to which phytoplankton was exposed increased.
Nutrients had accumulated in the water column during the
winter and the onset of stratification ended the period of
light limitation. Favourable light conditions and nutrient
availability promote rapid algal growth and seasonal changes
in phytoplankton abundance. The events followed typical
patterns of a succession that have been described for
eutrophic lakes (Sommer et al. 1986). The subsequent
increase in phytoplankton biomass and the first peak in
primary production occur during the spring phytoplankton
bloom. The phytoplankton was dominated by centric
diatoms during its peak in spring. The zooplankton con-
sisted of mainly herbivorous organisms, which developed
together with the phytoplankton (Fig. 1). These included
Tintinnidium and Gymnodinium, two protozoans, that
graze on centric diatoms (Zimmermann 1994). The turn-
over of herbivorous metazooplankton was low in early
spring. Ciliates and LF include important phytoplankton
grazers. These utilized plants for most of their food. A
close relationship between algal biomass and bacterial
abundance (Bell and Kuparinen 1984, Lancelot and Billen
1984) is apparent in Fig 2. Aquatic bacterial production is
currently thought to be largely controlled by NF and LF,
which are the most important consumers of bacteria
(Sherr and Sherr 1984, Porter et al. 1985).

Cyclops kolensis, a raptorial feeder, was the most
important top-down controlling organism in the planktonic
community during spring. In bottles without copepods,
the rotifers, Asplanchna priodonta Gosse 1850, and
Synchaeta pectinata, increased in abundance, while cili-
ates and LF became scarce. Rotifers ingested two to five
ciliates per hour under natural conditions (Zimmermann
1994), and like crustaceans (Berk et al. 1977), they are
able to meet their energy requirements by feeding on
protozoans. Experiments with labelled Cyclidium sp.
demonstrated that ciliates were really consumed rather
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Fig. 2. Changes in percent and standard error of: ciliates (diagonal
hatched columns), NF - nanoflagellates (horizontal hatched columns),
and LF - flagellates >20 um (open columns) at the start (a), after 24 h
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zooplankton (3 x <150 pm and unfiltered water), UF - unfiltered water,
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than merely destroyed by sloppy-feeding effects
(Zimmermann 1994). The grazing impact on protozoans
by rotifers with grasping mouthparts seemed to be greater
than that of filter feeding brachionids (Arndt 1993). Under
field conditions, Ejsmont-Karabin (1974) found that
Asplanchna sp. fed on the slowly growing ciliate Codonella
sp., with nearly the same efficiency as on rotifers, and
Gilbert and Jack (1993) found that Synchaeta pectinata
can feed on ciliates with a filtration rate up to 50 times
greater than that used for phytoplankton. This demon-
strated the ability of crustaceans and rotifers to influence
the structure of protozoan communities.

In bottles without grazers, an increase in ciliate and
flagellate abundance was evident. Nevertheless, the abun-
dance and diversity of the protozoans was low probably as
aresult of a low diversity of prey organisms, such as centric
diatoms and bacteria. Some protozoans developed survival
strategies during the spring to escape the predator pressure
by rotifer and cyclopoids. Ceratium and Gymnodinium, two
dinoflagellates, produced large single cells, unwieldy for most
grazers. Vorticella rhabdostyloides, a peritrich ciliate, was
not evident during cursory examinations because it at-
taches to centric diatoms, and many ciliates, including
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Tindinidium fluviatile, Tintinnidium cylindrata Kofoid
and Campbell 1929, and Codonella cratera Leidy 1877,
had loricas that serve as refuges from raptorial feeders.
Nevertheless, many copepods ingested tintinnids together
with their loricas, which were sometimes visible in the
faecal pellets of the copepods. However it was sometimes
observed that only the tintinnids were eaten and their
empty loricas were discarded (Zimmermann unpubl.).
Predators kept their abundance below the carrying capac-
ity. In spring, 50% of the ciliate standing stock was
consumed through metazooplankton grazing. Similar re-
sults were described by Stoecker and Capuzzo (1990) and
Sanders and Wickham (1993).

In contrast to that the most phytoplankton, nanoflagellate
and ciliate can nearly compensate for grazing losses
through their more rapid rates of reproduction when ample
food is available (Jiirgens, Arndt and Zimmermann
unpubl.). It was observed that protozoans were below
their carrying capacity while food, phytoplankton and
bacteria, were not limited. They were controlled top
down and were replaced by large, effective grazing
metazooplankton, which produced the first metzooplankton
peak.
Although the size fractionation technique is considered
to be an effective method to manipulate the planktonic

community, evidence suggests that predators and prey are
not un ambiguously separated by filters (Fuhrman and
McManus 1984, Goldman and Caron 1985) and that the
fractionation step may cause cell damage and enrichment
with dissolved organic substances (Fuhrman and Bell
1985). These fundamental problems might cause the
growth rates of prey determined in “predator-free” con-
trols to be either depressed by grazers or stimulated
artificially by organic enrichment. The situation is further
complicated by the fact that the larger size fraction
includes producers, grazers, and nutrient regenerators
with varied feedback relationships with the growth of the
microbial populations (Sieburth and Davis 1982, Sherr et
al. 1988, Stone 1990). However, the amount of error was
small, and so we used the results to estimate the causal
relationships within the plankton community in the C flow
model (Fig. 3). There was no direct energy flow in the C
flow model from the lowest trophic level, picoplankton
and phytoplankton, to the highest level, Cyclops sp. Both
ciliate groups, large ciliates and nanociliates, consumed
mainly phytoplankton. Herbivorous metazooplankton was
unimportant. It is obvious that a large fraction of primary
production was channelled through the microbial loop
during the spring bloom. Judging from the ciliate species
present, it is concluded that relatively few bacteria are

phytoplankton

10 pg C/1 —_—

10 pg Cd

Q 100 PG Cl1 we— 100 yg Cld

S50 pg C/1 - ——— 50 pg Cra

Fig. 3. Biemass (mg C 1'') and matter flux (mg C d') in the microbial food web of the Belauer See in April 1991
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consumed by ciliates in spring (Miiller 1989, Miiller et
al.1990). Some small ciliates, such as Urotricha sp.,
preferred picoplankton, which consisted chiefly of bacte-
ria, because the APP was not abundant at that time. The
C demand of NF, 25%, was low relative to bacterial
production. In contrast to the results of Weisse etal. 1990,
the production by NF was low and there was little
consumption of NF by ciliates in the Belauer See during
those experiments. In the Belauer See, the situation was
different, but the LF, especially the herbivorous
Gymnodinium helveticum, also seemed to be an im-
portant component of the microbial food web. Com-
pared to the combined protozoan consumption, the
feeding impact of metazoans, especially copepods, was
slight. The top-down controlling function of copepods
during spring seemed to be similar to that of the
cladocerans during the clear water phase. One result of
the present study showed the necessity to determine
protistan standing stocks and their grazing impact on
the planktonic food webs during spring. It was obvious
that a large fraction of the phytoplankton is channelled
through the microbial food web during the spring
bloom (Weisse et al. 1990), because herbivorous
protozoans developed together with the phytoplankton
and earlier than the herbivorous metazooplankton.
Grazing by herbivorous metazooplankton is generally
believed to play a major role. As biomass of larger
herbivorous zooplankton such as small copepodids and
rotifer, was low in April, the grazing impact on phy-
toplankton should have been mainly due to
microzooplankton. Pelagic protozoa with their high
intrinsic growth rates are better able to respond to
the rapid increase in food supply than in the
metazooplankton. Ciliates and LF were important phy-
toplankton grazers. They obtained most of their food
as herbivores. Furthermore, they are likely to consti-
tute a major part of the diet of cyclopoid copepodids
at the beginning of the year. In this way a substantial
amount of phytoplankton may reach larger zooplank-
ton organisms, especially if growth efficiency of the
ciliates turns out to be high in spring. Another impor-
tant fact is that the microbial food web components,
with their short doubling time, produce the spring peak
in response to the increased substrate supply originat-
ing from phytoplankton secretion, cell lysis, and the
crushing of the prey during feeding. In contrast to the
findings of Azam et al. (1983) and Porter et al. (1988),
in eutrophic waters, the microbial food web was
assumed to be of major importance.
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A Sarcocystis Species from Goshawk (Accipiter gentilis) with Great Tit

(Parus major) as Intermediate Host

Milena SVOBODOVA

Department of Parasitology, Faculty of Science, Charles University, Prague, Czech Republic

Summary. One hundred and seventy five passerine birds from the Czech Republic were examined for the presence of sarcosporidia; only 5
(all great tits) were positive for muscle cysts. Three great tits experimentally fed sporocysts (12.2 x 8.4, 11-13 x 7.5-9 um) from a goshawk
developed cysts while 2 house sparrows (Passer domesticus) were not infected. The cysts from great tits muscles were morphologically similar
to those found in natural infections. The thin-walled cysts contained banana-shaped cystozoites 6.9 x 1.8 (5.9-8.5 x 1.3-2.3)um in size. The natural
life cycle of this Sarcocystis species involves goshawks and great tits. The relation of this species to S. accipitris is discussed.

Key words: Apicomplexa, birds, coccidia, host specificity, life cycle, Sarcocystis, transmission.

INTRODUCTION

Although birds have been known to harbour Sarcocys-
tis cysts in their muscles since 1865 (Kiihn ex Erickson
1940), it was only in 1977 that Munday and colleagues
described the first sarcosporidian life-cycle with a bird
(Gallus gallus) as the intermediate host and a carnivore
(Canis familiaris) as the final host. Sarcosporidia have
since been found in dozens of bird species (Kalyakin and
Zasukhin 1975) but their life-cycles have been elucidated
only in a few cases, mostly with a carnivore as final host
(Levine 1986). In his abstract, Ashford (1975) was the
first to suggest the existence of a sarcosporidian life cycle
involving birds as both final (Accipiter nisus) and inter-
mediate (Serinus canaria) host. The only named species
involving birds as both final (A. gentilis) and intermediate

Address for correspondence: Milena Svobodova, Department of
Parasitology, Faculty of Science, Charles University, Vini¢na 7, 128 44
Prague 2, Czech Republic; E-mail: Volf @beba.cesnet.cz

(S. canaria) hosts in its life cycle is Sarcocystis accipitris
(Cerna and Kvasiiovska 1986); the life cycle was inves-
tigated only in laboratory experiments.

During our investigation of sarcosporidiosis in passe-
rine birds, the great tit was the only species found to be
infected; the morphology of the cysts and cystozoites
suggested this Sarcocystis species could have a bird of
prey as final host (Munday et al. 1977). Among raptors
living in the investigated area the genus Accipiter most
often preys on birds (Hudec and Cerny 1977), and the
existence of a sarcosporidian life cycle with the goshawk
as final and the great tit as natural intermediate host
therefore seemed probable.

MATERIALS AND METHODS

Birds examined for the presence of muscular stages of sarcosporidia
were unintentionally caught during trapping of mice or were collected for
other investigations (house sparrows). They originated from Prague or
from other localities in Czech Republic. The inoculum used in experi-
mental infections originated from a single goshawk obtained from a
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Fig. 1. Individual cystozoites from the muscle homogenate of a
naturally infected greattit. Giemsa staining, x 1500

Fig. 2. Muscular cyst of Sarcocystis sp. in the great tit. Note the thin
wall without any protrusions. Histological section, Harris hematoxylin,
x 1000

taxidermist workshop DIPRA, Prague; the raptor was probably shot on
an unknown locality in Czech Republic. Three great tits and 2 house
sparrows were net-caught, each species caged separately and reared in
an animal room. The birds were fed with a combined animal and plant
feed (live insect larvae, seeds, vegetables, eggs) and subsequently
infected per os with decanted gut contents of the goshawk containing
an unknown number of sarcosporidian sporocysts. The probability that
all the 3 tits were infected with sarcosporidia before the experiment is
(5/79)* = 0.00025 (based on our data concerning the prevalence in great
tits). Two tits were Killed 2 months, 2 sparrows 4 months and 1 tit 5
months after infection. The muscles from half of the body of experimen-
tal as well as free-living birds were homogenized in saline using a
grinding mortar, filtered through gauze and centrifuged for 15 min at
approx. 1000 g. The sediment was smeared on slides, Giemsa-stained
and examined for the presence of cystozoites under immersion objec-
tive. In the case of positive result, cystozoites (Fig. 1) were measured
(n=101in each specimen), their lengths compared using the multiple range
test (ANOVA); muscles from the second half of the body were fixed in
Bouin’s fixative, embedded in paraplast, histologically processed and
stained with Harris hematoxylin (Fig. 2).

RESULTS

One hundred and seventy five passerine birds were
examined for the presence of muscular sarcosporidia.
Among them, only 5 great tits were found to be infected,
representing 2.9 % of all birds and 6.3 % of great tits
examined (Table 1). These tits originated from different
localities in the Czech Republic (2 from Prague, 50.05 N,
14.20 E; 3 others from the vicinity of Mélnik, Central
Bohemia, 50.21 N, 14.29 E; Chocen, East Bohemia,
50.00 N, 16.13 E; and Mikulov, South Moravia, 48.48 N,
16.38 E, resp.)

Table 1. Passerine birds examined for the presence of muscular
sarcosporidiosis

Bird species Examined Infected
Carduelis carduelis Goldfinch
Emberiza citrinella Yellowhammer
Erithacus rubecula Robin

Fringilla coelebs Chaffinch

Hippolais icterina Icterine Warbler
Parus caeruleus Blue Tit

Parus major Great Tit

Parus palustris Marsh Tit

Passer montanus Tree Sparrow
Passer domesticus House Sparrow
Phyloscopus trochilus Willow Warbler
Prunella modularis Hedge Sparrow
Serinus serinus Serin

Sitta europaea Nuthatch

Turdus merula Blackbird

Turdus philomelos Song Thrush

Total

)
L R

+a
\lidldé-——-td’

NMOCOCOOOCOOCOOoOUMOCOOCO

o 00 B o= L) -

3

http://rcin.org.pl



All 3 great tits fed experimentally with sporocysts,
which measured 12.2 x 8.4um (11-13 x 7.5-9), n=20, SE
0.12 and0.13, resp.), developed muscular cysts, while the
2 sparrows remained uninfected. The morphology of
cystozoies and muscular cysts was similar in naturally and
experimentally infected individuals; after Giemsa staining
the cystczoites were banana-shaped with light blue cyto-
plasm ard violet, slightly out of the center nucleus; their
length aad width was 6.9 x 1.8 um (5.9-8.5 x 1.3-2.3,
n=80, SE 0.07 and 0.02, resp.); fresh thin-walled muscu-
lar cysts measured 57 pm (45-84, n=4) in width. The
cystozoites from experimental infection measured 7.0 x
1.7 um (5.9-8.5 x 1.3-2.0, n=30, SE 0.13 and 0.04, resp.),
those frem natural infections 6.9 x 1.8 um (5.9-8.5 x 1.3-
2.3, n=50, SE 0.07 and 0.03, resp.) The similarity of
cystozoites from natural and experimental infection was
confirmed using the multiple range test (ANOVA).

DISCUSSION

The successful experimental inoculationof sarcosporidian
sporocysts isolated from the goshawk to the great tit, and
the similarity of sarcocysts and cystozoites derived from
experimental and natural infections suggests this passerine
bird acts as natural intermediate host of this Sarcocystis
species.

Although goshawks usually prey upon larger birds,
small passerines are also found in their diet (Goszczynski
and Pitatowski 1986), especially in the nesting period
(Hudec and Cerny 1977): and the great tit was also
reported from goshawk diet (Manosa 1994).

The great tit was the only bird species in which
sarcocysts were found, although a relatively high number
of sparrows (47) were also examined; after being fed
sporocysts the sparrows were not infected, and they are
probably not involved in the life cycle of this parasite.

Oocysts/sporocysts isolated from the goshawk were
reported to be infective for the canary (Serinus canaria)
(Cerna and Kvasiiovska 1986). The canary, however,
cannot act as intermediate host in central European area
due to its range (the Canaries, the Azores and Madeira
(Heinzel et al. 1983)); on the contrary, the ranges of
goshawk and great tit overlap in the whole Europe
(Heinzel et al. 1983). Therefore, it would be tempting to
conclude that the Sarcocystis species in our work is
Sarcocystis accipitris and that the great tit is the natural
intermediate host of this species; the morphology of
cystozoites and muscular cysts being similar to those
reported by Cerna and Kvagiiovska (1986) further sup-
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ports this hypothesis. However, sporocysts used for
inoculation differ in their morphology and size, being
relatively wide and measuring 15-17 x 13-15 pm in the
case of S. accipitris (Cerna and Kvaiovska 1986),
while those used in our experiment measured 11-13 x
7.5-9; they resemble sporocysts from sparrowhawk
(A. nisus) which were not infective for the canary (Cerna
and Kvasnovska 1986) but it is unclear if in their experi-
ment the sporocysts were still viable. Unfortunately, we
had no sparrowhawk available for transmission study.

The fact that the great tit and the canary belong to
different families (Paridae and Fringillidae, resp.) also
does not help to answer the question if those findings are
identical or not. From the species with well-known life
cycles, Sarcocystis falcatula, a species with opossum
(Didelphis virginiana) as final host, develops muscle
cysts in members of 2 different bird orders (Box and Smith
1982); oocysts of Sarcocystis dispersa from barn owl
(Tyto alba) are infective for all the members (7 genera
tested) of the family Muridae except the laboratory rat
(Rattus norvegicus) but not for family Cricetidae and
Caviidae (Votypka, unpub. obs.) The question is which of
these two Sarcocystis species should we chose for com-
parison with “Sarcocystis accipitris”? OQocysts/sporo-
cysts from the goshawk are also known to be infective for
laboratory mice (Cerna 1977, confirmed by Kolafova ex
Cerna 1986) but, to our knowledge, there is no Sarcocys-
tis species with an intermediate host spectrum including
both mammals and birds.

For the above reasons, the species identity of Sarcocys-
tis species using great tit as intermediate and goshawk as
final host remains unclear.

Acknowledgements. | thank Lucie Brejskova, MSc., Dr. Daniel
Frynta and co-workers for providing the material for examination.
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A Redescription of the Marine Ciliates Uroleptus retractilis (Claparede
and Lachmann, 1858) comb. n. and Epiclintes ambiguus (Miiller, 1786)
Biitschli, 1889 (Ciliophora, Hypotrichida) -

Weibo SONG' and Alan WARREN?

'College of Fisheries, Ocean University of Qingdao, Qingdao, P. R. China; *‘Department of Zoology, The Natural History Museum,
Cromwell Road, London, U.K.

Summary. The morphology and infraciliature of two marine ciliates was observed on living cells and investigated using protargol silver
impregnation. Uroleptus retractilis (Claparéde and Lachmann, 1858) comb. n., formerly Epiclintes radiosa (= Mitra retractilis), a ciliate with
a highly contractile “tail” whose systematic position has been unresolved for over a century, has a ciliature pattern that is typical of the genus
Uroleptus. Based on the results presented in this paper, E. radiosa should be transferred to Uroleptus and thus a new combination has been
erected. The infraciliature of the large contractile hypotrich Epiclintes ambiguusis also described confirming the descriptions of many previous

authors. As an additional contribution, biometric data for both species are supplied.

Key words: Epiclintes ambiguus, hypotrichs, marine ciliates, morphology, new combination, Uroleptus retractilis.

INTRODUCTION

Ciliates assigned to the hypotrich genus Epiclintes
have been isolated from all over the world for over a
century (Claparéde and Lachmann 1858, Calkins 1902,
Kahl 1932, Bullington 1940, Carey and Tatchell 1983,
Wicklow and Borror 1990 and references therein). Very
few, however, have been described in detail, or following
silver impregnation to reveal the infraciliature, so their
taxonomic positions remain doubtful. In their revision of
the genus, Carey and Tatchell (1983) recognized three
species of Epiclintes: E. caudatus Bullington, 1940,
E. felis (Miiller, 1786) Carey and Tatchell, 1983 and
E. radiosa Calkins, 1902. Wicklow and Borror (1990)

Address for correspondence: Alan Warren, Department
of Zoology, The Natural History Museum, Cromwell Road,
London SW7 5BD, U.K. ;Fax:[+44](0)171-938.8754;
E-mail (INTERNET): a.warren@nhm.ac.uk

subsequently rejected E. radiosa as a member of the
genus Epiclintes suggesting that it is probably an oxytrichid.
They also preferred the name E. ambiguus to E. felis
indicating that felis is probably a nomen oblitum. We
support this view as the last previous record of the name
felis in the literature was that of Bory St. Vincent (1824)
over 160 years ago. Epiclintes caudatus still awaits
rediscovery since it was first described by Bullington
(1940).

The opportunity to re-examine two species of
Epiclintes, E. ambiguus (= E. felis sensu Carey and
Tatchell 1983) and E. radiosa, came with the discovery
of large numbers of both in a marine shellfish pond at
Taipingjia in Qingdao, China. The resulting observations,
made of both living and protargol stained cells, are
presented. The objective of this paper is to determine the
correct taxonomic position of E. radiosa and to provide
further information on the morphology of E. ambiguus.
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MATERIALS AND METHODS

Both species were collected (March-April, 1995) in an eutrophic
pond used for storing marine shellfish, in Taipingjiao, Qingdao (Tsingtao),
China. The salinity was about 32% , water temperature 12-15°C and pH
ca 8.3.

Field specimens were used for the investigations. Protargol silver
impregnation (Wilbert 1975) was applied to reveal the infraciliature.
Counts and measurements on stained specimens were performed at a
magnification of x 1250. Body shapes were drawn from slides without
cover glasses. Details of living cells were studied using the oil immersion
objective with bright field and Nomarski optics. Drawings were made
with the help of a camera lucida.

Toillustrate the changes occurring during physiological reorganizing
processes (Fig. 10), old (parental) cirri are depicted by contour, whereas
new cirri are shaded black. Terminology is mainly according to Borror
(1972), Corliss (1979), Hemberger (1982) and Song et al. (1992).

The protargol stained specimens of both species are deposited in the
Laboratory of Protozoology, College of Fisheries, Ocean University of
Qingdao, China.

RESULTS AND DISCUSSION

Redescription of the morphology and infraciliature of
Uroleptus retractilis comb. n. (Figs. 1-11, Table 1)

Oxytricha retractilis Claparéde and Lachmann, 1858

Oxytricha longicaudata Strethill-Wright, 1862

Mitra radiosa Quennerstedt, 1867

Epiclintes retractilis (Claparéde and Lachmann, 1858)
Kent, 1882

Epiclintes radiosa (Quennerstedt, 1867) Calkins, 1902

Mitra retractilis (Claparéde and Lachmann, 1858)
Kahl, 1932

Micromitra retractilis (Claparéde and Lachmann, 1858)
Kahl, 1933

Micromitra brevicauda (Claparéede and Lachmann,
1858) Kahl, 1933

Psammomitra retractilis (Claparéde and Lachmann,
1858) Borror, 1972

Psammomitra brevicauda (Kahl, 1933) Borror, 1972

This cosmopolitan species has been reported from all
over the world for more than a century as an epibenthic
ciliate from marine interstitial sediments (Ehrenberg 1830,
Claparede and Lachmann 1858, Strethill-Wright 1862,
Quennerstedt 1867, Biitschli 1889, Calkins 1902, Kahl
1932, Carey and Tatchell 1983). Yet its detailed morphol-
ogy, infraciliature and even the nuclear apparatus have
never been adequately described and until now it has been

considered as a member incertae sedis (Carey and
Tatchell 1983, Wicklow and Borror 1990). Hence, a
general detailed redescription will be added here based on
our new investigations.

Cells in vivo normally about 140-200 x 20-30 pm, but
active individuals at maximum extension can be up to
300um long. Body slender and fragile when observed under
stereomicroscope, highly contractile and evidently divided
into three parts: head, trunk and tail. Head region about 1/
5 to 1/8 of the whole length, narrow, colourless and dorso-
ventrally flattened (Figs. 1, 4). Trunk elongated,
1/3 to 1/5 of total length; ventral side flat and straight, dorsal
side highly convex (Fig. 4). Stalk-like tail very thin, long,
hyaline and highly retractile and, when fully extended about
twice as long as in normal state. 3-5 (usually 4 or, 5) highly
developed membranelles (ca 20 pum long) forming a
crown-shape at the anterior end of the cell
(Figs. 1,4, 5). Dorsal bristles (cilia) very conspicuous, spine-
or needle-like and readily observed (Fig. 1).

Pellicle thin, without subpellicular granules. Cytoplasm
colourless, although within the trunk portion always full of
large (3-8 um), colourless globules making the nuclear
apparatus difficult to observe in vivo.

The behaviour of this organism is very characteristic:
it usually attaches firmly to the substrate using its trans-
verse cirri with the anterior part of cell sometimes bending
from side to side to change direction (the “tail” is usually
extended to the maximum length in this case). Undisturbed
individuals may remain motionless for periods of 1-3
minutes. After stirring, they usually contract and spring
rapidly forwards or backwards over a short distance
(Fig. 6). When swimming, locomotion is usually very
slow, the cell being suspended in the water with cirri and
other ciliary organelles almost motionless.

In the laboratory, individuals are observed to feed on
bacteria. But frequently, in freshly collected material,
diatoms and other small algae may be seen within the body
and so the cells are usually coloured either green-brown
or yellow-brown in the trunk region.

Infraciliature as shown in Figs. 7-11. Membranelles of
the adoral zone about 10um long, 3-4 distal membranelles
distinctly separated from the others. Buccal area situated
in shallow depression, endoral and paroral membranes
short, and lying in parallel. Pharyngeal fibres pronounced
after protargol impregnation. Frontal and frontoterminal
cirri (FC, FTC) typical of the genus. Midventral row
(MVR) usually with 5 pairs of cirri, extending about half
the length of the trunk. Transverse cirri (TC) arranged in
a U-shape near the posterior end of the cell. Each cirrus
slightly enlarged, ca 20 um long, projecting distinctly
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Figs. 1-6. Morphology of Uroleptus retractilis from observations of cells in vivo. 1 - ventral view of a “normal” organism, arrows marking the
dorsal bristles; 2-3 - dorsal and lateral views of contracted individuals, arrow demonstrating the almost disappeared “tail"; 4-5 - lateral and dorsal
view of highly relaxed forms, arrow showing the transverse cirri attached to the substrate; 6 - diagram illustrating typical movement
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Figs. 7-11. Infraciliature of Uroleptus retractilis after protargol impregnation. 7-9 - ventral and dorsal view; 8 - showing the posterior part of the
cell; 10-11 - ventral and dorsal view of a physiological reorganizer, arrow in Fig. 10 showing the fronto-terminal cirri which start to moveanteriorly.
Abbreviations: DK 1-4 - dorsal kinety 1-4, DKA - anlagen of dorsal kineties, FC - frontal cirri, FTC - fronto-terminal cirri, LMR - left marginal row,
Ma - macronucleus, MVR - midventral row, RMR - right marginal row, TC - transverse cirri
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Table 1. Biometric characterization of Uroleptus retractilis (1st line) and Epiclintes ambiguus (2nd line) based on protargol-stained specimens.
Min - minimum, Max - maximum, n - sample size, SD - standard deviation, SE - standard error of mean, CV - coefficient of variation in %,

X - anthmetic mean, measurements in jm

Character Min

Max

Body length’ 30 7
120 162

Body width® 19 28
54 iy

Length of cytostome” 8 12
35 48

No. of fronto-terminal cirri 2 3
No. of membranelles 10 12
48 61

No. of frontal cirri 1 3
1 1

No. of cirrus-pairs 5 6
inmid-ventral rows - -
No. left marginal cirri 18 23
49 56

No. right marginal cirri 18 24
63 75

No. of ventral rows - -
12 13

No. of transverse cirri 5 8
24 29

No. of dorsal kineties 4 4
3 3

No. of macronuclei 2 2
109 123

Length of macronucleus 7 10
5 7

Width of macronucleus 4 8
3 5

* Data based on contracted cells

beyond the posterior border. Marginal cirrica 10 um long;
the right marginal row (RMR) more or less L-shaped,
terminating at the posterior end of the cell, the left marginal
row (LMR) ending at about the level of the posterior
transverse cirrus (Fig. 8). Four dorsal kineties (DK) with
ca 5-8 um long cilia (Figs. 7, 9).

Two macronulear segments (Ma) about 5 x 8 um,
separated from each other, lying centrally in the trunk
(Fig. 9). The micronuclei were not observed.

The systematic position of Uroleptus retractilis has
been uncertain since the original account given by Claparede
and Lachmann (1858) because of the paucity of data
documenting the cortical pattern (Borror 1972, Hemberger
1982, Carey and Tatchell 1983, Wicklow and Borror
1990). Borror (1972) erected the new genus Psammomitra
for this species, and for P. brevicauda Kahl, 1933, both
of which Kahl (1933) had placed in the genus Micromitra.
The genus diagnosis of Psammomitra is, however, ex-

X SD SE cv n
415 1381 437 333 10
142.7 16.7 5.55 117 9
238 2.90 092 122 10
61.0 5.70 1.90 93 9
10.0 1.25 039 125 10
418 393 1.31 94 9
2.1 029 0.08 139 12
1.1 0.71 0.24 63 9
544 434 1.54 8.0 8
- : S : 5
1 0 0 0 9
56 0.54 020 96 7
200 1.83 0.58 9.1 10
53.1 267 1.01 5.1 7
20.5 1.96 0.62 96 10
66.1 441 1.67 6.7 7
124 0.52 0.18 42 8
6.7 095 030 142 10
26.1 1.95 0.74 75 7
4 0 0 0 1
3 0 0 0 9
2 0 0 0 16
: ; : : 2
8.5 1.07 038 126 8
52 1.30 043 249 9

tremely brief and includes no details of infraciliature.
Based on Hemberger’s (1982) improved diagnosis of
Uroleptus, Psammomitra and Uroleptus appear to be
insufficiently distinct for their separation at the generic
level. Psammomitra is therefore considered a junior
synonym of Uroleptus.

Furthermore, Psammomitra (= Micromitra) brevicauda
is differentiated from U. retractilis only by the possession
of four longer apical membranelles and in having signifi-
cantly shorter caudal cirri and dorsal bristles. However, we
have observed individuals among the population of
U. retractilis from Qingdao with 3-5 longer apical
membranelles and with short caudal cirri and dorsal
bristles. Therefore, it is likely that P. brevicauda is
synonymous with U. retractilis.

More recently U. retractilis was assigned to the genus
Epiclintes (E. radiosa) (Carey and Tatchell 1983). How-
ever, the taxonomic problem of this species has never been
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Figs. 12-16. Morphology and infraciliature of Epiclintes ambiguus, in
vivo (12-14) and after protargol impregnation (15-16). 12 - ventral view
of extended individual; 13 - part of pellicle showing the dorsal cilia within
papillae (arrow), “extrusomes” and ectoplasmic granules; 14 - lateral
view; 15-16 - ventral and dorsal view of infraciliature. Abbreviations:
DK1-3 - dorsal kinety 1-3, EM - endoral membrane, FC - frontal cirrus,
LMR - left marginal row, Ma - macronucleus, Mi - micronucleus,
PM - paroral membrane, RMR - right marginal row, TC - transverse
cirri, VR - ventral rows

resolved satisfactorily as stated in Carey and Tatchell’s
(1983) generic revision: *“...further information is required
on this interesting species before a definite decision can be
taken regarding its validity”. Fortunately many cells were
obtained during the collections made for the present study
enabling detailed morphological studies to be carried out.
As a result of these investigations there is no doubt that
this species should be placed in the genus Uroleptus
Ehrenberg, 1831.

Carey and Tatchell (1983) discussed the confused
nomenclature of “Epiclintes radiosa (Claparéde and
Lachmann, 1858)" and, based on their comparisons with
the illustrations in Claparéde and Lachmann (1858), they
suggested changing the name from Mitra retractilis
(Claparede and Lachmann, 1858) Kahl, 1932 to Epiclintes
radiosa Calkins, 1902. We appreciate their careful com-
parisons, but have decided here to reject their new
arrangement (the name radiosa should be a junior syn-
onym) and regard only retractilis as a valid name.

Redescription of the morphology of Epiclintes
ambiguus (Miiller, 1786) Biitschli, 1889 (Figs. 12-16,
Table 1)

Trichoda felis Miiller, 1786

Oxytricha felis (Miiller, 1786) Bory St Vincent, 1824

Oxytricha auricularis Claparéde and Lachmann, 1858

Epiclintes auricularis (Miiller, 1786) Stein, 1862

Epiclintes ambiguua (Miiller, 1786) Wallengren, 1900

Epiclintes felis (Miiller, 1786) Carey and Tatchell,
1983

Compared with Uroleptus retractilis, this psammophilic
and cephalized species has been carefully studied by many
authors (Stein 1862, Kent 1880-82, Biitschli 1889,
Wallengren 1900, Calkins 1902, Wicklow 1979, Carey
and Tatchell 1983). Our observations are consistent with
those of Biitschli (1889), Kahl (1932), Carey and Tatchell
(1983) and Wicklow and Borror (1990), so a full redescrip-
tion is unnecessary. We here underscore only some key
characters and biometric data (Table 1).

As illustrated in Fig. 12, the body of this large hypotrich
is flattened dorsoventrally about 1:2. Extended cells are
divided into three distinct regions: an asymmetric, auri-
form anterior head connected via a thin neck to an
elongate trunk which terminates in a markedly attenuated
posterior tail (Fig. 12). Cells in vivo ranging from
250-400 um long and 45-60 um wide. Body strongly
contractile (especially the tail region), sensitive to stimuli
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but usually motionless on the substrate. Ectoplasm thin
with numerous large (ca 2-3 um), ovoid granules (Fig. 13).
Sub-pellicular granules absent. Needle-like dorsal cilia
located on the tips of cylindrical papillae (Fig. 13, arrow).
Under the cover glass, specimens frequently observed
with spherical, pyriform, or bar-shaped “extrusome-like”
structures emerging from between the dorsal cilia (Fig.
13). Food vacuoles large, often full of diatoms and other
algae in the trunk part, which usually give the body a
green- or yellow-brownish colour.

Cells may remain motionless for long periods except for
the activity of the membranelles. When moving rapidly
forward the head may bend from side to side in a similar
fashion to Uroleptus retractilis. When stimulated cells may
reverse rapidly for a distance of about one body length.

Infraciliature as described by Carey and Tatchell (1983)
and Wicklow and Borror (1990) (Figs. 15, 16). The
anterior part of AZM bending markedly along the right
margin and almost connected with the right marginal row.
The dikinetid paroral membrane (PM) and monokinetid
endoral membrane (EM) about parallel and in vivo hardly
visible. A single, non-enlarged frontal cirrus is located to
the right of the anterior end of undulating membranes.
This cirrus is derived from the undulating-membrane-
anlage and should more properly be called a buccal cirrus.

About 12-13 ventral rows of cirri (VR) running diago-
nally right to left; 3 rows situated within the frontal area
(head region) and the rest occupy almost the whole ventral
surface behind the buccal field (Fig. 15). Transverse cirri
(TC) in a single row on the left side extending up to 3/5
of cell length. Two rows of marginal cirri beginning just
behind the termination of the peristome field on both sides,
passing down the lateral edges of the body and joining at
the apex of the tail where the right row (RMR) overturns
slightly to the left side whereas the left row (LMR)
terminates adjacent to the posterior transverse cirrus
(Fig. 15).

Three distinct longitudinal rows of single dorsal bristles,
about 1 pum long, arising from the tips of cylindrical
papillae (Fig. 13, arrow), which are probably unique in the
order Hypotrichida (Carey and Tatchell 1983).

Numerous small macronuclei (Ma) ovoid or elongate,
usually concentrated with the trunk region of the cell with
several micronuclei (Mi) sparsely distributed among them
(Fig. 16).
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Notes on Flagellate Nomenclature. 1. Crypfaulaxoides nom. n., a Zoologi-
cal Substitute for Cryptaulax Skuja, 1948 (Protista incertae sedis) non
Cryptaulax Tate, 1869 (Mollusca, Gastropoda) non Cryptaulax Cameron,
1906 (Insecta, Hymenoptera), with Remarks on Botanical Nomenclature

Gianfranco NOVARINO

Department of Zoology, The Natural History Museum, Cromwell Road, London, England

Summary. The new name Crypraulaxoides is introduced to replace Crypraulax Skuja, 1948 (non Crypraulax Tate, 1869, non Cryptaulax
Cameron, 1906), a name of a genus of heterotrophic flagellate protists, under Article 60 of the International Code of Zoological Nomenclature.
All but one of the existing species of Cryptaulax Skuja are recombined in Crypraulaxoides. If the genus is regarded as ambiregnal, under the
International Code of Botanical Nomenclature it can bear the name Crypraulax Skuja legitimately because the name is not pre-occupied by a
homonym applied to a genus treated as a genus of plants. A “dual” (ICZN - ICBN) nomenclature of the genus and its species is presented.

Key words: Ambiregnal protists, Crypraulax Skuja, 1948 non Tate, 1869 non Cameron, 1906, Crypraulaxoides nom. n., flagellates,

nomenclature.

INTRODUCTION

Skuja (1948) introduced the new generic name
Cryptaulax to replace Spiromonas Skuja, 1939, a name
which he himself had introduced a few years earlier for
a new genus of heterotrophic flagellate protists (Skuja
1939). This was due to the fact that Spiromonas Skuja,
1939 had an earlier (senior) homonym in Spiromonas
Perty, 1852. However, under the zoological nomenclature
the name Cryptaulax Skuja, 1948 is pre-occupied by
Cryptaulax Cameron, 1906, a name of a genus of para-
sitic wasps, which is itself pre-occupied by Cryptaulax
Tate, 1869, a name of a genus of fossil gastropod

Address for correspondence: Gianfranco Novarino, Department
of Zoology, The Natural History Museum, Cromwell Road,
London SW75BD,England; Fax:[+44](0)171-938.8754;
E-mail (INTERNET): gn@nhm.ac.uk

molluscs. Both the most junior homonym (Cryptaulax
Skuja, 1948) and the most senior one (Cryptaulax Tate,
1869) have been used in the recent literature (Larsen and
Patterson 1990, Vars 1992, Novarino et al. 1994, Bandel
1994). This makes it difficult to argue a case for the
conservation of the most junior homonym on the basis of
more frequent use. Therefore, it is necessary to introduce
a new name to replace Cryptaulax Skuja, 1948 under
Art. 60 of the International Code of Zoological Nomen-
clature (ICZN) (Ride et al. 1985).

The genus for which Skuja coined the names Spiromonas
Skuja, 1939 and then Crypraulax Skuja, 1948 may be
regarded as ambiregnal (Patterson 1986), that is, one whose
nomenclature is governed both by the ICZN and the
International Code of Botanical Nomenclature (ICBN: Greuter
et al. 1994). In the author’s view, this makes it is necessary
to specify the correct nomenclature under both Codes, as
advocated by Patterson and Larsen (1991). This procedure
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is in line with the current practice for various groups of
ambiregnal protists (Larsen and Patterson 1990, Novarino
and Lucas 1995), although its laboriousness has attracted
some criticism (Corliss 1995). Unlike the case of the ICZN,
it appears that the name Cryptaulax Skuja, 1948 can be used
under the ICBN because it is not pre-occupied by a
homonym applied to a genus treated as a genus of plants
(ICBN, Art. 54.1).

NOMENCLATURE

Cryptaulaxoides Novarino nom. n. (ICZN)

Cryptaulax Skuja, 1948 (ICBN)

Gender of Cryptaulaxoides (ICZN) and Cryptaulax
(ICBN): feminine

Etymology: from the Greek words kpvrtoo (=cryptos,
“hidden™) and cVAOE (= aulax, “furrow™), referring to the
characteristic groove on the cell surface.

Synonyms of Cryptaulaxoides (ICZN): Spiromonas
Skuja, 1939 (Skuja 1939, p. 99) non Spiromonas Perty,
1852 (Perty 1852, p. 171) non Spiromonas Skvortzow,
1957 (Skvortzow 1957, p. 190); Cryptaulax Skuja, 1948
pro parte (Skuja 1948, p. 363) non Cryptaulax Tate, 1869
(Tate 1869, p. 418) non Cryptaulax Cameron, 1906
(Cameron 1906, p. 150).

Synonyms of Cryptaulax (ICBN): Spiromonas Skuja,
1939 (Skuja 1939, p. 99) non Spiromonas Perty, 1852
(Perty 1852, p. 171) non Spiromonas Skvortzow, 1957
(Skvortzow 1957, p. 190).

A bona fide list of species of the genus is as follows:

Cryptaulaxoides akopos (Skuja, 1939) comb. n. (ICZN)

Basionym: Spiromonas akopos Skuja, 1939 (p. 99,
pl. V, fig. 25).

Synonym: Cryptaulax akopos (Skuja, 1939) Skuja,
1948 (p. 363).

Equivalent name in botanical nomenclature: Cryptaulax
akopos (Skuja, 1939) Skuja, 1948 (ICBN) (synonym:
Spiromonas akopos Skuja, 1939, p. 99, pl. V, fig. 25).

This is the type species, designated by Skuja (1948,
p. 363). It was further reported by Skuja (1956, p. 351).

Cryptaulaxoides conoidea (Skuja, 1956) comb. n.
(ICZN)

Basionym: Cryptaulax conoidea Skuja, 1956 (p. 351,
pl. LXI, figs 9-11).

Equivalent name in botanical nomenclature: Cryptaulax
conoidea Skuja, 1956 (ICBN).

Cryptaulaxoides elegans (Larsen and Patterson,
1990) comb. n. (ICZN)

Basionym: Cryptaulax elegans Larsen and Patterson,
1990 (p. 905, figs 53c, 54a-d).

Equivalent name in botanical nomenclature: Cryptaulax
elegans Larsen and Patterson, 1990 (ICBN).

Cryptaulax elegans Larsen and Patterson, 1990, was
described without an accompanying Latin diagnosis, the
authors considering that it was under the jurisdiction of the
ICZN alone. However, if Cryptaulax elegans is consi-
dered as ambiregnal, it could be regarded as belonging to
the algae (see below). In this case, the name Cryptaulax
elegans need only satisfy the requirements of the ICZN
for status equivalent to valid publication under the ICBN;
it retains its original authorship and date even though the
original publication lacked a Latin diagnosis (ICBN, Art.
45.5: the present case is analogous to Example 5).

Cryptaulaxoides formica (Skuja, 1948) comb. n.
(ICZN)

Basionym: Cryptaulax formica Skuja, 1948 (p. 364,
pl. XXXVIII, figs 33, 34).

Equivalent name in botanical nomenclature: Cryptaulax
Jormica Skuja, 1948 (ICBN).

Cryptaulaxoides longiciliata (Skuja, 1948) comb. n.
(ICZN)

Basionym: Cryptaulax longiciliatus [sic] Skuja, 1948
(p. 364, pl. XXXVIII, figs 31, 32).

Equivalent name in botanical nomenclature: Cryptaulax
longiciliatus [sic] Skuja, 1948 (ICBN).

Cryptaulaxoides marina (Throndsen, 1969) comb.
n. (ICZN)

Basionym: Cryptaulax marina Throndsen, 1969
(p. 168, figs 3a, b).

Equivalent name in botanical nomenclature: Cryptaulax
marina Throndsen, 1969 (ICBN).

This species was further reported by Vors (1992, p. 74,
figs 21.1-4, 37a-d; 1993, p. 115, fig. 40B).

Cryptaulaxoides thiophila (Skuja, 1956) comb. n.
(ICZN)

Basionym: Cryptaulax thiophila Skuja, 1956 (p. 352,
pl. LXI, figs 12-15).

Equivalent name in botanical nomenclature: Cryptaulax
thiophila Skuja, 1956 (ICBN).
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This species is provisionally retained in the genus until
further information on its taxonomic position will become
available (see below).

Cryptaulaxoides vulgaris (Skuja, 1948) comb. n.
(ICZN)

Basionym: Cryptaulax vulgaris Skuja, 1948 (p. 363,
pl. XXXVIII, figs 27, 28).

Equivalent name in botanical nomenclature: Cryptaulax
vulgaris Skuja, 1948 (ICBN).

This species was further reported by Skuja (1956,
p.351) and Novarino etal. (1994, p. 31, figs 11-14, 19B).

One further species assigned to the genus (Cryptaulax
taeniata Skuja, 1956, p. 351, pl. LXI, figs 6-8), was
recombined as Rhynchobodo taeniata (Skuja, 1956)
Vors, 1992 (Vears 1992, p. 47), the type-species of the
genus Rhynchobodo Lackey, 1940 emend. Veors, 1992.
In agreement with Vors (1992), this species is excluded
from Cryptaulaxoides/Cryptaulax on taxonomic grounds
(see below).

DISCUSSION

In spite of the fact that nomenclatural changes may be
viewed as irritating (Crisp and Fogg 1988), changes are
necessary when there is a conflict between existing names
in current use. In order to avoid changes as a mere
consequence of what is sometimes termed “‘antiquarian”
nomenclatural research, the ICZN and ICBN allow for the
possibility of proposing the conservation of a junior
homonym if it has been used much more frequently than
a senior homonym. In the case of the name Cryptaulax
Skuja, 1948, this possibility cannot be envisaged under
the ICZN. Cosmann (1913) included 15 species in the
genus Cryptaulax Tate, 1869, and new species have been
described in this genus as recently as in 1994 (Bandel
1994). Therefore, Cryptaulax Tate, 1869 cannot be
considered as a forgotten name, as confirmed by Morris
(Dr N. Morris, Dept. of Palacontology, Natural History
Museum, London: personal communication). It follows
that under the ICZN (Art. 60) the name Cryptaulax
Skuja, 1948 must be rejected and replaced. Since the
name has no known available synonyms, it must be
replaced by a new name (ICZN, Art. 60c).
Cryptaulaxoides is chosen as the new name because it
recalls the one it replaces. In accordance with the ICZN
(Art. 67h) the type species of Cryptaulaxoides is the
same as that of Cryptaulax Skuja, 1948.

Cryptaulaxoides nom. n. 237

Ambiregnal issues are a further source of regrettable
but hardly avoidable nomenclatural confusion. The genus
Cryptaulax Skuja, 1948 was included in a catalogue of
plant genera (Greuter et al. 1993) as a genus of
cryptomonads, a group of ambiregnal flagellates (Novarino
and Lucas 1995). This reflected Skuja’s (1939) attribution
of the genus to the botanical class Cryptophyceae, family
Katablepharidaceae Skuja, 1939. Observations by Larsen
and Patterson (1990) and Vers (1992) have shown that
the genus is not a genus of cryptomonads, suggesting
that it could be removed from the jurisdiction of the
ICBN altogether and placed under exclusive ICZN
control. However, Vors (1992) suggested that the
genus could belong to the kinetoplastids. This has not
been confirmed, and although the genus is currently
considered as a genus of protists incertae sedis, the
possibility that it belongs to the kinetoplastids might
justify a future assignment not only to the zoological
class Kinetoplastidea Honigberg, 1963, order Bodonida
Hollande, 1952 (see Corliss 1994), but also to the
botanical class Bodonophyceae Silva, 1980, a class of
algae (Silva 1980). Therefore, as a precaution the genus
should be considered as falling under the dual jurisdiction
of the ICZN and ICBN, and the correct nomenclature
under each Code should be presented, in agreement with the
“non-partisan” approach of Patterson and Larsen (1991).
Under the ICBN, the name Cryptaulax Skuja, 1948 can be
used legitimately because it is not pre-occupied by a hom-
onym applied to a genus treated as a genus of plants (ICBN,
Art. 54.1). Thus the correct name of the genus under the
ICBN (Cryptaulax) differs from that under the ICZN
(Cryptaulaxoides), analogous to other genera of
flagellates, most notably euglenids such as Pera-
nema/Pseudoperanema and Dinema/Dinematomonas (see
Larsen and Patterson 1990).

The taxonomic concept of the genus Crypraulaxoides/
Cryptaulax adopted here follows that of Vors (1992),
who recombined Cryptaulax taeniata Skuja, 1956 as
Rhynchobodo taeniata (Skuja, 1956) Vers, 1992, thereby
excluding that species from Cryptaulaxoides/Cryptaulax.
Currently, differential criteria for admission to
Cryptaulaxoides/Cryptaulax and Rhynchobodo Lackey,
1940 emend. Vors, 1992 are as follows:

- Polykinetoplastid flagellates with extrusomes of the
“latticetube™ type: surface groove present or

AD S i e A T e e e e b e e s Rhynchobodo
- Extrusomes absent; groove always present
.......................................... Cryptaulaxoides/Cryptaulax
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As underlined by Vers (1992), unlike all other species
of Cryptaulaxoides/Cryptaulax described by Skuja
(1939, 1948, 1956) Cryptaulax thiophila Skuja, 1956
was described as possessing extrusomes. As such, that
species does not belong with Cryptaulaxoides/Cryptaulax
if the taxonomic criteria given here are followed. How-
ever, it is provisionally retained in the genus until the
presence of extrusomes is confirmed.

Acknowledgements. Many thanks are due to Dr P. K. Tubbs (Inter-
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Nematopsis idella sp. n. and Uradiophora cuenoti Mercier: Two Cephaline
Gregarines from Freshwater Prawns in Kerala

P K. PRASADAN and K P. JANARDANAN

Parasitology Laboratory, Department of Zoology, University of Calicut, Kerala, India

Summary. Two species of cephaline gregarines, Nematopsis idella sp. n. and Uradiophora cuenoti Mercier infecting the freshwater prawns,
Macrobrachium idella and Caridina sp. respectively have been reported. U. cuenoti is reported for the first time from an Indian prawn.

Key words: Caridina sp., gregarines, Macrobrachium idella, prawns, Nematopsis idella sp. n., Uradiophora cuenoti Mercier.

Abbreviations: AAL - atrophied appendix length, AAW - atrophied appendix width, DL - deutomerite length, DW - deutomerite width,
LA -length of association, PL - protomerite length, PW - protomerite width.

INTRODUCTION

Three species of Nematopsis, 4 species of Caridohabitans
and a species Cephalolobus have been reported from
Indian prawns (Setna and Bhatia 1934, Ball 1959, Sprague
and Couch 1971, Janardanan and Ramachandran 1980,
Shanavas et al. 1989, Prema and Janardanan 1990).
Extensive survey of freshwater prawns of Kerala for their
parasites revealed two species of cephaline gregarines
belonging to the genera Nematopsis Schneider, 1892 and
Uradiophora Mercier, 1912. Detailed studies proved that
Nematopsis is new to science, and is designated N. idella
sp. n. The other is identified and reported here as
Uradiophora cuenoti described by Mercier (1912) from
France.

Address for correspondence: K. P. Janardanan, Department of
Zoology, University of Calicut, Kerala - 673 635, India

MATERIALS AND METHODS

The freshwater prawns, Macrobrachium idella collected from a
rivulet in Ramanattukara in Calicut district and Caridina sp. from rivulets
in Thazhechovva, in Cannanore district, Ramanattukara in Calicut district
and Olippuramkadavu in Malappuram district of Kerala, were brought
alive to laboratory and examined for their gregarines. Sporadins and
trophozoites recovered from the intestine and gametocysts from the
rectum and faecal pellets were studied following the procedure outlined by
Prema and Janardanan (1990). Descriptions are based on the measure-
ments of a minium of 20 specimens. Measurements are in micrometers
(um). Drawings were made with the help of a camera lucida.

RESULTS

Nematopsis idella sp. n. (Fig. 1)

Host: Macrobrachium idella (Heller)

Site: intestine.

Locality: Ramanattukara, Calicut district, Kerala (India).
Date of collection: July to December of 1986, 1987.
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100 pum 100 pm

Fig. 1. Nematopsis idella sp. n. A - sporadin, B - gametocyst, C - gymnospore, D-F - trophozoites
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Holotype: on slide No. G/N-4 kept in the parasite
collections, Parasitology Laboratory, Department of Zo-
ology, University of Calicut, Kerala (India).

Description

Sporadins (Fig. 1A) biassociative, linear, elongate,
cylindrical, milky-white; protomerite flower-like, changes
its shape frequently; epimerite absent in all stages of
development.

Primites elongate, milky-white: protomerite flower-
like, frequently assuming hemispherical shape: broader
than deutomerite; epicyte thin, hyaline; endocyte granular.
Septum slightly convex toward deutomerite; constriction
at septum conspicuous. Deutomerite cylindrical; epicyte
thin, uniformly thick: endocyte granular. Nucleus sphe-
rical; variable in position. Endosome single, round;
extraendosome region clear. Nucleus in a 377.3 long
primite measured 30.8 in diameter.

Satellites elongate, cylindrical, maximally wide just
below the line of association and gradually tapers to end
in a round caudad; protomerite not distinct. Epicyte
uniformly thick; endocyte granular. Nucleus spherical;
feebly visible in fresh satellites; endosome single, round;
extraendosome region clear. Nucleus in a 400.4 long
satellite measured 30.8 in diameter.

Measurements of sporadins (with mean in parentheses)
are noted below:

LA = 577.5-777.7 (665.3)

Primites: DW = 80.8-127.1 (101.6); PL = 84.7-127.1
(103.9)

PW = 107.8-173.3 (135.6); TL = 269.5-377.3 (314.2)

Satellites: DW = 77-127.1 (96.3); TL = 308-400.4
(351.1)

Ratios: Primites:PL:TL = 1:3.01; PW:DW = 1:0.75

Gametocysts (Fig. 1B) spherical, rarely ovoid, milky-
white, with a hyaline, 15.4-19.8 thick cyst wall. Line of
association clear in early gametocysts. Spherical
gametocysts measured 151.8-246.2 (187.8) in diameter.

Gymnospores (Fig. 1C) spherical, opaque, milky-
white; uninucleated bodies arranged in the form of a
rosette, around a central, hyaline cytoplasm. Fresh
gymnospores measured 4.5 in diameter.

Biology: gametocysts recovered from the hindgut were
in different stages of development. A few of them
completed development and ruptured to liberate
gymnospores in the rectal lumen. Further development of
the gymnospores could not be observed, since molluscan
host involved in the life-cycle is unknown.

The smallest observed trophozoite (Fig. 1D) measured
119.4 by 30.8 with 27 long protomerite and 92.4 long
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deutomerite. Protomerite flower-like. Largest observed
trophozoite (Fig. 1F) measured 532 by 146.3. The flower-
like protomerites (Fig. 1E) of trophozoites change fre-
quently to hemispherical shape (Fig. 1F).

Uradiophora cuenoti Mercier, 1912 (Fig. 2)

Host: Caridina sp.

Site: intestine.

Locality: Thazhechovva, Cannanore district;
Olippuramkadavu, Malappuram district, Kerala (India).

Date of collection: July to November 1987, 1988,
1989.

Description

Sporadins (Fig. 2A) biassociative, linear, elongate,
cylindrical milky-white; syzygy early. Tongue-shaped
epimerite (Fig. 2C) observed on sporadins in syzygies up
to a length of 333 (Fig. 2B). Length of association range
from 329.2 to 568 (405.3).

Primites elongate, milky-white, cylindrical. Protomer-
ite hemispherical to rectangular with thin striated epicyte;
endocyte granular. Septum flat or slightly convex toward
protomerite; constriction at septum conspicuous. Deu-
tomerite elongate, cylindrical with almost uniform width
throughout. Epicyte thin; endocyte granular. Nucleus
ovoid, feebly visible in mature sporadins, variable in
position; endosome single, spherical. Nucleus in a primite
of 268.1 by 13.2 measured 9.9 by 7.4.

Satellites elongate, cylindrical milky-white. Protomer-
ite rectangular to hemispherical. Deutomerite, nucleus and
endosome similar to that of primite. Nucleus ina 160 long
satellite measured 11.6 by 8.3.

An elongate, cylindrical, atrophied appendix present at
the posterior end of satellite; its cytoplasm agranular,
without any nucleus. The appendix measured 35.5-182.3
by 4.1-10.7 (64.4 by 6.2).

Measurements of sporadins (without epimerites) in
micrometers (with mean in parentheses) are noted below:

LA = 329.2-568 (405.3)

Primites: DW = 7.4-13.2 (9.5); PL = 5.8-9.9 (7.1)
PW = 6.6-9.9 (8). TL = 153.5-268.1 (201.3)

Satellites: AAL =35.5-182.3 (64.4); AAW =4.1-10.7
(6.2); DW = 8.3-13.2 (9.9); PL = 3.3-7.4 (4.9);
PW = 6.6-9.9 (7.6).

Ratios: Primites: PL:TL = 1:28.8; PW:DW = 1:1.2;
Satellites: PL:TL = 1:43.1; PW:DW = 1:1.3

Gametocysts (Fig. 2D) spherical to ovoid; milky-white,
with a thin hyaline cyst wall. Line of association clear in
early gametocysts. Spherical gametocysts measured
29.7-52.8 (36.6) in diameter.
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20 um

A 25um 50 um B

50um 50um

Fig. 2. Uradiophora cuenoti Mercier, 1912. A-B - sporadins, C - anterior part of Fig. 2B (enlarged), D - gametocyst, E - spore, F-H - trophozoites
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Spores (Fig. 2E) elongate ovoid. Fresh spores mea-
sured 5.31-6 by 2.6 (5.5 by 2.6).

Biology: gametocysts recovered from the hindgut
and faecal pellets were in different stages of develop-
ment. Gametocysts maintained in moist chamber re-
leased the spores by simple rupture.

Smallest observed trophozoite (Fig. 2F) measured
24 long with a bud-like epimerite, hemispherical pro-
tomerite and elongate cylindrical deutomerite. The
largest observed trophozoite (Fig. 2G) measured 165
long with a 15 long, tongue-shaped epimerite, 8 long,
hemispherical protomerite and 142 long, cylindrical
deutomerite.

Smallest observed association (Fig. 2H) measured
85.8 in length; small bud-like epimerite present. Its
primite measured 41.3 and satellite 44.5 in length.

DISCUSSION

Nematopsis idella sp. n.

The gregarine recovered from Macrobrachium idella
has trophozoites and sporadins which are comparable
to that of the genus Nematopsis: its gametocyst formed
gymnospores. These characters are significant enough
for inclusion of the gregarine under the genus,
Nematopsis. The present gregarine differs from the
known species of Nematopsis in morphology and
morphometry. The flower-like protomerite of this gre-
garine makes it distinct from all other species. Besides,
this is the first report of a cephaline gregarine from
M. idella. The gregarine is, therefore, reported as a
new species and named Nematopsis idella sp. n., after
its host.

Uradiophora cuenoti Mercier

The gregarine under study has extracellular develop-
ment, an elongate papilla like epimerite, cysts without
sporoducts, subspherical spores which do not form chains
and an atrophied appendix at the posterior part of satel-
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lites. Based on these characters, the gregarine is assigned
to the genus Uradiophora. This gregarine resembles
U. cuenoti reported by Mercier (1912) from Atyaephyra
desmaresti and Neocardina denticulata in France in its
morphological characters. Hoshide (1969) also reported
U. cuenoti from N. denticulata in Japan. But it shows
some differences in morphometry, in the nature of the
epimerite and in the shape of gametocysts and spores.
These differences are not significant enough for the
creation of a new species under the genus Uradiophora.
The gregarine is therefore reported as Uradiophora
cuenoti Mercier. This forms the first report of the genus
from an Indian prawn.
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Ionic Mechanisms Controlling Photophobic Responses in the Ciliate
Blepharisma japonicum
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'Nencki Institute of Experimental Biology, Department of Cell Biology, Warszawa, Poland, *University of Nebraska, Department of
Chemistry and Institute for Cellular and Molecular Photobiology, Lincoln, NE, USA

Summary. The resting, photoreceptor and action potentials in the ciliate Blepharisma japonicum were investigated by conventional
microelectrode technique. During exposure to the control solution the membrane resting potentials of the ciliates ranged from -43 to -54 mV.
Tenfold increase in the higher concentration of K* in the medium depolarized the membrane potential by 54 mV, while a similar change in
extracellular Ca** caused an alteration in membrane potential by about 14 mV. Changes in external K* concentration did not affect essentially
the peaks of receptor and action potentials appearing in response to a given light stimulus, whereas extracellular Ca* increased by one order
of magnitude evoked shift of photoreceptor and the action potential peaks by about 16 mV and 27 mV, respectively. These data indicate that

Ca ions take place either in generation of photoreceptor and action potentials in Blepharisma cells.

Key words: Action potentials, Blepharisma japonicum, Ca* ions, photoreceptor potentials, photosensory transduction.

INTRODUCTION

[llumination of pink-colored ciliates Blepharisma
Japonicum causes a modification of their motile behavior.
This sensitivity to light is ascribed to an endogenous
pigment, blepharismin, enclosed in small granules (photo-
receptive units) and distributed over the entire cell body
surface (Kraml and Marwan 1983, Matsuoka 1983a).
When a dark adapted cell is subjected to a short light
stimulus it displays a transient reversal of ciliary beating
resulting in backward swimming. After the ciliary rever-
sal terminate, the cell resumes again the forward move-
ment, usually in a new direction (step-up photophobic
response) (Matsuoka 1983b, Kraml and Marwan 1983,

Address for correspondence: Stanistaw Fabczak, Nencki Institute
of Experimental Biology, Department of Cell Biology, ul. Pasteura 3
02-093 Warszawa, Poland: Fax: 48-22 225342; E-mail:
sfabczak@nencki.gov.pl

Fabczak et al. 1993a). Electrophysiological experiments
showed that the similar light stimuli elicit a transient
depolarization of cell membrane in the ciliate, i.e. genera-
tion of photoreceptor potential, which can, in turn, trigger
an action potential (Fabczak et al. 1993a). Like in other
ciliates (Eckert et al. 1976, Machemer and De Peyer 1977,
Machemer and Sugino 1989), an action potential leads to
reversal of ciliary beating during the cell photophobic
response (Fabczak et al. 1993a). Most of the studies
devoted to photophobic responses in Blepharisma testified
to the crucial role of Ca ions in this motile behavior
(Passarelli et al. 1984, Fabczak et al. 1994), however, the
ionic basis of the light dependent changes of membrane
potential in these cells has not been elucidated.

The presented experiments were designed to examine
the ionic specificity of the resting membrane potential,
receptor and action potentials appearing in Blepharisma
Japonicum in response to light stimulation.
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MATERIALS AND METHODS

Cells and solutions

The stock of Blepharisma japonicum were cultured by standard
methods (Fabezak et al. 1993a). The control medium included: 0.5 mM
CaCl,, | mMMgSO,, | mM NaNO,, 0.1 mM KCland | mM TRIS-HCI,
pH 6.9-7.1. The test solutions with low concentrations of free Ca™* were
obtained by addition of appropriate amounts of Ca* to fixed | mM
EGTA in Ca*-free control medium (Portzehl et al. 1964) and the
resulting concentrations were verified by means of Ca* selective
electrode (Kwik-Tip™-TIPCA, World Precision Inst., USA). The
higher concentrations of Ca* and other ions were obtained by means of
mixing stock solutions in such a way that the level of only one ion was
changed while the levels of the remaining ions present in the control
medium were unchanged. In experiments with changed concentrations
of extracellular CI' ions in test solutions, chloride was replaced by nitrate
or organic anion propionate and adjusted to a proper pH with HEPES.

Light stimulation

Cells suspended in test solution were illuminated from above with
continuous or pulse light (flash) using a 150 W light projector (MLW
9403-0200, Germany) equipped with an electromagnetic programmable
shutter (type 22-841, Ealing Electro-Optics, England). The light was
delivered close to the chamber containing the cells with a fiber optic
guide and its intensity was monitored with a calibrated silicon photodiode
(VTA 9313, EG & Vactec, USA) linked to an oscilloscope or a digital
voltmeter. Interference and neutral density optic filters were used to
provide monochromatic light differing in intensity.

Intracellular recordings

The electrical measurements were made in an experimental cham-
ber with temperature set at 12°C, mounted on a stage of stereoscopic
microscope (Citoval Zeiss, Germany). The conventional glass micro-
electrodes were filled with 1 M potassium acetate adjusted to pH 7.0
with acetic acid. The microelectrode resistances selected for the
recordings were in the range of 45 to 65 MQ with tip potential of -
8 to -12 mV. To start the recording session a chosen cell was sucked
into the micropipette of suitable tip diameter and kept in the same
position. After insertion of a microelectrode the cell was liberated by
lowering the pressure in the holding micropipette. The microelec-
trode signals were fed to a high input impedance amplifier (MPA-6,
Transidyne General Corp., USA) and displayed on a storage oscillo-
scope (type S103N, Tektronix, USA) equipped with an oscilloscope
camera (C-5, Tektronix, USA). The electrical traces presented in the
figures were copied by a scanner from the original polaroid records.

RESULTS AND DISCUSSION

The resting membrane potentials measured in indi-
vidual cells were found to be from -43 to -54 mV in control
solution and were shifted to more positive values when
external concentrations of potassium and, to a lesser
extent, calcium ions were increased. Changes in concen-
tration of other ions normally present in control solution

had little or no effect on the membrane potential (data
not shown). Tenfold increase of extracellular K* depo-
larized the cell membrane in accordance with the Nernst
equation by about 54 mV (Fig. 1). The cell membrane
potential was less affected by shift of K* concentration
below 2 mM, while almost independent of concentra-
tions between 0.1 and 1 mM. Nonlinear concentration
dependence of the resting potential is noticeable in
Blepharisma cells on changes in concentration of exter-
nal Ca® as well (Fig. 2). Increase of Ca’ up to 1 mM
influenced the membrane potential on a limited scale but
the elevation beyond this level increasingly depolarized
the cell membrane. Removal of Ca** from the cell
surrounding by addition of EGTA to the control solution
decreased slightly the membrane potential in relation to
the potential of control cells. No membrane depolariza-
tion were induced in cells by increase of external Na* or
Mg?*. The curvilinear relationship between the resting
potential and external K* or Ca** concentration is char-
acteristic of some other ciliates as well. The ability of
both K* and Ca® to permeate the cell membrane in its
resting state was reported for related ciliates: Stentor
(Wood 1982) that displays photophobic responses (Song
et al. 1980, Fabczak et al. 1993b) similar to those of
Blepharisma (Matsuoka 1983, Kraml and Marwan 1983,
Fabczak et al. 1993a) and for ciliates lacking the sensi-
tivity to light, like Paramecia (Naitoh et al. 1972, Satow
et al. 1983) or Stylonychia (De Peyer and Machemer
1977).

When dark adapted Blepharisma is stimulated with
light in the lower intensity range, depolarizing photore-
ceptor potentials are generated (Fabczak et al. 1993a).
Distinct effects of changes in concentrations of K* or
Ca’ ions in the medium are illustrated in Figs 1 and 2.
Effects of these alterations of ionic composition in
external solution clearly indicated that only Ca®* were
the only cations which had an appreciable effect on the
light-dependent responses in Blepharisma. Raising of
the external Ca®* concentration from 0.1 to 8 mM shifted
peak of the receptor potential in response to a given light
stimulus by 14 to 18 mV when Ca®* was changed by
order of magnitude. At Ca** concentrations lower than
its level in the control solution the amplitude of the
receptor potential was declined and in solutions contain-
ing 107 M of free Ca® or less there were no light
dependent membrane responses (data not shown). The
photoreceptor potential in Blepharisma does not show
any dependence on increasing K* concentration in the
medium. These results lead to the conclusion that Ca**
of external solution normally defines the magnitude of
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Fig. 1. Dependence of the resting, receptor and action potentials in Blepharisma japonicum upon potassium concentrations in external solution
(pH 6.9, 12°C). (A) Sets of oscilloscope traces generated by the same cell in each of testing solutions showing resting, receptor and action
potentials. Dashed line - 0 mV baseline; vertical bar - 20 mV and 6.5 x10* W ¢cm (580 nm); horizontal bar - 15 s. (B) Resting potential (open
circles), receptor (black circles) and action (triangles) potential peaks as a function of external K* level. Each point represents the mean and
standard deviation of data collected from 5 to 8 measurements. Action potentials were not observed at 8 mM and higher concentrations of K*

ions in test solution

the depolarizing photoreceptor potential. It seems that
the mechanism of photoreceptor potential generation in
Blepharisma depends, as commonly is observed in the
eye photoreceptor cells of higher organisms (Yarfitz and
Hurley 1994), on an increase in membrane conductance
which selectively allows one ion to flow across the
membrane and thereby elicits a receptor potential. Among
other ciliates, similar depolarizing response of membrane
to light stimulation have been recorded in Paramecium
bursaria (Nakaoka et al. 1987). The light-dependent
receptor potential in these cells are exclusively caused by
a transient increase in membrane conductance to Ca ions.

Depolarizing receptor potential resulting of high inten-
sity light stimuli in Blepharisma triggered in control
solution an all-or-none action potential with a well defined
threshold (Fabczak et al. 1993a). In view of the results
from other ciliates, it seems reasonable to suppose that the
action potential in Blepharisma is dependent on the
external Ca* level. To check this assumption the action
potentials were generated in two sets of experimental
solutions in which the concentration of only one ion, Ca**
or K*, was varied. As shown in Fig. 2, the peak of the

action potential was displaced linearly with the increase
of extrernal Ca®, with a slope predicted by Nernst equa-
tion (27 mV/tenfold increase in Ca’* concentration).
Decrease of external free Ca®* concentration below that
of control solution depressed gradually the action poten-
tial amplitude. The action potentials could not be elic-
ited in the cells suspended in free Ca® solutions below
10 M. The absence of action potentials at the extremely
low level of external calcium ions explains the disap-
pearance of photophobic responses in Blepharisma
(Fabczak et al. 1994). The action potential was also
appreciably depressed in solutions in which Ca®* was
replaced by Co*. A subsequent incubation of the cells in
control solution restored entirely the generation of the
action potential in its regular shape. The changes in
concentration of K* between 0.1 and 4 mM had no effect
on the recorded action potential peak, however, in the
cells suspended in solutions containing K* at 8 mM or
higher concentration, light stimulation did not elicit any
action potential. Possibly this could be the result of high
depolarization of cell membrane which increased mem-
brane permeability to K* ions, leading to inactivation of
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Fig. 2. Relationship between the resting, receptor and action potentials in Blepharisma japonicum and changes in external Ca®* concentration.
(A) Sets of intracellular recordings of resting, receptor and action potentials from the same cell in each of the testing solutions (pH 6.9, 12°C).
Dashed line - 0 mV base line; vertical bar - 20 mV and 3 x 10* W cm? (580 nm); horizontal bar - 15 s. (B) Resting potential (open circles),
receptor (black circles) and action (triangles) potential peaks as a function of extracellular Ca®* ion concentrations. Each point shows the mean

and standard deviation of data obtained from 5 to 12 measurements

the mechanism responsible for generation of the action
potential. Removal from the medium: Na*, Mg* or CI
ions had no significant effect on the peak of the action
potential. These results substantiate the view that the action
potentials in Blepharisma are produced by Ca ions. The
similar Ca**-dependent action potentials evoked by photic
stimulation have been also observed in related ciliate
Stentor coeruleus (Wood 1982, Fabczak et al. 1993b). It
appears likely that in Blepharisma cells the membrane
depolarization causes activation of voltage-dependent Ca®*
channels located in the ciliary membrane, as in Parame-
cium or Stylonychia (Ogura and Takahashi 1976, Dunlap
1977), resulting in transient increases of free Ca®* within
the cilia, and the generation of action potential (Pernberg
and Machemer 1995). These Ca® concentration changes
in the cilia may, in turn, induce the transient ciliary reversal
which is the initial step in the development of Blepharisma
photophobic responses. In a variety of other ciliates it is
well documented that the increase in the intraciliary Ca*
concentration elicits the reversal in the ciliary beat, and
hence the reversal in the direction of swimming (Eckert et
al. 1976, Machemer and Sugino 1989).

The obtained results evidence thet either voltage-
sensitive conductance for action potential and the sen-
sory conductance for photoreceptor potential use Ca’** as
their major current carrier. At the present moment it is
not clear where the sensory conductance in Blepharisma
is localized. From the ionic studies of phototransduction
in the other ciliate Paramecium bursaria it appears that
the light-dependent Ca** conductance in these photosen-
sitive cells is located on the somatic rather than ciliary
membrane (Nakaoka et al. 1987). This suggestion re-
sults from the fact that removal of the cilia in these
organisms led to disappearance of an action potential
because the voltage-sensitive Ca channels in ciliates are
known to be present exclusively in the ciliary membrane
(Dunlap 1977, Machemer and Ogura 1979), while in
deciliated cells photostimulation still induced the regu-
lar Ca**-dependent depolarizing receptor potentials.
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InsP,-modulated Photophobic Responses in Blepharisma

Hanna FABCZAK, Mirostawa WALERCZYK, Stanistaw FABCZAK and BoZzena GROSZYNSKA

Department of Cell Biology, Nencki Institute of Experimental Biology, Warszawa, Poland

Summary. Cells of Blepharisma japonicum are characterized by a light avoiding reaction, the step-up photophobic response. Microscope video-
recording and behavioral analysis showed that photosensitivity of these cells is greatly reduced when they were incubated in solutions containing
such agents as neomycin, an inhibitor of phospholipase C, heparin, a inhibitor of inositol receptors and Li* ions, potent inhibitor of
monophosphoinositol phosphatase, which are known to modify the cell inositol lipid pathway. All of these substances caused a decrease of the
number of cells reacting to light stimulation with photophobic responses, and latency of the cell responses were appreciably extended. The
observed inhibitory effects in all tested cases were dependent on both the time of cell incubation and doses of neomycin, heparin or Li* ions used.
The obtained behavioral results allow to suggest that in protozoan Blepharisma there exists possibly InsP, pathway which seems to be one of

the mechanisms of signal transduction.

Key words: Blepharisma, ciliate, inositol 1,4,5-trisphosphate, photosensory transduction, step-up photophobic response.

INTRODUCTION

The ciliates Blepharisma japonicum exhibit a distinct
sensitivity to light, due to their endogenous pigment,
blepharismin, which are enclosed in small granules
(photoreceptive units) and distributed regularly over the
cell body (Giese 1981, Kraml and Marwan 1983). In
dark adapted cells short light stimuli elicit a step-up
photophobic response which consists of a delayed stop
of movement and transient ciliary reversal followed by
renewed forward swimming in a randomly changed
direction (Kraml and Marwan 1983, Matsuoka 1983,
Fabczak H. et al. 1993, Fabczak S. et al. 1993). From
the bioelectrical recordings it is evident that light initiates

Address for correspondence: Hanna Fabczak, Nencki Institute of
Experimental Biology, Department of Cell Biology, ul. Pasteura 3,
02-093 Warszawa, Poland; Fax: 48-22 225342; E-mail:
hannafab@nencki.gov.pl

a sensory transduction chain causing generation of a
delayed membrane photoreceptor potential which trig-
gers, in turn, an action potential (Fabczak S. et al. 1993).
This action potential is followed by, typical for other
ciliates, reversal of ciliary beating observed during the
photophobic response in Blepharisma. The dependence
of phobic responses and photoreceptor and action poten-
tials in these organisms on the presence of Ca** ions in
external solution testifies the participation of Ca** in
generation of both these potentials (Fabczak S. et al.
1994, 1996).

The detailed molecular mechanism of the
phototransduction process in Blepharisma remains un-
known. Some recent data suggest that the phototransduction
in these ciliates involves cyclic GMP nucleotide as a
second messenger which may affect a cGMP-activated
ion channels on the plasma membrane (Ishida et al. 1989,
Fabczak H. et al. 1993). It has been reported that, in
photoreceptor or olfactory receptor cells of some in-
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vertebrates, at least two independent signal transduction
pathways can exist within the same cell and, in addition
to cGMP, inositol lipid could serve as a second messenger
(Rayer et al. 1990, Minke and Selinger 1992, Hatt and
Ache 1994).

Therefore to check whether there in Blepharisma
ciliates, in addition to the cGMP involving pathway, an
another light transduction pathway exists, we have ana-
lyzed the occurrence of photophobic response in the cells
pretreated with an InsP, cascade disturbing agents.

MATERIALS AND METHODS

Stock cultures of the ciliate Blepharisma japonicum were maintained
as previously described (Fabczak S. etal. 1993). Prior to the experiments,
the cells were transferred to a fresh culture medium and kept in the dark
for about 1 h. Subsequently the dark adapted cells were placed in an
experimental chamber filled with a solution containing the tested sub-
stance. The measurements were performed usually after 10 or 30 min of
incubation at room temperature (21+2°C). The particular solutions contain-
ing neomycin, heparin or Li* ions (Sigma) were prepared using fresh
culture medium.

The latency of photophobic responses and number of photoresponding
cells were estimated using microscopy video recording described else-
where (Fabczak S. etal. 1994). To estimate the degree of photosensitivity
of the cells, two parameters were used: (1) the number of cells reacting to
the given light stimulus, and (ii) the latency of the photophobic response.
The intensity of the light stimulus was selected in such a way that, 50% of
the cells in the control conditions showed this level of responses. The
effects of solutions containing neomycin, heparin or Li* ions on the cell
photoresponses were expressed as the changes of percentage of the cells
responding to a given stimulus and as alteration of latency of the photopho-
bic response.

RESULTS AND DISCUSSION

Blepharisma japonicum, when suspended in a solu-
tion containing neomycin, an inhibitor of phospholipase C
(Schibeci and Schacht 1977, Downes and Michell 1981), are
less sensitive to light than the control cells. This is evidenced
both by reduction of the number of cells responding to the
light stimulus, and prolongation of latency of the photophobic
response (Fig. 1). Treatment with 1 pM neomycin for 15 min
resulted in an almost 50% decrease in the number of
responding cells (Fig. 1 A), and a twofold prolongation of the
latency (Fig. 1B) as compared with control cells. When
concentration of neomycin in external solution was raised to
10 uM, the cells after 15 min of incubation showed no
photophobic response. In medium containing Li* ions, which
are known to be an inhibitor of monophosphoinositol
phosphatase (Takimoto et al. 1985), the photophobic re-
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Fig. 1. Influence of neomycin on (A) photophobic responses and (B)
response latency of Blepharisma japonicum to standard light stimulus
of 5 x 10* Wem™?, The control values showed in this and following
Figures are taken as 100%. Each bar shows the mean and standard
deviation of data obtained from 5 measurements on cell samples
containing 20 - 30 organisms for photophobic response measurements
(A) and 25 cells for relative latency measurements (B)
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sponses were also markedly inhibited (Fig. 2). Incubation of
the cells for 10 min with 0.5 mM Li* caused a distinct
prolongation of latency of cell responses and decrease in the
number of responding cells. At higher level of external Li*
(5 mM i 10 mM) the photophobic responses were inhibited
to higher extent; moreover, the character and the velocity of
cell movement were significantly altered as compared with
controls (data not shown). Similarly as in the case of
neomycin and Li*, addition of heparin, a potent blocker of
InsP, binding receptors (Supattapone et al. 1988), caused
both time and concentration dependent inhibition of the
photophobic response (Fig. 3). The cell incubation for 10 min
in solutions containing 10 pg/ml, 20 pg/ml or 40 mg/ml of
heparin resulted in a decrease in the number of responding
Blepharisma cells by about 15%, 30% and 50% respectively
(Fig. 3A). Also the latency of the cell response to the light
stimulus was distinctly prolonged as the level of heparin was
increased (Fig. 3B).

It has been demonstrated that InsP,, the product of
phosphatidylinositol 4,5-bisphosphate (PtdIns 4,5 P,)
hydrolysis by phospholipase C, can play, in photoreceptor
cells of some invertebrates, the role of second messenger
in the phototransduction process (Rayer et al. 1990,
Minke and Selinger 1992). Such factors as neomycin,
heparin and lithium ions are known to cause large
disturbances in this process at various stages of InsP,
cascade, present in several types of cells. Decreasing of
phospholipase C activity by neomycin has been reported
to suppress the responses of photoreceptor cells of
Hermissenda and Limulus (Frank and Fein 1991, Faddis
and Brown 1993, Sakakibara et al. 1994, Striggow and
Bohnensack 1994, Contzen et al. 1995). A low sensitivity
of the receptor cells of Hermissenda to light was observed
also in the presence of Li* ions (Sakakibara et al. 1994).
The role of lithium ions consisted in this case by inhibiting
monophosphoinositol phosphatase activity and decreas-
ing the cellular pool of inositol, the primary substrate for
PtdIns(4,5)P, synthesis (Berridge 1987). The inhibitory
effect of heparin on the responses induced by light were
showed in photoreceptor cells of Limulus (Frank and Fein
1991, Faddis and Brown 1993, Contzen et al. 1995). The
similar action of heparin was clearly demonstrated in a
variety of cells isolated from brain, smooth muscle and
liver (Chadwick et al. 1990, Joseph and Samanta 1993,
Mayrleitner et al. 1995).

The demonstrated results of the behavioral experi-
ments on Blepharisma ciliates provide convincing evi-
dence that all three compounds used, neomycin, heparin
and Li* ions inhibit strongly the light induced ciliary
responses. Thus, it seems highly probable that, these

ciliate an unicellular organism possess the phototransduction
system which involves InsP, as a second messenger.
Disturbances of the inositol pathway at its particular steps
are related to the observed changes in the photobehaviour
of the cells. The presence in Blepharisma of the proposed
phototransduction pathway is supported by our prelimi-
nary data of the experiments in which it has been
demonstrated that photostimulation of the cells results in
changes of InsP, levels in the cell (Fabczak H. et al.
1996). An incubation of these cells in solutions with
neomycin inhibited or completely blocked these changes
at higher its concentrations.
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