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Relationship Between Cytoskeleton and Motility 

Symposium held on 25th June 1985 in Nairobi, Kenya, as a Part of the VII 
International Congress of Protozoology 

It became a tradition of International Congresses of Protozoology to pay spe-
cial attention to the physiology of movement and behaviour of Protista. In that 
field the protozoologist looking how a unicellular organism behaves and the cell 
biologist willing to understand how a non-muscle motile cell operates, meet to-
gether and work in unison. This tradition was followed by the VII International 
Congress of Protozoology held in Nairobi on 2 1 - 2 9 June 1985. The Symposium 
"Relationship Between Cytoskeleton and Motility" was one of most successful 
components of the scientific programme of this Congress. It took 5 hours instead 
of the 3 originally planned, and was attended by over 100 participants. 

The presence of microfilaments and microtubules in the contractile cytoske-
letal systems of the unicellular eukaryotes, the differentiations of their fine 
structure and topography within the cells, as well as the tremendous variety of 
motile phenomena manifested by Protista, made it impossible to review systema-
tically the whole subject during one session. The Symposium concentrated the-
refore on a few selected topics: (1) organization of the contractile apparatus of 
giant amoebae and its role in producing the endoplasmic flow and locomotion 
(W. S tockem, Bonn, FRG), (2) the cytoskeleton and cell-to-substratum adhesion 
in the small, soil and fresh water amoebae (T. M. P r e s t o n , London, U. K.), (3) 
adhesion-dependent movements of the cytoskeletal cylinder and the traction com-
ponent of the amoeboid movement (A. Gr§beck i , Warsaw, Poland), (4) transi-
tion from the actin to tubulin motor system during the amoebo-flagellate transfor-
mation (C. F u l t o n , Waltham, USA), (5) assembly and disassembly of the micro-
tubular cytoskeleton in filopodia (M. H a u s e r , Bochum, FRG), (6) molecular 
mechanism of operation of the most specialized microtubular system, in the ciliary 
axoneme (P. Sa t i r , Bronx, USA), (7) calmodulin as a likely universal sensor allo-
wing Ca2 + to control the motility of Protista (L. K u z n i c k i , Warsaw, Poland). 
A. G r § b e c k i acted as chairman of the Symposium and P. Sa t i r as co-chairman. 
The chairman's report will appear in the post-congress volume, to be published 
as a special issue of Insect Science and its Applications (A. G r ^ b e c k i : Relation-
ship between cytoskeleton and motility. In: Progress in Protozoology, Proc. VII 
Intern. Congr. Protozool., T. H. Odhiambe ed. in press). 

The Editors of Acta Protozoologica decided to invite all the contributors to 
the Cytoskeleton and Motility Symposium in Nairobi, to publish the integral text 
of their lectures in our Journal. It is a pleasure to present to the readers (in the 
pp. 245-304) six papers received in response to this invitation. 
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Microfilament Organization and Function in Amoeba proteus1 

W. S T O C K E M and H. U. H O F F M A N N 

Institute of Cytology, University of Bonn, 5300 Bonn 1, FRG 

Received on 10th September 1985 

Synopsis. The structural organization and function of the microfilament (MF)-system 
in Amoeba proteus was studied by immunological, fluorescent-analog-cytochemical 
and electron-microscopical methods. In normal locomoting cells the MF-system 
is localized beneath the plasma membrane and consists of three different regions: 
the anterior region of reorganization, the intermediate region of contraction and the 
posterior region of destruction. Alterations in the polarity and activity of the MF-
system as induced by the external application and microinjection of more than 80 
different drugs are always combined with characteristic changes in locomotor beha-
vior, plasma membrane dynamics and cytoplasmic organization. Most common 
phenomena as observed in such experiments are: localized pseudopodium formation 
and retraction, spherulation and flattening of the amebae, hyalo-granuloplasm se-
paration, cytokinesis and endocytosis. This demonstrates that the microfilament 
system of A. proteus is responsible for a large variety of motile phenomena. 

Recent progress in cell motility research has revealed both the stabilizing and 
dynamical function of a thin layer of microfilaments associated with the internal face 
of the plasma membrane ( A l b e r t s et al. 1983). According to ultrastructural and 
cell physiological results on non-muscle cells (Weih ing 1979, K o r n 1982, We-
be r and O s b o r n 1982, J o c k u s c h 1983) the cortical filament layer is involved 
in different movement phenomena, such as (a) generation of motive force for cy-
toplasmic streaming and cell locomotion, (b) changes in cell form and cell surface 
morphology, (c) cell body stabilization, (d) movements on and of the cell surface, 
(e) cell-to-substratum contacts, (f) endo- and exocytosis and membrane turnover, 
and (g) cytokinetic activities. 

In a series of experiments using microinjection, fluorescent analog cytochemi-
stry, immunocytochemistry and electron microscopy we studied the morphology 

1 Lecture presented by W. Stockem on 25th June 1985 at the Symposium "Relationship be-
tween Cytoskeleton and Motility", held during the Seventh International Congress of Protozoology 
in Nairobi, Kenya. 

Supported by a grant of the DFG (Sto 126/1-4) 
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246 W. STOCKEM AND H. U. HOFFMANN 

and function of the cortical filament layer in Amoeba proteus ( S t o c k e m et al. 
1978, W e h l a n d et al. 1979, G a w l i t t a et al. 1980 a, b, G a w l i t t a et al. 1981, 
S t o c k e m et al. 1982, S t o c k e m et al. 1983 a, b, H o f f m a n n et al. 1984). The 
most important results of these experiments are summarized in this contribution. 

R e s u l t s a n d C o n c l u s i o n s 

Amoeba proteus is a uninuclear organism which exhibits a distinct polarity 
during normal locomotion. Cytoplasmic streaming originates at the rear end (uroid) 
and is directed toward the front zone (advancing pseudopodia). 

The most striking phenomena of migration are changes in cell shape caused by 
the continuous formation and retraction of pseudopodia. Detailed studies (Stoc-
kem et al. 1969) by cinematographic single-frame analysis (Fig. 1) demonstrate 
a permanent decrease in contour at the uroid or at retracting pseudopodia (hatch-

VI VII VIII IX X 

Fig. 1. Drawings obtained from a cinematographic analysis of a movement period over 19 min 
demonstrating changes in contour and cytoplasm translocation of a polytactic A. proteus. The 
time difference between the 10 consecutive stages (I-X) is 2 min. Each stage is composed of two 
outlines of the same cell, which differ by 1 min. The first outline, comprised of white and hatched 
areas, represents the previous time stage, whereas the white and black areas represents the stage 
the amoeba attained 1 min later. A', A and B', B — intermediate region of constant outline, ar-

rows — cytoplasmic streaming direction. Magn. 75 x (from S t o c k e m et al. 1969) 
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MICROFILAMENT ORGANIZATION AND FUNCTION IN AMOEBA 247 

ed areas), and a permanent increase in contour at the front or at extending pseudo-
podia (black areas). The uroid and front region are always separated by an inter-
mediate zone of constant outline (Fig. 1 A A', B B'). 

The streaming endoplasm is transported within a tube, the wall of which con-
sists of stationary ectoplasm (PI. I EC, EN). Both, endoplasm and ectoplasm exhi-
bit a similar structure and consist of hyaline ground plasm containing the various 
structured cell components. At the cell periphery ground plasm normally prevails 
in the ectoplasm and locally forms zones of clear hyaloplasm (PI. I HP). Different 
theories localizing contraction either in the posterior or in the anterior pole of amo-
eba were proposed in the past to explain the phenomenon of amoeboid movement 
(for recent reviews see K o m n i c k et al. 1973, A l l e n and Al l en 1978, T a y l o r 
and C o n d e e l i s 1979, G r ^ b e c k i 1982). 

However, these attempts were more or less unsuccessful because morpholo-
gical and physiological data necessary to understand the mechanism of motive 
force generation were lacking. In particular, these data include an answer to the 
question of the (1) nature, (2) spatial arrangement, (3) ultrastructural organiza-
tion and (4) function of the contractile system in large amoebae. 

Nature of the Contractile System 

Direct evidence for the nature of the contractile system was obtained from 
investigations on glycerinated amoebae ( S i m a r d - D u q u e s n e and C o u i l l a r d 
1962, S c h a f e r - D a n n e e l 1967). 

In addition to unspecific spherulation caused by the extraction procedure, the 
cells specifically react on the addition of ATP and anorganic ions with a distinct 
volume contraction. The contractile effect of ATP proved to be morphologically 
manifested in the condensation of a network of microfilaments. In summary, these 
results indicate that microfilaments provide the structural basis of contractility 
in A. proteus and are equivalent to the actomyosin system of muscle and motile 
non-muscle cells. 

Spatial Arrangement of the Contractile System 

The spatial arrangement of the contractile system in A. proteus as a necessary 
information for understanding the conversion of chemo-mechanical energy trans-
formation on the molecular level into the complicated pattern of amoeboid mo-
vement and related phenomena on the microscopical level was recently elucidated 
by immunocytochemistry ( S t o c k e m et al. 1983 b). In normal locomoting spe-
cimens fixed for antibody staining in ice-cold methanol actin is mainly located in 
a cortical layer displayed beneath the plasma membrane or delineating the gra-
nuloplasm from the peripheral hyaloplasm. The amount of actin within this layer 
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increases from the advancing front to the intermediate region of constant outline 
and decreases again toward the uroid. The distribution of myosin is largely con-
gruent to the display of actin, with the exception that the myosin content of the 
cortical layer gradually increases from the front to the uroid. It is important to 
mention that distinct fibrillar-like differentiations in both, the endoplasm and ecto-
plasm of A. proteus are completely lacking. 

Ultrastructural Organization of the Contractile System 

The ultrastructural organization of the contractile system in normal locomo-
ting A. proteus was investigated using improved fixation and embedding techni-
ques. Best results were obtained after application of PIPES-buffered glutaralde-
hyde in connection with substances known to prevent depolymerization of micro-
filaments (PEG, phalloidin), followed by careful dehydration and freeze-substi-
tution ( S t o c k e m et al. 1982). 

The contractile system is constructed of two components: thin filaments with 
a diameter of 6 nm (actin) and thick filaments with a diameter of 10-30 nm (my-
osin). The thin filaments are linked with the plasma membrane by regularly arran-
ged cross bridges of 5-10 nm thickness and 20-30 nm length. The thick filaments 
are connected to the thin filaments by cross bridges, which measure 60 nm bet-
ween the two filament types and 30 nm in diameter. 

The contractile system is always continuous along the entire cell surface (Fig. 
2 A, broken lines) and varies in thickness depending on the cell region. In the front 
region it is very thin with an average thickness of 0.1 [xm (Fig. 2 A, thin broken 
lines), whereas in the intermediate and posterior region (Fig. 2 A, thick white and 
black broken lines) it normally increases to 0.5 fxm or more. In contrast to thin 
filaments, which are a general constituent of the contractile system, the display 
of thick filaments is largely restricted to the uroid region. Both, thin and thick 
filaments reveal a low degree of order with respect to their spatial orientation. 
In the front region (Fig. 2 B) the orientation of thin filaments is mostly parallel 
to the plasma membrane and to the longitudinal axis of the cell. In the interme-
diate and uroid region (Fig. 2 C), the predominant arrangement of thin and thick 
filaments is a netlike structure without any visible preferential course of the two 
filament types. 

Function of the Contractile System 

The function of the contractile system in A. proteus was investigated by fluores-
cent-analog-cytochemistry (FAC). This new, high-resolution technique for light-
microscopic studies of living cells combines fluorescence microscopy, microinjec-
tion, video technology and digital image processing. 

Thereby, dynamic processes in the cytoplasm can be observed on the molecular 
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Fig. 2 A — Drawing prepared from an ultrathin section after electron microscopic investigation 
at high magnification to demonstrate the course of the contractile system in an orthotactic A. pro-
teus. The system is divided into three zones: a — zone of formation (thin broken lines), b — zone 
of contraction (thick broken white lines), c — zone of destruction (thick broken black lines). The 
length of these zones may actually differ and the transitions between them are fluid. In particular 
the contraction zone b may be much more extended and partly overlap with a and c, B — Dra-
wing demonstrating the ultrastructure of the cell periphery at the front region. The contractile 
system (FL) is in close contact with the plasma membrane and contains microfilaments of parallel 
arrangement which are interconnected by oligomeric myosin cross-bridges, C — Drawing de-
monstrating the ultrastructure of the cell periphery at the intermediate and uroid region. The con-
tractile system (FL) delineates the peripheral hyaloplasm (HP) from the central granuloplasm 
(GP), and contains microfilaments and thick (myosin) filaments in a netlike arrangement. The 
links between the contractile system and the plasma membrane are not shown in the scheme, al-

though they certainly do exist. ML — mucous layer 

level, e.g., the intracellular redistribution of fluorescein-labeled muscle G-actin 
after microinjection into A. proteus ( S t o c k e m et al. 1983 a). The polymeriza-
tion-competent protein becomes part of the endogeneous microfilament system 
undergoing dynamic changes over time periods of several hours. Single-frame 
analyses of long-term sequences enabled the direct demonstration of both, the 
contractile activities and morphological transformations of microfilaments in such 
amoebae. In normally locomoting cells the contractile system undergoes conti-
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nuous changes in spatial distribution depending on the actual pattern of cytoplasmic 
streaming and cell shape. 

The highest degree of differentiation is always maintained in the intermediate 
region between the front and the uroid, thus indicating this segment of the cortex 
to be the most important site in generating motive force for pseudopodium for-
mation and amoeboid movement. 

Individual cellular compartments involved in the excitation-contraction me-
chanism for motive force generation can be influenced with respect to their func-
tional activity by chemical stimulation or inhibition. In recent series of experi-
ments ( H o f f m a n n et al. 1984) we compared the influence of altogether 88 agents 
(see the list below) on the morphology and function of the contractile system of 
A. proteus after both, external application and microinjection. 

List of Chemical Agents Recently Tested ( H o f f m a n et al. 1984 and 
Unpublished) for their Action on the Structure and Function of the Contrac-

tile Apparatus of Amoeba proteus 

Externally-applied Substances 

Acetylcholine, acridine orange, asparagine, atropine, 
benzamide, butyrylcholine, 
caffeine, chloral hydrate, chloroform, p-chloromercuribenzoic acid, chlorpromazine, cocainhy-

drochloride, colchicine, collagenase, cysteine, cytochalasin B, 
D-600, dibucaine, digitonin, dinitrophenol (DNP) 
ether, ethylenediamine, EDTA, EGTA, ephedrine hydrochloride, eserine, 
heparin, 8-hydroxyquinoline, 
iso-OMPA 
lysolecithin 
Mono-iodoacetic acid, morphine, 
NEM (fl-ethylmaleimide), noradrenaline, 
ouabain, 
papain, phalloidin, phloretin, phloridzin, phospholipase, pilocarpine, poly-L-lysine (MG: 500 000, 

MG: 6 000-9 000), polymyxin-B-sulphate, procaine hydrochloride, prostaglandin F2 a , puro-
mycin, putrescine, 

quinine, 
RNase, ruthenium red, 
serotonin, spermidine, spermine, sucrose, 
theobromine, theophylline, thiourea, trypan red, trypsin, 
urea, urethane. 

Microinjected Substances 

Acetylthiocholine iodide, acridine orange, actin, actinomycin D, ammonium molybdate, ATP, 
bovine serum albumin, 
caffeine, caprylic acid, chlorpromazine, chlortetracycline, cocaine, collagenase, cysteine, cyto-

chalasin B, 
D-600, DMSO, DNase I, DNP, D2Q, 
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EDTA, EGTA, eserine, ethanol, ethylenediamine, 
ferritin, fluphenazin, fragmin, 
heparin, histamine, HMM, H 2 0 2 , hyaluronidase, 
iso-OMPA, 
lysolecithin, 
morphine, NEM, 
ouabain, 
papain, PCMB, pepsin, phalloidin, phloretin, phloridzin, phospholipase, pH-graded from 3-11, 
poly-L-glutamic acid, poly-L-lysine, polymyxin B, procaine hydrochloride, putrescine, 

Fig. 3. Schematic drawing to demonstrate some alterations in the polarity and cytoplasmic orga-
nization as induced by the external application (B) or microinjection (C-E) of different substances 
(A-> B — polycations, A-> C — DNAase I, A-> D — spermine, A-> E — phalloidin). A — 
normal locomoting cell with controlled isotonic contraction of the microfilament system at the 
intermediate and uroid region (black) and isometric contraction and controlled relaxation at ad-
vancing pseudopodia (white), B — pinocytoting cell with total contraction (black) and local detach-
ment of the microfilament system from the cell membrane. Extending pseudopodia containing 
pinocytosis channels (white), C — monotactic cell with total contraction at the uroid (black) and 
total relaxation at the front (white), D — dividing cell with local, ring-like contraction in the inter-
mediate region (black), E — total contraction of the microfilament system with detachment from 
the cell membrane resulting in distinct separation of hyaloplasm (white) from granuloplasm (open 
circles), arrows inside the cells — cytoplasmic streaming direction (from Stockem et al. 1981) 

t 

I 

http://rcin.org.pl



252 W. STOCKEM AND H. U. HOFFMANN 

quinine, 
RNase, Ro 20-1724, ruthenium red, 
sodium-monovanadate, spermidine, spermine, sucrose, 
theophylline, thiourea, trypsin, 
vitamin Ki. 

The different reaction patterns, which were induced by the tested agents mainly 
depend on two phenomena, i.e., on the localized or general contraction or rela-
xation of the actomyosin system. Some of the most interesting reactions obser-
ved in A. proteus after chemical stimulation are summarized in Fig. 3. It is impor-
tant to mention that these results exactly coincide with observations made by Gr?-
beck i (1980, 1981) using photic stimulation of the contractile system in different 
body regions. 

Final Remarks 

The contractile microfilament system of Amoeba proteus is mainly represented 
by a thin cortical layer at the cytoplasmic face of the cell membrane. During nor-
mal locomotion the cortical filament layer exhibits a distinct structural and phy-
siological polarity characterized by the existence of three different zones: a zone 
of formation at the front, a zone of contraction in the medium cell region, and 
a zone of destruction at the uroid. Experimentally induced alterations in the po-
larity of the microfilament system cause immobilization in conjunction with cha-
racteristic changes in cell shape, membrane dynamics and cytoplasmic organization. 

The phenomena observed after external application and microinjection of 88 
different substances are: (a) local contraction and relaxation of the microfilament 
system, i.e., pseudopodium retraction and formation, (b) total contraction of the 
microfilament system without or with detachment from the cell membrane, i.e., 
sperulation and hyalo-granuloplasm — separation, (c) total relaxation of the micro-
filament system without or with destabilization of the cell membrane, i.e., flat-
tening and cell death, and (d) cytokenetic or pinocytotic activities by modified 
contractions in definite cell areas. The results gathered by immunocytochemistry, 
fluorescent analog cytochemistry and electron microscopy allow an improved 
interpretation of ameboid movement and related processes. They seem to favour, 
among the present broad concepts, the generalized cortical contraction theory 
( G r ^ b e c k i 1982) and the solation-contraction coupling hypothesis (Tay lo r and 
C o n d e e l i s 1979). 
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EXPLANATION OF PLATE I 

Differential-interference-contrast light micrograph of an extending pseudopodium of A. proteus 
EC - ectoplasm, EN - endoplasm, GP - granuloplasm, HP - hyaloplasm, N - nucleus, V -
contractile vacuole, arrow — cytoplasmic streaming direction. Bar — 50 ^m (from Stockem 
1970) 
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Adhesion-dependent Movements of the Cytoskeletal Cylinder 
of Amoebae1 

A n d r z e j G R Ç B E C K I 
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Received on 4th September 1985 

Synopsis. The whole peripheral cylinder of amoeba plays as well the contractile as 
cytoskeletal functions, because the myosin and the actin-binding proteins are both 
interwoven in the F-actin cortical network. It is therefore a self-contracting and 
self-retracting structure. In the unattached cells the whole cylinder uniformly with-
draws toward its closer rear end, i.e., retracts toward its geometrical centre. That 
produces a full fountain movement in the cell interior. In amoebae attached to the 
substrate the peripheral gel layer retracts centripetally from each free body end to 
the adhesion zone. That results in the tail withdrawal behind the attachement sites 
as well as in the ectoplasm retreat ( = fountain movement) in front of them. There-
fore, the fountain phenomenon is not produced by frontal pulling of axial endoplasm, 
but by self-retraction of the peripheral contractile layer. The velocity of ectoplasm 
movements always increases linearly from the retraction centre to the distal zones. 
That confirms the uniform distribution of the contractile and cytoskeletal properties 
along the cell periphery. 

Pressure Flow and Traction Aspects of Amoeboid Movement 

It is well established at least from 15 years that the active component of the 
ectoplasmic layer of amoebae, responsible for cell locomotion and other motor 
responses, is built of a three-dimensional network of F-actin microfilaments which 
can interact either with myosin or with actin-binding proteins. First type of inte-
ractions results in filaments sliding which may lead as well to a longitudinal shor-
tening as to the three-dimensional reduction of volume of the whole cortical mesh-
work, i.e., to its contraction. Interactions of the second type, in which some actin-
binding proteins are involved, stiffen the ectoplasmic gel by cross-linking the fila-
ments, i.e., they assign to the ectoplasmic layer its cytoskeletal role (cf. T a y l o r 

1 Lecture presented by A. Gr^becki on 25th June 1985 at the Symposium "Relationship between 
Cytoskeleton and Motility", held during the Seventh International Congress of Protozoology in 
Nairobi, Kenya. 
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and C o n d e e l i s 1979, P o l l a r d 1984). Therefore the ectoplasmic cylinder may 
keep its relatively constant shape and is capable to transmit mechanical tension. 
We may state in general that it performs simultaneously as well the contractile 
as the cytoskeletal functions. 

Coexistence of these two functions in the ectoplasmic cylinder creates some 
problems, because on one hand they are complementary and are both needed to 
produce movements, but on the other hand they are in large extent opposed one 
to another. Some rigid structure is necessary to transmit the force developed by 
filaments sliding and to perform work, but too much stiffness would make the con-
traction impossible or at least constrain it under the isometric régime. 

A solution of this contradiction might be proposed on the basis of classical 
tail contraction theory of amoeboid movement, by assuming that the actin-myosin 
interactions are restricted to the posterior segment of the ectoplasmic cylinder, 
which would thus function as the only contractile cell region. The cross-linking 
of filaments by the actin-binding proteins would prevail in the middle and anterior 
zones, creating there a system of more stiff tubes built of the stabilized but non-
contractile gel (Weh land et al. 1979). In that way the contractile and cytoskeletal 
functions of the ectoplasmic cortical layer would be spatially separated on the ma-
cro-scale of cell organization. 

However, it was recently established that the contractility of the cell cortex in 
amoeba is not limited to the tail but well expressed along the whole cell. The ultra-
structural studies of the fixed material and application of the modern fluorescence 
techniques to living cells lead to the conclusion that the contractile capacities are 
not restricted to any body pole, but probably are evenly distributed along the cell 
periphery (S tockem et al. 1982, 1983 a, b). The contractile activity of the whole 
cortical cylinder of amoeba was directly demonstrated by local application of con-
tracting or relaxing photic stimuli to its different segments ( G r ç b e c k i 1981). Such 
structural and functional evidence support the generalized cortical contraction 
theory of amoeboid movement ( G r ç b e c k i 1982 a, b). 

So, the contractile and cytoskeletal functions seem not to be separated in the 
ectoplasmic cylinder on the cellular macro-level. They are probably separated on 
the ultrastructural level, as recently proposed by the solation-contraction coup-
ling hypothesis (Tay lo r et al. 1979, 1982). It postulates that the whole ectoplas-
mic gel of amoeba is a mosaic of microdomains in which either the mobilizing 
effects of myosin or stabilizing effects of actin-binding proteins are respectively 
prevailing. It means that, at the cellular level, the contractile and cytoskeletal pro-
perties of the cortical layer are interwoven along the whole length of amoeba. Thus, 
the ectoplasm may not only contract in any place, but also transmit mechanical 
tension to the neighbouring areas. Each contraction spot must interfere with other 
parts of the peripheral layer by pulling them. As a whole, the ectoplasmic cylinder 
should behave in an integrated manner as a self-contracting and self-retracting body. 

First of all, being a hollow gelated bag built of an unordered meshwork of fila-

http://rcin.org.pl



MOVEMENTS OF THE CYTOSKELETAL CYLINDER OF AMOEBAE 2 5 7 

ments, it should contract three-dimensionally, in volume, squeezing the endoplas-
mic sol in its interior. It raises the hydrostatic pressure in the endoplasm, which 
may be transformed in the movement if a pressure gradient is established. The 
gradient arises when any place along the contracting cell periphery is being relaxed. 
Then the endoplasm starts flowing toward the relaxed spot, which becomes the 
front of locomotion. The contraction-relaxation events in the fronts are under 
the control of external stimuli. In that way the generalized cortical contraction 
theory explains the pressure driven and streaming dependent mechanism of loco-
motion in amoeba ( G r ^ b e c k i 1982 a, b). 

That is certainly the most important aspect of movement of the giant amoebae, 
but not the only one to determine their motor behaviour. As it was stressed be-
fore, the contraction force developed by the ectoplasmic cylinder is not only trans-
mitted to its interior in the form of pressure, but also along its own walls in the 
form of tension. If so, the ectoplasmic material should be also pulled mechanically 
along and linearly retracted in the plane of the walls of the cylinder. It means that 
the movements of amoebae are probably in some extent depending on the traction 
phenomena, besides the pressure mechanism. 

The traction mechanism is recognized as locomotion factor in some other 
Sarcodina (e.g., in Difflugia — Bovee 1964, Al l en 1968), in many crawling tissue 
cells (e.g., in fibroblasts — A b e r c r o m b i e 1980) and in A. proteus as a factor in 
pinocytosis (Kle in and S t o c k e m 1979). But its general role in the motor beha-
viour of giant amoebae is little known, based on controversial observations and 
probably underestimated. 

The forward movement of the posterior ectoplasm during locomotion is noto-
rious and was never denied. As far as the ectoplasmic movements in the anterior 
cell part are concerned, even the account of facts is confusing. Most frequently 
is reported the massive bulk withdrawal of the whole ectoplasmic tube from the 
front backwards. The phenomenon is commonly called the fountain movement 
(Mas t 1926, A l l en 1961 a, K a p p n e r 1961, J a h n 1964, Se rav in 1966 a, b, 
S t o c k e m et al. 1969, G r ^ b e c k i 1976). The fountain is formed by the axial arm 
in which the endoplasmic sol is flowing forward, and the peripheral arm in which 
the new ectoplasmic gel is transported backwards (cf. Fig. 5). 

The origin of the frontal fountain has never been explained in a satisfactory 
way by any version of the tail contraction theory ( R i n a l d i and J a h n 1963). But 
this phenomenon laid at the basis of the frontal contraction theory (Allen 1961 
a, b), according to which the motive power is generated during the endoplasm-
ectoplasm conversion inside the fountain zone, and the tension transmitted along 
the viscoelastic endoplasm results in pulling it in the direction of locomotion. It 
means that, according to this concept, the axial arm of the fountain which moves 
forward is the active one. Therefore, the explanation of the fountain phenomenon 
became theoretically important in further testing the validity of the present con-
cepts of amoeboid movement. 
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Retraction of the Ectoplasm in Unattached Amoebae 

Our recent experimental attempt to reveal some general patterns of the traction 
dependent movements in the peripheral cell layers of Amoeba proteus was under-
taken with different morphodynamic types of this species (monotactic, polytactic 
and heterotactic ones — see Pl. I 1), because the ectoplasmic movements were 
expected to be strongly dependent on the geometry of amoeba and on the topo-
graphy of cell-to-substrate adhesion. 

The monotactic forms were chosen to start experiments ( G r ç b e c k i 1984), 
because of their always single unbranched ectoplasmic cylinder and easy mani-
festation of the fountain phenomenon. They were suspended either on the surface 
of fluorinert liquid or on a saturated methylcellulose layer, to prevent them to 
attach. Such cells are unable to change their position, the endoplasm is, however, 
streaming in their interior as usually forwards. Under these conditions the ecto-
plasm moves backwards not only in the frontal zone but along the whole cell length 
(Fig. 1 A). It means that the unattached monotactic amoebae, in contrast to the 
attached ones, are characterized by a full fountain movement. 

Longitudinal velocity profiles of the backward movement of the ectoplasmic 
granules were obtained from the cinematographic records of such experiments 
(Fig. 2 A). Velocity of the ectoplasm withdrawal increases from the tail region 
up to the frontal cap, always in linear way. The linear slopes of the longitudinal 
velocity profiles strongly support the view that the contractile and cytoskeletal 
functions are rather uniformly distributed along the ectoplasm. Any non-contrac-
tile, just cytoskeletal, segment of the cylinder would forcibly produce a flat hori-
zontal profile. Such profiles were never obtained. Their linear character indi-
cates that the ectoplasmic cylinder shortens uniformly along its whole length, and 

Fig. 1. A scheme explaining the principle of movements of the ectoplasmic cylinder of monotactic 
amoeba without attachment to the substrate (A) and attached in a narrow centrally located zone 
(B); the direction and length of arrows represent the character of movements and the asterisks 

the stationary condition of the ectoplasm 

A 

adhotion 
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Fig. 2. The longitudinal velocity profiles of ectoplasmic inclusions in an unattached monotactic 
amoeba (A) and in an attached one (B); the asterisk in B shows the location of the attachment 
site; the tail-front axis of the body (T-F) is calibrated every 100 jj.m and the velocity axis (V) at 
the intervals of 2.5 [xm/s each; the negative or positive V values correspond respectively 

to the backward or forward retraction of the ectoplasmic cylinder; after Gr^beck i (1984) 

the shifting effects are summarized with the growing distance. In the amoeba ecto-
plasm just the closed posterior end of the cylinder is situated at the maximal dis-
tance from any open border of the ectoplasmic layer. Therefore, such velocity 
profiles prove that in an unattached amoeba displaying a full fountain phenomenon, 
the ectoplasm is evenly retracted toward its geometrical centre. That is exactly 
how should behave any self-contracting and self-retracting body freely suspended 
in the medium. 

Monotactic amoebae are the simplest but sporadically occurring forms of 
A. proteus. Therefore, we had to verify each conclusion drawn from the study of this 
model by confronting it with the behaviour of polytactic forms (PI. I la), which 
are the most typical for this species. The polytactic amoebae, when the fluorinert 
fluid or methyl-cellulose layer prevent them to attach, display also a kind of a full 
fountain along their whole length, but different in form. Together with the prin-
cipal ectoplasmic cylinder, the lateral pseudopodia and all other elements of the 
cell outline are also retracted toward the posterior body end, i.e., the whole cell 
periphery is "flowing" backwards. The velocity changes along the longitudinal 
body axis are again proportional to the distance from the closed rear end of the 
ectoplasmic cylinder (Fig. 3 A). It may be concluded that also in the normal poly-
tactic amoebae the contractile cytoskeletal layer retracts as a whole toward its 
geometrical centre, when the cell is lacking any contact with the ground ( G r ? b e c k i 
1985). 

2 — Acta Protozool. 25/3 
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Gr^becki (1985) 

Ectoplasm Retraction in Amoebae Attached to the Glass 

Any uniformly shortening body retracts toward its geometrical centre only 
when freely suspended in the medium. When in some place attached to the solid 
substrate, it will retract toward the attachment point. This second situation is that 
of amoeba locomoting on the surface of glass. 

As a matter of fact, the ectoplasmic cylinder of monotactic amoeba migrating 
on the surface of glass is not retracted toward its geometrical centre, but is with-
drawn from both sides toward the cell-to-substrate attachment zone (Gr^beck i 
1984). The adhesion of monotactic individuals is rather weak and vary in time. 
When locomoting with a moderate speed, they usually adhere to the glass only by 
the body middle. Then, the stationary ectoplasm is seen just in this narrow attach-
ment zone, whereas the other parts of the peripheral cylinder are longitudinally 
retracted from both free body poles toward the centre (Fig. 1 B and PI. I 2a). 

When a monotactic individual establishes much more attachment sites scattered 
over a large part of its lower surface, including the frontal area, almost all ecto-
plasmic inclusions become stationary and the retraction is restricted to the tail 
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region (Pl. I 2 b). But the backward motion of the anterior ectoplasm reappears 
as soon as a new segment of the peripheral cylinder is added without attachment 
in the front (Pl. I 2 c). 

Such a course of events periodically leads the monotactic amoebae to attach-
ment restricted to the rear cell part. In that stage there is no locomotion, no tail 
retraction, the ectoplasm in the posterior body end remains stationary, but in all 
other regions is pulled backwards and forms the full fountain pattern (Pl. I 2 d), 
identical to that manifested by an unattached cell. 

All the situations shown in Pl. I 2 coherently prove that the ectoplasmic cylinder 
always retracts toward the actual adhesion sites. The ectoplasm is either pulled 
only forwards toward the frontal attachment, or only backwards toward the atta-
ched tail, or simultaneously forwards and backwards toward the middle attach-
ment zone. There is no difference in the pattern of ectoplasm retraction in either 
direction, although traditionally they were considered as separate phenomena and 
described respectively as tail retraction and fountain movement. 

This last statement is further supported by the longitudinal velocity profiles 
of ectoplasmic granules in monotactic amoebae migrating on the surface of glass 
(Fig. 2 B). The velocity of ectoplasmic retraction, independently of its direction, 
is always increasing from the attachment zone up to the free distal ends, in a li-
near way. It indicates that the ectoplasm uniformly shortens along the cylinder 
as well in the tail region as in the so-called fountain zone. The shifting effects are 
therefore summarized with the growing distance from the attachment sites. Con-
sistently with that observation, the maximal velocity of ectoplasm retraction which 
may be reached at any free body end depends on the length of the unattached seg-
ment of cylinder, being slow when it is short, intermediate when about a half of 
the ectoplasmic tube is free, and the highest when the whole tube is unattached 
except its opposite end. There is no significant difference, neither in the maximal 
velocity values nor in the profile slopes, when the forward movement of the po-
sterior ectoplasm is compared to the backward movement of the ectoplasmic walls 
in the frontal fountain zone. 

In polytactic individuals ( G r ç b e c k i 1985), which adhere very strongly to the 
glass surface, the major part of the ectoplasm is stationary and the retraction ap-
pears only in the tail. There are no conditions for the backward retraction of fron-
tal ectoplasm, and therefore the fountain phenomenon is absent. But in the ma-
jority of individuals the young advancing pseudopodia are not attached to the 
substrate from the very beginning, and at the first phase of their development are 
free. Their ectoplasmic tubes are then retracted toward the attached body regions 
and small fountains are recorded. The backward movement of ectoplasmic inclu-
sions is then also revealed by the frame-by-frame film analysis (Pl. II 3). As in the 
monotactic amoebae, those ectoplasmic markers, which occupy more distal po-
sitions, move faster back. The retraction is steady and does not change its character, 
when the formerly extending pseudopodium begins to retreat. It confirms that the 
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retraction of the ectoplasmic cytoskeleton from the withdrawing cell regions and 
from the advancing ones, are not two separate phenomena, but just one integrated 
continuous process. 

Ectoplasm Retraction Under Deficient Attachment Conditions 

The massive bulk withdrawal of the whole anterior part of the ectoplasmic tube 
system, together with the corresponding elements of the outer cell contour, are 
easily observed in polytactic amoebae after putting them in experimental situations 
making a prompt attachment of their fronts impossible ( G r ^ b e c k i 1985). 

When the contact with glass surface is restricted, but not completely eliminated, 
by a thin and partly diluted methylcellulose layer, the polytactic amoebae usually 
develop the adhesion sites only at their middle body zones. The frame-by-frame 
contour analysis (Fig. 3 B) demonstrates that in such circumstances the whole 
anterior cell part (except the endoplasm which as usually flows forward) is with-
drawn, like the tail region, toward the stationary central zone. The ectoplasmic 
cylinders of lateral pseudopodia are not simply retracting along their own axes, 
but they are simultaneously drawn centripetally from both body poles along the 
principal motor axis of the whole cell. 

The backward movement of the retracting ectoplasmic gel layer, which arises 
in this experiment in the frontal region, may be further reinforced by activating 
the anterior cell part by the shade (PI. II 4). The locomotion becomes then com-
pletely inefficient, because the intense inflow of the endoplasmic material into the 
shaded zone is fully counterbalanced by massive retraction of the whole ectoplas-
mic structure out of it. 

Fig. 4. Scheme of a pseudopodium extending through a ditch in the substrate (A) and reaching 
its opposite side (B); EC — ectoplasm, EN — endoplasm, SS — solid substratum, arrows and 

asterisks — as in Fig. 1; after Gr^becki (1985) 
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Polytactic amoebae were also made to migrate on a hanging nylon tissue net-
work, or guided by a strip of shade across a ditch in the bottom of the test chamber. 
As schematically shown in Fig. 4, in both situations the peripheral cylinders of 
pseudopodia behave differently, when they are crossing the break between the two 
solid substrates, and immediately after reaching the opposite border. When the 
advancing front remains still unattached, the ectoplasm moves backwards and 
the fountain is manifested. It disappears as soon as the front can re-establish an 
attachment point on the other side of the gap. 

The unattached pseudopodia were also induced on the upper sides of poly-
tactic individuals and guided straight upward by local application of shade (PI. 
II 5). When they grew long enough, the bulk backward movement of ectoplasmic 
inclusions and withdrawal of characteristic elements of the cell contour could be 
easily observed in them, though the axial endoplasm was still flowing forwards 
into the shaded distal ends. The experiment clearly demonstrated that: (1) the 
ectoplasmic layer and the pseudopodium outer contour move strictly together, 
(2) the speed of retraction gets higher in more distal segments, and (3) the distance 
between the retracted markers decreases with time. It suggests again that the whole 
peripheral layer of an unattached pseudopodium is contracting, and the retraction 
effects are summarized from its basis up to its tip. 

When the polytactic amoebae are suddenly exposed to some strong non-direc-
tional stimuli (e.g., mechanical shocks), they temporarily assume the heterotactic 
form (PI. I 1 b). They lose any motor polarity. From the irregularly rounded main 
cell body many extremely long pseudopodia protrude radially and are alterna-
tely extended and withdrawn. If they grow without adhering to the substrate, 
or are prevented from doing that, they display prominent fountain movement. 
Their whole ectoplasmic cylinders regularly and quickly retract from the pseudo-
podial tips toward their basal regions, that is toward the main cell body, where 
certainly the centre of mass is located. One should stress the lack of a significant 
difference in the pattern of ectoplasm retraction between the advancing and re-
treating heterotactic pseudopodia. 

This last observation is further confirmed by the control of vigorous fountains 
at the tips of heterotactic pseudopodia at their maximal extension stage (Fig. 5). 
Such a pseudopodium is unable to progress any more, not as result of cessation 
of the intracellular streaming, but because the cytoplasm input and output are 
nearly balanced in the fountain zone. Sometimes the balance becomes even nega-
tive, i.e., more material is retracted back in the ectoplasmic form than flowing 
in with the endoplasmic stream. As a result the tip retrogrades, and such pseudo-
podium is withdrawing in respect to the outer reference points, though it should 
be qualified as advancing in regard to the intracellular motor mechanism. 

The huge heterotactic pseudopodia extended without attachment provide an 
excellent subject to study the longitudinal velocity profiles of retraction of the ecto-
plasmic tube (Fig. 6). The profiles were plotted in the same way as before for the 
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Fig. 5. Scheme of the fountain movement in the tip of a maximally extended pseudopodium of 
heterotactic type; the black arrows on the left indicate the balance of the inflow of endoplasm 
and the retraction of ectoplasm, which may be positive (A), null (B) or negative (C); all other sym-

bols as in Fig. 4; after Gr^becki (1985) 

monotactic amoebae (cf. Fig. 2). They clearly demonstrate that the velocity of 
backward movement in the ectoplasmic arm of the fountain increases linearly 
from the basal part of the pseudopodium up to its frontal tip. The slope of the 
profile does not change when the pseudopodium is growing longer, but the abso-
lute velocity values spectacularly increase. It corroborates well the view that the 
peripheral ectoplasmic arm of the fountain contracts along its whole length, and 
the retraction effects are summarized from the pseudopodial basis up to its free 
distal end. 

Movements of and on the Cell Surface 

Many observations prove that the ectoplasmic cylinders of lateral pseudopodia 
do not only retract along their own axes, but may be simultaneously transported 
backwards or forwards according to the movements of the ectoplasm along the 
principal motor axis of the whole cell. Other elements complicating the cell pro-
file behave in the same manner. It was found that their position relative to the neigh-
bour internal markers inside the ectoplasm does not change, what demon-
strates that the ectoplasmic cylinder and the outer cell contour move strictly together 
( G r e b e c k i 1984, 1985). 

It opens the question how the cell surface itself and the extracellular particles 
adjoining it, behave in respect to the intracellular ectoplasmic movements. It was 
recently demonstrated ( G r ? b e c k i 1986) that the movement on the surface of 
amoeba is bidirectional, and has the anterograde and retrograde component. The 
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Fig. 6. Two successive velocity profiles in the same heterotactic pseudopodium, recorded at the 
interval of 30 s (between A and B); the calibration of basis-front (B-F) axis is spaced at 50 (xm 

and the velocity (V) axis at 2 [xm/s; after Gr^becki (1985) 

particles which are not firmly attached to the membrane move forwards, which 
reflects the general forward flow of the fluid fraction of the surface material, com-
pletely independent of the ectoplasmic movements. Simultaneously, however, 
those particles which are kept on the cell surface by adhesion, precisely follow all 
the centripetal ectoplasmic movements, as described in this article: forward with 
the withdrawing tail but backward in the fountain zone. The externally adhering 
particles and the internal ectoplasmic inclusions, on the both opposite sides of 
the membrane, move strictly together. This indicates that their adhesion sites are 
anchored to the cortical layer of microfilaments and hauled by them, exactly as 
the ligand-receptor complexes during the process of capping in many tissue cells. 

Some General Conclusions 

The diagram (Fig. 7) summarizes the data on the direction and extent of ecto-
plasmic movements, and consequently about the different expression of the tail 
retraction and fountain phenomena, as depending on the cyclic changes of po-
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Phase I I I I I I 

Position of 
attachment anterior intermediate posterior 

Locomotion 
efficiency maximal moderate ineff ic ient 

Ectoplasmic 
movement 

everywhere forwards from the tail 
forwards backwards from the front 

everywhere 
backwards 

Tail 
retraction 

ALONG ONLY IN POSTERIOR 
WHOLE CELL CELL PART A B S E N T 

Fountain 
phenomenon A B S E N T ONLY IN ANTERIOR ALONG 

CELL PART WHOLE CELL 

Fig. 7. A diagram summarizing the relations between the changing position of the cell-to-sub-
strate attachment zone and the resulting movements of the ectoplasmic cylinder, with special 

emphasis on the tail retraction and fountain phenomena 

sition of the adhesion sites during locomotion of monotactic amoebae ( G r ç b e c k i 
1984). Theoretically, the most important is the demonstration that the whole ecto-
plasmic tube may be pulled in either direction, as well forwards as backwards, 
in the same amoeba in the course of uninterrupted unidirectional locomotion. 
That cannot be logically explained by any one of the two theories of polar con-
traction, neither by the tail nor by the front contraction separately. The common 
feature of these two extreme situations is the movement from a free body pole to 
the temporarily attached one. If so, during the whole intermediate period of attach-
ment by the middle body regions, the simultaneous forward movement of ecto-
plasm from behind (tail retraction) and its backward movement from the front 
(fountain phenomenon), appear as an obvious necessity. The only common deno-
minator is found in the principle that the whole ectoplasmic layer is centripetally 
retracting toward the actual adhesion sites. 

The retraction of ectoplasmic cylinder toward the adhesion sites offers a pla-
usible explanation of mechanism of the fountain phenomenon and a coherent 
definition of conditions of its manifestation. Our results prove that A l l en (1961 a) 
was perfectly right, when so strongly emphasized that the lack of attachment in 
the whole cell or in an enough important cell part is the real necessary condition 
of manifestation of a complete or incomplete fountain. His thesis may be now more 
specifically formulated: the fountain always arises between the unattached front 
and the nearest attachment point behind its manifestation zone. Therefore the 
fountain is spread over the whole cell length when amoeba is attached by the po-
sterior body end or not attached at all, confined to the anterior cell part when the 
position of the attachment zone is intermediate, and totally absent when the attach-
ment is localized at the front. 

But we cannot agree with Al len (1961 a, b) that the axial endoplasmic arm 
of the fountain is active, being a part of the frontal contraction-pulling mechanism. 
The centripetal retraction of the whole cytoskeletal layer toward the adhesion 
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zone indicates, on the contrary, that the peripheral ectoplasmic arm of the foun-
tain is active and moves by self-retraction toward the nearest attachment point. 
Simultaneously, the endoplasm flows axially forwards, according to the pressure 
mechanism described before. Both movements together compose the fountain 
pattern. It appears therefore that in fact the fountain is a hybrid phenomenon, 
because one of its arms is driven by the traction forces and the other by the pres-
sure gradient. 

I hope that the generalized cortical contraction theory, though originally con-
ceived to resolve contradictions in interpretation of the endoplasmic flow aspect 
of the amoeboid movement, proved to offer also a good starting point to appro-
ach the ectoplasmic traction aspects of it. This second aspect is largely underesti-
mated in giant amoebae, though recognized as essential in many other Sarcodina 
and in some tissue cells. The necessity to transport decomposed elements of the 
motile apparatus forwards by the endoplasmic stream is, on the contrary, under-
estimated by the students of other forms of amoeboid movement. An artificial 
hiatus has been created, which led to some reticence in recognizing the basic common 
features in the motor behaviour of free living amoebae and other crawling cells. 
It is my feeling that both aspects, as well the pressure as the traction mechanisms, 
are primarily involved in the basic principles of amoeboid movement. Their re-
spective share may be different in various cells because of a variety of the secondary 
restricting factors. Among such factors I would pay special attention to the topo-
graphy and dynamics of cell attachment to the substrate. 
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EXPLANATION OF PLATES I-II 

1: Four locomotory types of Amoeba proteus: polytactic (a), heterotactic (b), orthotactic (c) and 
monotactic (d) 
2: Pictographic records (10 s exposure time) of the ectoplasmic movements in monotactic amoebae 
adhering to the substratum in a narrow central zone (a), with a very large attachment zone be-
ginning at the front (b), after rebuilding a new unattached frontal segment (c) and attached only 
by the tail (d); note the centripetal retraction of ectoplasm (arrows) toward the adhesion sites and 
its stationary condition (asterisks) in the attachment zones: after Gr^becki (1984) 
3: Retraction of ectoplasmic granules (shown by markers numbered 1-5) in the unattached tip 
of a frontal Pseudopodium of polytactic type; note the steady character of retraction in the ad-
vancing phase (a-b) and during withdrawal of Pseudopodium (b-c); after Gr^becki (1985) 
4: Backward motion of the whole cell contour (note the position of markers numbered 1-3 and 
the front F) of a very weekly attached polytactic specim;n stimulated by a zone of shade; from 
Grebecki (1985) 
5: Pseudopodium stimulated by shade to extend straight upwards (a) and the withdrawal of its 
ectoplasmic cylinder (shown in b-c by the markers 1-4); after Gr^becki (1985) 
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Synopsis. Naegleria gruberi, a common organism of provocative phylogenetic status, 
undergoes a remarkable differentiation from amoebae with an actin-based motility 
system to flagellates with a tubulin-based system. The process appears to be regu-
lated, in part, by intracellular free calcium ions, which suggests a possible role for 
the calcium-modulating protein calmodulin. Actin, the major protein of amoebae, 
is selectively not synthesized during the hour-long differentiation, and its raRNA 
rapidly disappears. In contrast, the two subunits of flagellar tubulin and two calmo-
dulins are synthesized de novo during differentiation, and the mRNAs for these poly-
peptides appear, and subsequently disappear, concurrently. We have partially 
characterized these proteins. Important attributes of the actin, calmodulin, and tu-
bulin have been conserved, but the Naegleria proteins show unusual features, espe-
cially the absence of 3-methylhistidine from actin and the presence of two differentia-
tion-specific calmodulins in flagellates, one located in flagella and the other in the 
cell bodies. Our primary interest is the regulation of the synthesis and utilization of 
these proteins during cell differentiation, and we believe that studying the expression 
of each gene or gene family in relation to the other selected genes may reveal features 
that coordinately regulate transcription, mRNA stability, or intracellular localization. 

We, and many others, wish to understand the molecular basis of cell differen-
tiation. The choice of a cell differentiation determines which genes and gene pro-
ducts become candidates for study. Our choice of the quick-change act of Nae-
gleria gruberi has led us to study three fundamental cytoskeletal proteins — actin, 
calmodulin, and tubulin — and their genes. 

All eukaryotic cells, or at least representatives of all major groups of eukaryotes, 
share numerous attributes; these shared characteristics indicate a monophyletic 
origin for eukaryotes at least 1.4 x lO 9 years ago. Certain proteins, and their fun-
ctions, are included in this eukaryotic fingerprint. These proteins include tubulin, 
a heterodimer of a- and (3-tubulin subunits, used for mitosis as well as for the 
" 9 + 2 " axoneme of flagella and cilia and their associated 9-triplet centriole-like 
basal bodies. They also include actin and other components of the cytoplasmic 
motility system. Another of these proteins is calmodulin, which allows calcium 

1 Lecture presented by C. Fulton on 25th June 1985 at the Symposium "Relationship between 
Cytoskeleton and Motility", held during the Seventh International Congress of Protozoology 
in Nairobi, Kenya. 
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to regulate many cellular functions. The functions of actin, calmodulin, and tubulin, 
as well as other fundamental proteins, are so crucial, and their interactions so nu-
merous, that they have been conserved from the ancestral eukaryote to the present. 

Naegleria. We chose Naegleria gruberi as our "model system" to study the re-
gulation of events during cell differentiation and morphogenesis ( F u l t o n 1977 a). 
Naegleria can alternate between two forms, amoeba and flagellate. Some biologists 
have suggested that because Naegleria displays the attributes of two classes of pro-
tozoa it is a primitive eukaryote. Perhaps, but Naegleria is also a highly evolved 
organism, probably with more experience (in generations) and success (in numbers, 
if not biomass) than Homo sapiens. Like most unicellular eukaryotes, Naegleria's 
phylogenetic position is uncertain and provocative. To be specific, we do not know 
how Naegleria is related to any other organisms, even other amoebae and flagel-
lates, with the exception of some closely related organisms, such as Tetramitus 
rostratus ( F u l t o n 1970). In its properties, Naegleria links amoebae and flagellates 
(two classes) in the jumbled phylum of Protozoa, and jumps across a kingdom 
by sharing properties with the true slime molds ( F u l t o n 1970). 

Naegleria, like other organisms, is wonderful and unusual. It is one of the most 
common organisms on Earth, from the South Pole to the North, in soil and fresh-
water. Some of its close relatives, such as N. fowleri, are opportunistic human pa-
thogens ( John 1982), but N. gruberi appears to be harmless. Naegleria reproduces 
as an amoeba about 15 [j.m in diameter. It can reproduce very rapidly for a euka-
ryote, with doubling times as short as 1.7 hours. The amoebae are haploid and 
have a small genome, features that are very convenient for the study of gene struc-
ture and function. The unique feature of these amoebae is their ability, when trans-
ferred from a growth environment to a nutrient-free aqueous environment, to 
undergo a 1:1 conversion to lively, streamlined swimming flagellates. The flagel-
lates are temporary, and after a time that can vary from seconds to days, depending 
on the environmental conditions, they revert to amoebae again. 

The cells change from amoebae with an actin-based motility system to flagel-
lates with a tubulin-based system ( F u l t o n 1977 b). Thus they alternate between 
two of the major motility forms used by eukaryotic cells. In addition to the micro-
tubules of the two flagella and basal bodies, the flagellates have a cage of micro-
tubules just beneath the cell surface ( F u l t o n 1977 b, W a l s h 1984). The tubulin-
based system is more impressive than the actin-based system in the sense that fla-
gellates swim about one-hundred times as fast as amoebae walk. The phenotypic 
conversion appears to be regulated, in part, by intracellular free calcium ions 
( F u l t o n 1977 b), which in turn suggests a possible role for calmodulin. 

The differentiation of amoebae to flagellates can be made to occur rapidly, 
synchronously, and temporally reproducibly. We usually induce differentiation by 
transferring amoebae from their growth environment to nonnutrient buffer at 
time zero, and incubating the cells in suspension at 25°C, although several other 
procedures can be used to initiate differentiation ( F u l t o n 1977 a). Various mor-
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M i n u t e s o f d i f f e r e n t i a t i o n 

Fig. 1. Temporally programmed events during Naegleria differentiation. A — Decrease in abun-
dance of actin mRNA. B — Transition event after which cells have acquired the ability to form 
flagella without further RNA synthesis. C — Abundance of mRNAs for flagellar a-tubulin, fla-
gellar ^-tubulin, and two calmodulins; also the in vivo rate of flagellar tubulin synthesis. D — Ti-
me course of appearance of cells with flagella. E — Accumulation of flagellar tubulin antigen. Curves 
B and D represent quantal changes in cell phenotype, whereas the other curves measure quanti-
tative changes in amount or rate. This composite graph is compiled from experiments published 
elsewhere (Ful ton and Walsh 1980, F u l t o n et al. 1986 a, K o w i t and F u l to n 1974 b, Lai 

et al. 1979 a, Sussman et al. 1984 b) as well as work in progress 

phological changes of the differentiation can be quantitated by counting the per-
centage of particular phenotypes among fixed cells. In succession, amoeboid mo-
vement becomes latent, the cells round up to spheres, form flagella, and then elon-
gate to the streamlined flagellate shape. Under the conditions of differentiation 
we use for most of our work, half of the cells form flagella about 60 min after the 
environmental shift. Figure 1, curve D, shows the time-course of appearance of 
cells with flagella, one of the many quantal changes in phenotype that can be me-
asured. The reproducible synchronous differentiation allows "time slices" through 
the process, an important advantage that is difficult with many systems used to 
study cell differentiation. 

Many events during differentiation have been placed on a timetable ( F u l t o n 
1977 a, b, F u l t o n and W a l s h 1980, L a r s o n and D i n g l e 1981, W a l s h 1984). 
As one example, we have used inhibitors of RNA and protein synthesis to map 
the requirements for RNA and protein synthesis during differentiation ( F u l t o n 
and W a l s h 1980). Actinomycin D, e.g., selectively arrests RNA synthesis if added 
at any time during differentiation. If added early, such as before 20 min in Fig. 
1, the cells remain amoebae and show none of the morphological changes associa-
ted with differentiation. If added later, such as at 40 min, the cells proceed to make 
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flagella on schedule about 20 min later. A plot of the percentage of cells subse-
quently able to form flagella as a function of the time when populations are trans-
ferred to actinomycin D is shown as curve B of Fig. 1. The cells pass through a trans-
ition event, before which the ability to form flagella is dependent on RNA syn-
thesis and after which it is independent. Such quantal changes can be mapped with 
temporal precision. 

T u b u l i n . When we sought to bring our analysis of the differentiation to a mo-
lecular level, a natural component to examine was the tubulin that makes up the 
microtubules of the flagella — the outer doublet and the central pair microtubules. 
We isolated and characterized outer doublet tubulin, and found that in all tested 
respects this tubulin is like the tubulins that have been studied in other eukaryotes 
(Kowi t and F u l t o n 1974 a, P. A. S i m p s o n and C. F u l t o n , unpublished obser-
vations). To our surprise, we found that the tubulin subunits found in the flagella 
are synthesized during differentiation. We showed this rigorously using isotope 
dilution experiments (Kowi t and F u l t o n 1974 b, F u l t o n and S i m p s o n 1976, 
S i m p s o n et al., in preparation). 

Polyclonal rabbit antibodies to outer doublet tubulin recognize the a and (3 
subunits of both outer doublet and central pair tubulin ( K o w i t and F u l t o n 
1974 a, b, Lai et al. 1979 a, C. F u l t o n , E. Y. Lai and P. A. S i m p s o n , unpu-
blished observations). These antibodies have not recognized any other tubulin 
tested, including mitotic tubulin in extracts of Naegleria amoebae or purified fla-
gellar tubulins from several other organisms. This unusual specificity allowed us 
to measure the amount of flagellar tubulin antigen in cells by radioimmunoassay 
(Fig. 1, curve E). Amoebae have, at most, 3 % as much flagellar tubulin antigen 
as flagellates. The amount of antigen begins to increase beginning at about 20 min 
of differentiation and reaches a maximum about the time the flagellates have form-
ed full-length flagella (Kowi t and F u l t o n 1974 b). 

Amoebae have more than enough tubulin to build flagella; they use this tubulin 
for mitosis (Kowi t and F u l t o n 1974 b). Yet they make new, antigenically dif-
ferent tubulin for the flagella. These and other observations led us to propose 
the multitubulin hypothesis, which suggests that cells may use different tubulins, 
made by different genes, for different functions ( F u l t o n and S i m p s o n 1976). 
There is now abundant evidence that many organisms, indeed all eukaryotes exa-
mined so far except yeast, have and express multiple tubulin genes (reviewed by 
C l e v e l a n d 1983). There still is no definitive evidence whether or not the products 
of different tubulin genes are used for distinct microtubular organelles; we hope 
that such evidence will be forthcoming soon. 

Our next step was to move backward toward gene expression by asking whether 
flagellar tubulin mRNA increased in abundance during differentiation. RNA was 
extracted from cells at successive times during differentiation and translated in 
the wheat-germ cell-free system. Translation products with the electrophoretic 
mobility of the a and (3 subunits of tubulin markedly changed in abundance during 
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differentiation, at first increasing and then decreasing (Lai et al. 1979 a). We char-
acterized these products, using the translation products of RNA isolated at 60 min 
of differentiation when these products were most abundant, and showed that these 
products were indeed flagellar tubulin. In addition, these products were recogn-
ized by the antibodies to flagellar tubulin, which permitted us to quantitatively 
immunoprecipitate flagellar tubulin subunits from translation products. We used 
cell-free translation followed by immunoprecipitation to quantitate the amount 
of translatable flagellar tubulin mRNA present at various times during differentia-
tion. Translatable flagellar tubulin mRNA is not detected in amoebae. As is shown 
in Fig. 1, curve C, it rises to maximum abundance at about 60 min and then declines. 
The rate of in vivo flagellar tubulin synthesis, measured by pulse-chase experiments, 
follows precisely the same curve (i.e., curve C of Fig. 1). Flagellar tubulin synthesis 
in these cells clearly is regulated by the abundance of translatable flagellar tubulin 
mRNA. The simplest interpretation is that flagellar tubulin synthesis during diffe-
rentiation is regulated by the programmed synthesis, and subsequent degradation, 
of flagellar tubulin mRNA. This interpretation is supported by experiments using 
actinomycin D which, added at the beginning of differentiation, prevents both 
differentiation and the accumulation of flagellar tubulin mRNA (Lai et al. 1979 b). 
If actinomycin is added during the time when translatable flagellar tubulin mRNA 
is increasing, such as at 20 min in Fig. 1, further accumulation of this mRNA is 
arrested. 

C a l m o d u l i n . If calmodulin plays a role in this differentiation, the synthesis 
of calmodulin might change during the process. In order to test this possibility, 
we asked whether we could detect changes in the abundance of translatable mRNA 
for a calmodulin-like calcium-binding protein during differentiation. We devel-
oped a simple assay to quantitate such an mRNA, and obtained a surprising re-
sult. Not one but two calmodulin-like calcium-binding proteins are synthesized 
by RNA from differentiating cells, such as RNA isolated at 60 min ( F u l t o n and 
La i 1980, F u l t o n et al. 1986 a). These polypeptides, synthesized in vitro, show 
the characteristic calcium-dependent mobility shift of the calmodulin family of 
proteins. The two polypeptides differ in apparent molecular weight. These poly-
peptides are absent in the translation products of RNA from amebae. 

We have characterized the two calcium-binding proteins of flagellates ( F u l t o n 
et al. 1986 a). Both are typical calmodulins by several criteria. The main polypep-
tide synthesized is localized in the flagella whereas the minor one is found in the 
cell bodies. They both are smaller than vertebrate calmodulins, as are the single 
calmodulins of several other eukaryotic microorganisms, including Dictyostelium 
and Tetrahymena. Further evidence that the two Naegleria proteins are calmodu-
lins is summarized in Table 1. Both bind to phenyl-Sepharose columns, both give 
calcium-dependent activation of bovine heart phosphodiesterase, and both react 
with antibodies to rat testis calmodulin. The finding of two calmodulins is unu-
sual. We have not yet been able to isolate calmodulin from Naegleria amoebae, 
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Table 1 

Two Calmodulins of Naegleria Flagellates (from Ful ton et al. 1986 a) 

Vertebrate CaM-1 CaM-2 
calmodulin 

Location in flagellates flagella cell body 
Mwapparent 16,800 16,000 15,300 
Ca2+-dependent mobility shift on 

SDS-polyacrylamide gel electrophoresis + + + 
Bind to phenyl-Sepharose + + + 
Activate phosphodiesterase + + + 
React with antibodies to vertebrate calmodulin + + + 

though radioimmunoassay using the antibodies to vertebrate calmodulin indi-
cates that amoebae contain about 20% as much calmodulin as flagellates. The 
specific localization of the two calmodulins in different parts of the cells is remark-
able, and raises questions about how this localization occurs during differentiation. 

We measured the time-course of the appearance of translatable mRNA for 
these two calcium-binding proteins, and found that translatable mRNA for both 
polypeptides appear and disappear concurrently with those for flagellar tubulin, 
i.e., curve C of Fig. 1 ( F u l t o n and Lai 1980, F u l t o n et al. 1986 a). Many pro-
teins are synthesized during differentiation. We have yet to identify most of these 
proteins, but pulse-chase experiments indicate that they are not all synthesized 
on the same timetable. Thus we are excited that mRNAs for two sets of unrelated 
proteins — the flagellar tubulins and the two calcium-binding proteins — appear 
and disappear simultaneously. The concurrent rise and fall suggests the possibi-
lity that these genes are coordinately regulated, and perhaps we may hope even 
to find common signals for the synthesis and/or decay of their mRNAs. 

Ac t in . Flagellar tubulin and calmodulin are synthesized as programmed events 
of differentiation. In contrast, synthesis of actin, the major protein of both amoebae 
and flagellates, is selectively restricted during this process. Isotope dilution expe-
riments indicate that only about 1 % of the actin is synthesized de novo during 
differentiation (S impson et al., in preparation). Examination of translation pro-
ducts of RNA isolated at successive times during differentiation revealed a major 
translation product directed by RNA from amoebae that disappears selectively 
as differentiation progresses (Lai et al. 1979 a). This translation product has the 
electrophoretic mobility of actin. In order to study this product, we purified and 
characterized Naegleria actin (Sussman et al. 1984 a). In important attributes, 
Naegleria actin is like other actins. For example, Naegleria actin forms F-actin 
filaments which decorate with subfragment-1 of rabbit myosin. Naegleria actin 
also activates heterologous myosin Mg2 + — ATPase, has an amino acid compo-
sition that is very similar to other actins, and in many respects shares the conser-
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Table 2 

Unusual Features of Naegleria Actin (from S u s s m a n et al. 
1984 a and F u l t o n et al. 1986 b) 

(1) Three isoforms 
(2) Binds DNase I at low affinity 
(3) Absence of 3-methylhistidine 
(4) Antibodies specific to actin of Naegleria 

ved features of actins. This actin is, however, unusual in several respects (Table 2). 
The actins of vertebrates, Drosophila, and several other metazoa have several forms 
that differ in isoelectric point; in vertebrates and Drosophila these isoforms are 
the products of multiple distinct actin genes (reviewed in F i r t e l 1981). In con-
trast, in all lower eukaryotes examined to date a single species of actin accounts 
for at least 95% of the actin. Yet Naegleria actin shows three isoforms. Most actins 
bind to deoxyribonuclease I with high affinity, and elute only with strong déna-
turants such as 3 M guanidine. Naegleria actin binds to DNase I, but elutes at 
0.75 M guanidine. At an extreme, actin of Entamoeba does not bind to DNase 
I at all ( G a d a s i 1982, Meza et al. 1983). All actins characterized previously have 
a single residue of 3-methylhistidine as residue 73 of the protein. Although the 
amino acid composition of Naegleria actin is very similar to those of other cha-
racterized actins, under conditions where we could detect one 3-methylhistidine 
per 40 histidine residues, we found no 3-methylhistidine. Naegleria actin lacks this 
posttranslationally added residue, or at least has less than one residue per five 
actin molecules. Reconstruction experiments indicate that 3-methylhistidine is not 
lost during the purification of Naegleria actin; we conclude it is not present in the 
actin at the time that amoebae are lysed. Finally antibodies to Naegleria actin are 
specific to Naegleria actin; they do not recognize even the actins of other amoeboid 
organisms such as Acanthamoeba, Dictyostelium, and Physarum ( F u l t o n et al. 
1986 b). Of these properties, perhaps the most interesting is the absence of 3-me-
thylhistidine, which indicates that at least some of the measured properties of 
actin, such as polymerization to microfilaments or interaction with myosin, do not 
reguire the presence of this post-translationally modified residue. 

We used the antibodies to Naegleria actin to measure the abundance of trans-
latable actin mRNA at successive times during differentiation (Sussman et al. 
1984 b). Figure 1, curve A, shows the rapid decrease in abundance of translatable 
actin mRNA during differentiation. After a lag of about seven minutes, transla-
table actin mRNA disappeared exponentially with a half-life of about 25 min. 
The simplest interpretation is that actin gene expression is turned off, and actin 
mRNA is selectively destroyed, as early events of differentiation. However, these 
experiments do not indicate whether the actin mRNA is degraded or somehow 
rendered untranslatable. 

3 — Acta Protozool. 25/3 
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F r o m t r a n s l a t a b l e m R N A to gene e x p r e s s i o n . DNA clones provide 
the means to continue our dissection of the structure and expression of these gene 
families in relation to differentiation. Since we are primarily interested in expressed 
genes, we prepared complementary DNA (cDNA) clones in the vector system de-
veloped by O k a y a m a and Berg (1982). We made libraries of cDNA clones pre-
pared both to 0 min RNA, when translatable actin mRNA is most abundant, and 
to 60 min RNA, when the flagellar tubulin and calmodulin mRNAs are most abun-
dant. From these libraries we have isolated full-length clones to expressed a- and 
^-tubulin, calmodulin, and actin genes, and using these clones we have isolated 
comparable clones from a library of genomic Naegleria DNA in a bacteriophage 
lambda vector. We have sequenced the DNA inserts of several of these clones, 
including representatives of actin, calmodulin, and a-tubulin genes. 

It proved easy to select actin cDNA clones from the 0 min library by screening 
with a chick (3-actin cDNA clone prepared by C l e v e l a n d et al. (1980). In general 
the homology of actin DNAs appears to be well preserved over more than 109 

years of evolution; we know of no exceptions to this generalization. Our full-length 
actin cDNA clones have inserts of about 1.4 kb, which is the size of Naegleria actin 
mRNA. The sequences of two actin cDNA clones show some silent nucleotide 
substitutions but encode the same actin. Since the actin sequence deduced from 
the DNA sequence was the most substituted actin described to date, in collabora-
tion with J. Vandekerckhove we obtained the sequence of the major actin protein 
from Naegleria. This protein sequence corresponds perfectly to that deduced from 
DNA sequencing ( R e m i l l a r d , V a n d e k e r c k h o v e , Lai and F u l t o n , in pre-
paration). One finding of interest is that Naegleria actin contains a histidine at 
residue 73, which indicates that the absence of 3-methyl histidine in Naegleria actin 
is due to some factor other than the absence of a histidine residue at this position. 

All these genes are encoded by multigene families. In other organisms, the 
actin gene family has as few as one member, as in yeast, or as many as 17 or more, 
as in Dictyostelium and humans (reviewed by F i r t e l 1981). By the same criteria, 
Naegleria has about a dozen actin genes. Both the heterologous chicken (3-actin 
cDNA clone and homologous Naegleria cDNA clones recognize the same set of 
genomic fragments. The situation for tubulin genes is quite different. Heterolo-
gous tubulin DNA probes, from organisms ranging from yeast to chicken, show 
only limited homology to Naegleria a- and ^-tubulin genes. There are about seven 
similar but not identical a-tubulin genes in Naegleria. At least several of these are 
expressed. Two of these expressed a-tubulin genes show differences in their re-
striction maps which are caused by silent nucleotide substitutions, but encode the 
same protein. The actin genes we have sequenced are more conserved at the DNA 
level than the a-tubulin genes, but the actin and a-tubulin proteins are comparably 
conserved. We are still enumerating the ^-tubulin and calmodulin genes. 

We are excited about the possibility of using the sequences of these conserved 
eukaryotic genes and of the polypeptides they encode to deduce the phylogenetic 
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position of Naegleria in relation to other eukaryotic microorganisms, as well as 
to enhance the overall understanding of the structure, function, and evolution of 
these genes. Our characterization of actin, calmodulin, and a-tubulin, and the se-
quencing of their genes, indicate that they share many features with those from 
other eukaryotic cells, but also suggest that they may be among the most different 
that have been isolated. The divergence suggests, superficially, that Naegleria is 
rather far from the other organisms for which sequences are available. Unlike 
ciliates, Naegleria uses the universal code. Although the sequences of these con-
served proteins have diverged, the characteristics of the proteins indicate that im-
portant functional properties have been conserved. 

Our main interest remains the regulation of the expression of these genes. With 
the cDNA clones it became possible to directly measure RNA sequence abundance 
during differentiation. The results of quantitative RNA dot hybridization are shown 
in Fig. 1. Curve A shows the superimposible results for both translatable and phy-
sical actin mRNA. Curve C shows the results for both translatable and physical 
mRNA for a-tubulin, ^-tubulin, and calmodulin. It is evident that the changes 
in abundance of translatable mRNAs for these polypeptides is directly proportional 
to the amount of transcripts in the cell. The rapid increases and decreases in abun-
dance of each mRNA is controlled by the relative rates of transcription and decay, 
parameters still to be measured. The changes in abundance are remarkable. For 
example, a-tubulin mRNA increases at least 80-fold in 50 min, and then decays 
with a half-life of less than 10 min — faster even than actin mRNA. 

In conclusion, synthesis of a major cell protein, actin, ceases during differen-
tiation, and mRNA encoding this protein disappears rapidly, beginning as one 
of the earliest known events in the differentiation. Three other gene families, those 
that encode the two flagellar tubulin subunits and the family that encodes the cal-
modulins, are expressed concurrently during differentiation. This coexpression 
raises question about what turns the genes on and off, and about what targets or 
controls the rapid destruction of the mRNAs. In the case of the flagellar proteins 
tubulin and calmodulin-1, we are also intrigued about what signals cause their 
localization in flagella. If Nature and Naegleria are willing, we hope to dissect these 
questions. 
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Synopsis. Indications for the existence of filopodial tubulin in several polymorphic 
assemblies (microtubules, helically twisted filaments, paracrystals) under natural 
conditions were obtained by EM-analysis of the reticulopodial network. By means 
of IIF with monoclonal anti a-tubulin and after transformation experiments with 
purified ruthenium red, the tubulin nature of helical filaments and paracrystals was 
confirmed. 

The cytoskeleton of the monothalamous foraminifer Allogromia laticollaris 
provides evidence for the co-existence of several assembly forms of the tubulin 
dimer under regular physiological conditions. Allogromia extends slender, rigid 
filopodia, repeatedly branching and anastomosing with one another, giving finally 
rise to a continuous reticulopodial network (RPN) showing bidirectionally salta-
tory particle transport at velocities often more than 10 ;j.m/s. In response to various 
external stimuli (e.g., exchange of culture medium, temperature shift etc.) a remar-
kably rapid outgrowth of filopodia leads within short time to a complex RPN mea-
suring often several millimeters in diameter. 

Apart from their different spatial organization forms, both types, flat veil-like la-
mellipodia or rope-like filopodia, reveal the same extraordinary cytoskeleton, 
composed mainly of microtubules (MTs) and helically twisted filaments (hFs). 
Less frequently, paracrystals (PCs) and 5 nm filaments are also detectable. 

In the following, we confirm by means of IIF-studies with a monoclonal anti-
body against a-tubulin, that MTs, hFs and PCs represent only different assembly 
states of the Allogromia tubulin. 

1 Lecture presented by M. Hauser on 25th June 1985 at the Symposium "Relationship be-
tween Cytoskeleton and Motility", held during the Seventh International Congress of Protozo-
ology in Nairobi, Kenya. 
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Filopodial Microtubules 

As shown previously ( H a u s e r and S c h w a b 1974, T r a v i s and Al len 1981) 
the most prominent cytoskeletal elements within the RPN are MTs, arranged pre-
dominantly in thick bundles or thinner cables. Within larger filopodia, often mul-
tiple bundles occur, running parallel over long distances, repeatedly branching, 
splaying out and also rejoining. Often groups or even individual MTs diverge from 
a bundle and contact neighbouring strands (PI. I 1). 

Obviously, the parallel arrangement of Mt-bundles is achieved by short and 
solid lateral projections crossbridging adjacent MTs. These bridge-like decorations 
are arranged in a quite regular 20 nm periodicity closely resembling the dynein 
arrangement of cilia and flagella and are preferably demonstrable in lysed, demem-
branated filopodia (PI. I 4, 7). However, in contrast to the axonemal dynein arms, 
they are not arranged along the entire length of filopodial MTs, but occupy only 
short sections within the total length of a bundle. Actually, we investigate the na-
ture of these projections by means of IIF and by in vitro model studies, since it 
is supposed that they may have ATPase activity like the side projections of the 
Saccinobaculus axostyle, which shows sliding in the presence of ATP and Mg 2 + 

( B l o o d g o o d 1975, M o o s e k e r and T i l ney 1973). These regularly ordered 
bridging structures contrast distinctly with thinner, fuzzy lateral projections occur-
ring along MTs, which reveal a somewhat more irregular and loosely packed array. 
The different decorations may also reflect the association of variable MAPs, as 
indicated by negatively stained MTs prepared under identical experimental con-
ditions, showing a smooth walled type of MT and another type revealing a helical 
surface pattern (PI. I 5, 6). 

Filopodial Helical Filaments and Paracrystals 

The other main cytoskeletal components, the helical filaments (hFs) with a dia-
meter of approximately 36 nm, are found either in close association with the peri-
pheral region or in continuity with the MT bundles (PI. I 2, 3). Remarkably, the 
quantity of hFs increases considerably in reticulopodial regions irritated by chem-
ical or physical stimuli. The ratio of MTs to hFs depends also significantly upon 
the functional state of each pseudopodial region within the RPN: retracting filo-
or lamellipodia possess predominantly hFs whereas in outgrowing areas mainly 
far-reaching MT bundles are detectable. In order to exclude any physical or chem-
ical artifacts, we were able by means of cryofixation to demonstrate, that hFs 
are not induced during the preparation procedure, but represent regular cytoske-
letal components even in the thinnest filopodia detectable by the light microscope. 
With cryosubstitution, the occurrence of paracrystals composed of highly registered 
and densely packed hFs, was likewise demonstrable. Since in a former study (Hau-
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ser and S c h w a b 1974) it was shown that, after application of D 2 0 , paracrystals 
and hFs disappear in favour of MTs and reversely after VLB, paracrystals and 
hFs form, it was concluded, that hFs and PCs should be an intermediate assembly 
or disassembly state of filopodial MTs. The resemblance of these naturally occur-
ring hFs and PCs to those induced under typical in vitro conditions by Vinca alka-
loids is indeed amazing ( M a r a n t z and S h e l a n s k i 1970). In negatively stained 
preparations of lysed filopodia, the same bifilar spiral structure (arrowheads in 
PI. II 12), each unit of which was assumed to be a protofilament, as in VLB induced 
helices ( F u j i w a r a and T i lney 1975, W a r f i e l d and B o u c k 1974) is detectable. 
Although there is evidence from thin sections that under physiological conditions 
the reticulopodial MTs are directly transformed into hFs or vice versa (PI. I 3), 
no other indications exist, that the helical elements are tubulin. 

IIF with Controls and Ruthenium Red Treated RPNs 

Therefore we used the monoclonal antibody YOL 1/34 directed against dena-
turated a-tubulin to study the tubulin pattern within controls and chemically irrit-
ated RPNs. Fully outgrown RPNs exhibit a predominant linear fluorescence pattern, 
indicating the presence of far-reaching MT bundles (PI. I 8). Particularly in the 
extremely flat lamellipodial regions they appear brillant and may be followed con-
tinuously into the finest branches of the RPN. Using YL 1/2, a monoclonal anti-
body directed against the c-terminus of a-tubulin a slightly different staining ap-
peared. Whereas YOL 1/34 sometimes stains also cytoplasmic inclusions, especially 
in areas irritated during the fixation procedure, YL 1/2 shows an exclusively linear 
fluorescence. 

Since it proved impossible to induce helices by the usual methods (e.g., appli-
cation of cold temperatures, VBL etc.) without producing retraction and subse-
quent detachment of the RPN from the coverslips, we looked for a method, which 
allows the induction of helices while the RPN remains fully intact and adherent. 
In several systems, the polycation ruthenium red (RR) has been found to inter-
fere with MTs by aggregating them into crystalline structures ( S t e b b i n g and 
H u n t 1982). In experiments with short time incubated RPNs (0.6 [jlM), we noti-
ced exclusively helices and found the RPN fully adherent. After prolonged treat-
ment (2 min prior to fixation) or after a concentration of 6 jxM RR a total aggre-
gation of hFs into paracrystalline structures was obtained (PI. II 10). Induction 
of hFs and PCs was achieved even in filopodia after complete lysis and subsequent 
RR treatment as seen in negatively stained preparations (PI. II 11-13). Since we 
affirmed by means of EM-methods that MTs are only sporadically identifiable, 
we proved with the monoclonal antibody YOL 1/34 the tubulin nature of hFs and 
paracrystals. As shown in PI. II 14-16, the resulting fluorescence pattern differs 
significantly from that of the controls. In short time treated RPNs the usual linear 
rigid MT pattern is transformed into a wavy one, indicating the formation of 
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numerous helical elements, which tend to form sinusoid-shaped aggregates. In 
some lamellipodia of long-time incubated cells, brightly fluorescing patches indi-
cate the formation of paracrystals along former MT cables (PI. II 16). 

Interestingly, the monoclonal antibody YL 1/2 shows almost no affinity to 
the tubulin crystals and only a very weak one to the helical assembly state. 

Without any doubt these intensely staining inclusions, identified as hFs and 
PCs by means of EM-methods, themselves clearly reveal as tubulin, although there 
may be some variation in the a-subunit. 

Filaments 

At present, we extend our investigations on a third regular component of the 
filopodial cytoskeleton, which shares some features with another VLB or VCR 
inducable element: straight 5 to 6 nm filaments interdigitating with filopodial MTs. 
In addition to PCs, rings and hFs, VLB may also induce the formation of filaments 
seen in continuity with PCs or helices (Briggs 1984, K r i s h a n and H s u 1969). 

Since these filaments fail to bind HMM or Si-fragments of myosin the possibi-
lity that these filaments are actin appear unlikely. There is suggestive evidence that 
these filaments may also be tubulin representing an additional assembly state in 
the Allogromia RPN. Whereas they are abundant in all filopodial regions, they 
have totally disappeared in long time Taxol-treated (48 h) RPNs. In the IIF with 
anti tubulin, unusual dense linear arrays, indicate additional MT assembly. Ultra-
structurally, these RPNs reveal solely unusual dense packing of typically Taxol-
induced MTs, showing hooks and/or c-shaped profiles. Since in short time Taxol-
treated RPNs microtubules and helical filaments appear likewise multiplied, it 
is suggested, that the 5 nm filaments represent protofilaments, which first assemble 
to the bifilar helical state. 

It is suggested, that the existence of this unique cytoskeleton represents not 
only phylogenetic variation, but also a specific adaptation to the highly dynamic 
nature of the RPN, allowing rapid retraction and re-expansion without far-reaching 
depolymerization of its cytoskeletal main component. 
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EXPLANATION OF PLATES I-II 

1-8 — Control pseudopodia 
1: Longitudinally sectioned filopodium exhibiting MT bundles and hFs (arrows). Each MT may 
join separate bundles (arrowhead). Bar 1 ;xm 
2, 3: The hFs are closely associated with MTs and appear in some cases to emerge directly from 
MTs (arrow). Bars 0.2 }xm 
4: Adjacent MTs are interconnected by globular cross-bridges (arrows) arranged in distinct pat-
ches along the entire length of MT bundles. Bar 0.2 [xm 
5: Another type of MT decoration is demonstrable in negatively stained preparations. MAPs with 

" a longitudinal distance of 36 nm are helically arranged along the MT long axis (arrowheads). Bar 
0.1 txm 
6: Negatively stained preparations of whole mounted lysed pseudopodia reveal a protofilament 
arrangement comparable to usual in vitro MT preparations. Bar 0.2 mm 
7: Negatively stained MT bundle with cross-bridges (arrowheads). Bar 0.2 fxm 
8: Lamellipodium stained with YOL 1/34, a monoclonal antibody against a-tubulin, showing 
a predominant linear fluorescence pattern of MT bundles. Bar 10 [xm 

9-16 — Ruthenium red treated pseudopodia 

9: Longitudinal section. After application of 0.6 |xm RR for 10 s all MTs are converted into pa-
racrystalline aggregates (PC). Bar 0.5 [xm 
10: Cross-section. Longer incubation times (up to 30 s) cause the formation of large paracrystals, 
which may fill out thinner filopodia. Bar 0.5 fxm 
11, 12: Negatively stained hFs (11) after RR treatment (6 jxM for 10 s) exhibit the same ultrastruc-
ture as hFs in control pseudopodia (12). Arrowheads indicate the double-stranded composition 
of the helices. Bars 0.1 jxm 
13: Some hFs may appear more irregularly twisted. Bar 0.1 (jtm 
14, 15: Lamellipodia stained with YOL 1/34 after 0.6 |J.M RR incubation (10 s). The linear fluore-
scence pattern of the MT bundles has changed into a wavy one, demonstrating the formation of 
hFs. Bars 10 [xm 
16: The aggregation of hFs into paracrystals after incubation in 0.6 jxM RR (30 s) is documented 
by an irregular spotted fluorescence. Bar 10 [xm 
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Synopsis. Ciliary dynein studied in situ and after alloaffinity purification is a complex 
molecule composed of heavy, intermediate and light chains. The heavy chains are 
the likely sites of ATPase activity and form the major part of the globular domains 
of isolated dynein. In situ the major domains forming an arm extend transversely 
across the interdoublet gap. The head of the arm attaches to the doublet N + l . Its 
barbed end makes two attachments to the doublet N, at least one of them is ATP-
insensitive. A computer model of the doublet microtubule has been constructed. 
It incorporates the positional lelationships of the appended structures and the details 
of fine structure of the dynein arms. To produce ciliary motion, active sliding of the 
microtubule doublets is switched on and off at various times in the beat cycle. Me-
tabolic regulation of the intrinsic axonemal switches that control dynein arm acti-
vity ultimately governs the ciliary behavior. Ca2+ and c-AMP are the usual regulators. 
The Ca2+ switch operates via calmodulin sensor that is a structural part of the axo-
neme. It seems that the Ca2+ and c-AMP switches operate antagonistically at other 
parts of the beat cycle, probably by changing the phosphorylation state of axonemal 
proteins including dynein. 

Dynein is the mechanochemical transducer protein responsible for microtubule 
sliding and consequently motility of protozoan cilia and flagella. In the past four 
years, since the previous review of tubulin-based cell motility in these pages, con-
siderable attention has been focused on this molecule. There is now significant 
information and agreement about the structure, biochemistry and function of 
dynein, or rather of several different dyneins of various organisms, although some 
specific details remain controversial. The information is briefly reviewed in this 
article, with particular emphasis on Tetrahymena dynein to which my laboratory 

1 Lecture presented by P. Satir on 25th June 1985 at the Symposium "Relationship between 
Cytoskeleton and Motility", held during the Seventh International Congress of Protozoology in 
Nairobi, Kenya. 
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has contributed. Recent reviews of this subject from other perspectives have been 
published by W a r n e r and M i t c h e l l (1980), Bell et al. (1982) and J o h n s o n 
(1985). 

Dynein is a hetero-oligomeric ATPase with heavy (H), intermediate (I) and 
light (L) chains 

Dynein has previously been prepared by salt extraction from various axonemes, 
followed by sucrose density gradient fractionation. In this way, Bell et al. (1979) 
established that a particular 21S sea urchin sperm flagellar dynein was a complex 
of H, I and L chains. The two major heavy chains, Aa and A[3, are present in equi-
molar amounts, and both chains are associated with ATPase activity. Analysis 
of the release of these chains by ATP and salt after proteolytic cleavage of intact 
axonemes suggests that Aa chain is closely associated with the in situ dynein bind-
ing site on subfiber A of each doublet microtubule, while the A[3 chain is asso-
ciated with the transient in situ attachment site on subfiber B (Bell and G i b b o n s 
1982). I shall refer to the A(3 side as the head end, the Aa side as the barbed end 
of the arm. 

Both inner and outer arms are composed of dyneins. The polypeptide ccmpo-
sition of inner and outer arms may be different. There is more than one ATPase 

per dynein arm 

P i p e r n o and Luck (1982) have analyzed the dynein arms of Chlamydomonas 
comparing the polypeptide components of the isolated dyneins with polypeptides 
that are deficient in arm defective mutants. Four dyneins were identified by ATPase 
activity in the extraction experiments. All polypeptides deficient in outer arm mu-
tants are associated with the 12S and 18S species; a 12.5S and 11S species comprise 
the inner arms. Each individual dynein has 1-3 distinct polypeptide components 
of high molecular weight and one or more lower molecular weight substitaents. 
P f i s t e r and W i t m a n (1984) have subfractionated the 18S dynein into twc uni-
que subunits, each containing an H chain. Both subunits have ATPase ac.ivity. 
P f i s t e r et al. (1984) have shown that the photoaffinity probe 8-azido ATP selec-
tively labels the H chain of Chlamydomonas 12S dynein. 

Some dyneins associate with microtubules in an ATP-sensitive manner. This 
can form the basis of purification of these molecules 

T a k a h a s h i and T o n o m u r a (1978) have shown that Tetrahymena dynein, 
extracted from axonemes by low ionic strength dialysis, will rebind to isolated 
axonemal microtubules at multiple loci. Addition of ATP releases the arms, but 
if sufficient time elapses for hydrolysis of the ATP, the arms will rebind. Release 
and rebinding are easily monitored by electron microscopy. S a t i r et al. (1981 have 
shown that the released arms remain in the supernate when the microtubules are 
sedimented by centrifugation. N a s r and Sa t i r (1985) have utilized this obser-
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vation as a basis for purification. Dynein-decorated microtubules are placed on 
a filter, washed with buffer to remove impurities and unbound dyneins; subse-
quently ATP is added and the eluate collected. We refer to this procedure as allo-
affinity purification, since it depends on the affinity of dynein to two unrelated 
ligands, microtubules and ATP. Release also depends on the ionic strength of the 
buffer used. The ATP eluate contains an alloaffinity purified dynein that corres-
ponds to conventional 30S Tetrahymena dynein ( P o r t e r and J o h n s o n 1983). 

Alloaffinity purified Tetrahymena dynein contains H, I and L chains. On gel 
electrophorograms, the major H peak is at M r about 3 x l 0 5 ; the I region usually 
consists of 1-3 bands with M r 6-9 X 104 and the L region consists of 4 bands of 
M r between 23 and 14,000. The molecular weight of the H chains cannot be accu-
rately determined from gel electrophoresis and may be underestimated. For every 
heavy chain in the molecule, there is approximately one light chain; for every two 
heavy chains approximately one I chain. Alloaffinity purified Tetrahymena dynein 
will rebind to microtubules in the absence of ATP, with a periodicity and length 
resembling in situ arms. Heterologous, as well as homologous dyneins can be 
prepared by alloaffinity purification. Alloaffinity purified Chlamydomonas dynein 
is a set of polypeptides including the four heavy chains that characterize the outer 
arm. 

In solution, dyneins have a structure containing a major globular domain of 
about 4-5 nm radius attached to a thin flexible strand. In dynein arms, the strands 

associate together into bouquets with 2-3 globular domains 

J o h n s o n and Wal l (1983) have examined isolated 30S Tetrahymena dynein 
using scanning transmission electron microscopy (STEM). These images show the 
dynein as a bouquet of three globular heads connected by three separate strands 
to a base (Fig. 1 A). Mass measurement indicates that the structure has a mass 
of 1.95±0.24x 106 daltons and that each head is 420±80 kdaltons. W i t m a n et al. 
(1983) have found that the Chlamydomonas outer dynein arm also has this con-
struction: the 18S particle is two headed and has a net mass of 1.25 X 106 daltons, 
while the 12S particle is a single globular unit with a mass of 470 kdaltons. The 21S 
sea urchin dynein studied by Gibbons and his colleagues is evidently a two headed 
molecule. 

Each globular domain contains at least 1 H chain with ATPase activity 

The STEM determined mass of the molecule divided by the M r of the H chains 
suggests that at least 3 and no more than 6 H chains comprise Tetrahymena allo-
affinity purified dynein or the Chlamydomonas outer arm; that is one or two H 
chains are present in each globular domain. A parsimonious assumption is that 
the globular domains with a tail are isomorphs that are constructed homologously, 
say of 2H, II and 2L chains. This subunit would have a M r of ca. 7 x 105. 
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units as proposed by A v o l i o et al. (1984). (From Satir and A v o l i o (1986). Courtesy N.Y. 
Acad. Science) 

The in situ arm is composed of a cape, body and head. The globular domains 
are aligned transversely across the interdoublet gap with ATPases at either end 

of the molecule 

The substructure of the in situ arm has been re-studied in Tetrahymena and 
Chlamydomonas using rapid freeze methods ( G o o d e n o u g h and H e u s e r 1982, 
1985, T s u k i t a et al. 1983) and improved negative stain and thin section methods 
(Avol io et al. 1984, Sa t i r and A v o l i o 1986). In each case, the arm appearances 
in profile are quite similar. The main portion of the arm is suspended basally from 
a fiber or cape and it extends across the interdoublet gap from subfiber A of doublet 
no. N toward subfiber B of doublet N + l , ending in a head, that probably cor-
responds to one of the globular domains seen in the isolated molecule (Fig. 1 B). 
The remainder or body of the arm probably corresponds to the other globular do-
mains. At the barbed end of the arm, the cape and body form a two-point attach-
ment to subfiber A; at least one of the barbed end attachments is ATP-insensitive, 
since in situ the arm always is associated with subfiber A. The globular domains 
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of the in situ arm are aligned perpendicular to rather than parallel to the doublets 
so that the arm can attach by both ends. In cross-section, the arm is triangular 
in shape with the head at the apex of the triangle (Avol io et al. 1986). 

Dynein arm orientation found after decoration of axonemal microtubules is 
more promiscuous and less stringent in orientation than that seen in situ. For the 
reattached arms, there is no single unique structural orientation, and attachment 
occurs by either the barbed or the head end. These attached arms release upon 
addition of ATP regardless of their orientation. Taken together with the results 
of Bell and G i b b o n s (1982), this suggests that one or more of the ATPase H 
chains of the arm is associated with the head end of the molecule; one or more with 
the barbed end. For the Chlamydomonas outer arm, this would be consistent with 
the 12S portion of the arm forming the head; the 18S portion forming the body. 

Despite compositional differences, inner and outer arms are similarly construct-
ed across the interdoublet gap. In Tetrahymena, image reconstruction suggests 

that for every outer arm, there is a corresponding inner arm 

The inner arm of Chlamydomonas has been studied by G o o d e n o u g h and 
H e u s e r (1985), who conclude that there are differences in construction and place-
ment of these arms in relation to the outer arm. However, A v o l i o et al. (1986) 
have examined individual Tetrahymena doublet microtubules in en face views. 
A computer model of the doublet and its appendages has been generated, 
incorporating the detailed head, body, cape substructure for both inner and outer 

T I P 

B A S E 

Fig. 2. Computer reconstruction of an axonemal doublet showing alignment of outer (OA) and 
inner (IA) arms, radial spokes (S1-S3), and interdoublet links (LI, L2). Arms are seen en face. 

Note subunit arrangements. OA1 andlAl are aligned with SI. (From A v o l i o et al. (1986) 
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arms (Fig. 2). Images of the arms in longitudinal view and cross-section are suc-
cessfully modelled in this way, suggesting that inner and outer arms are structurally 
similar. The inner and outer arms occur in register with the same periodicity; inner 
arm 1 (IA 1) and outer arm 1 (OA 1) are aligned with spoke (SI) of each spoke 
group. It seems likely that the inner arm is transversely oriented across the inter-
doublet gap in the same way as the outer arm and that it too has an ATPase con-
taining head at one end and an ATPase containing body at the other. 

The dynein arm has a mechanochemical cycle that produces force in a fixed 
spatial direction. Morphologically, this cycle is reflected in changes in the relative 

positions of the subunits comprising the arm 

Sale and S a t i r (1977) showed that doublet microtubule sliding in Tetrahymena 
has a fixed polarity, such that doublet N + l is always displaced tipwards with 
respect to doublet N. This has been confirmed in Paramecium by M o g a m i and 
T a k a h a s h i (1983). Using thin-section and negative stain electron microscopy, 
Sa t i r et al. (1981) described three distinct morphological configurations of the 
dynein arm including an extended, rigor, and compact form. A scenario for the 
mechanochemical cycle which couples these configurations to the events of ATP 
hydrolysis during ciliary microtubule sliding and to the direction of active sliding 
was proposed. A v o l i o et al. (1984) have re-interpreted these configurations in 
terms of subunit movements of the head and body of the arm, which, more re-
cently, can be reconstructed dynamically with the computer (Avol io et al., 1986). 
Using the non-hydrolyzable ATP analog AMP-PCP, A v o l i o et al. (1984) 
have demonstrated that in situ the head of the arm can firmly attach to sub-
fiber B of doublet N + l across the interdoublet gap. In the presence of ATP, head 
attachment must be transient so that sliding can proceed. The cycle itself is formally 
analogous to the Lymn and T a y l o r (1971) model of actin-myosin interaction 
(Sat i r et al. 1981, J o h n s o n 1985). Complexities that might arise because of ATP 
sensitive dynein-microtubule interactions at both ends of the arm have been neglected. 

Dynein arm activity can be switched off and on 

A growing body of evidence that suggests that active doublet sliding within a cilia-
ry axoneme is asynchronous, implying that the dynein arms of certain doublets are 
active at the same time as other arms are not (Sat i r 1985). In a complete beat cycle, 
there would be a defined pattern of arm activity for each beat position and differ-
ing sets of arms would be turned on or off sequentially. Sug in and N a i t o h 
(1982, 1983) have been able to reproduce the beat pattern of Paramecium cilia with 
considerable precision by a trial and error procedure that fits active sliding patterns 
to beat form in this manner. 
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Although the cyclic pattern of arm activity is intrinsic, extrinsic controls can 
be superimposed to effect the switching on or off of a subset of arms. Inner and 
outer arms may subserve different behavioral functions 

Two main controls -Ca2 + and c-AMP-appear to act on the intrinsic axonemal 
switches. The Ca 2 + control mechanism probably operates via a calmodulin sensor 
that is a structural part of the axoneme. At Ca 2 + of 10 - 7M or less, beat is normal; 
at 10 - 6M Ca 2 + many cilia become quiescent and at higher Ca2 + concentrations 
the pattern of dynein arm activity is changed and may produce ciliary reversal. 
Chlamydomonas mutants with an altered inner arm component and altered phos-
phoproteins move backwards only with symmetrical beat that characterizes ciliary 
reversal in this organism (Segal et al. 1984). Axonemes prepared from this mu-
tant beat similarly regardless of the Ca2 + concentration of the reactivation medium. 
Another type of mutant, which lacks outer arms, swims forward with the asym-
metric beat that characterizes normal forward swimming ( K a m i y a and O k a m o t o 
1985, M i t c h e l l and R o s e n b a u m 1985). These mutant axonemes reactivate 
normally in media with little Ca2+ , but become quiescent as Ca2 + is raised. They 
do not show the reversal response when Ca2 + is raised above 10~6M. The presence 
of one row of normal arms is sufficient for ciliary beat at a reduced frequency, but 
the form of the beat and the behavioral responses apparently depend on which 
row is present. 

The complexity of dynein polypeptide composition affords opportunity for 
alteration of arm activity via post-translational modifications such as phos-

phorylation or dephosphorylation 

The Ca2 + and c-AMP controls, and perhaps the intrinsic arm activity cycle 
itself, may operate via changes in the phosphorylation state of polypeptides, in-
cluding those comprising the dynein arms. P i p e r n o and L u c k (1981) have shown 
that several components of the Chlamydomonas inner arm, including the H chains, 
are phosphoproteins. One problem with hypotheses dependent on such mechanisms 
it that the enzymatic machinery necessary for the modification must be part of the 
axoneme and possibly of the arm itself; a second problem is the time necessary 
for repeated cycling of activity, which might be less than a few ms for cilia beating 
at 100 Hz. The possibility that there is an ATPase H chain at either end of the arm 
suggests a simple structural mechanism for activation of the arm: an active arm 
is attached by its body to subfiber A of doublet N ; an inactive arm has detached. 
In this way, activation, which would depend on body attachment to subfiber A 
of doublet N (regulated in some simple way by post-translational modification?), 
might be separated from mechanochemical cycle producing sliding, which depends 
on head attachment to subfiber B of doublet N + l . 

4 — A c t a Protozoo l . 25/3 
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Synopsis. Calmodulins (CaM) are probably involved in all motile systems of pro-
tists. (1) It is generally believed that calmodulin shares regulatory roles is stimulus-
contraction coupling as a plasma membrane component and a messenger (sensory 
transducer). (2) In some contractile systems CaM regulates actin-myosin interaction. 
(3) Both CaM • Ca and cAMP are fundamental regulators of cilia and flagella acti-
vity. In spite of great deal of research, most details of the mechanism of CaM action 
are unknown and the role of calmodulin in particular motile systems of protists 
has not been determined. The best known Ca2+-mediated motile event among pro-
tists is the ciliary reversal. The binding of mono- and divalent cations to Ca2+-bin-
ding sites of calmodulin as well as to other Ca2+-binding proteins is suggested as the 
initial molecular mechanism of ciliary reversal. 

Over the last few years calmodulin (CaM) has been extensively studied. This 
topic was comprehensively reviewed by Klee and V a n a m a n (1982), M e a n s 
et al. (1982), Burges et al. (1983), M a r m e and D i e t e r (1983), S e a m o n and 
K r e t s i n g e r (1983), Cox et al. (1984), M a n a l a n and Klee (1984). 

Recently it is clear that: (1) CaM is the general name of a class of calcium bin-
ding proteins with extremely similar structural and functional properties. (2) CaM 
is present in all eukaryotes but has not been found in prokaryotes. (3) CaM binds 
Ca 2 + in the presence of Mg 2 + and other physiological ions and modulates calcium 
transport and concentration inside the cell. (4) CaM • Ca complex in multiple spe-
cific interaction with enzymes (E) and other proteins regulates overall activity of 
each eukaryotic organism. 

General Mechanism of Action 

Calmodulin harbors four Ca2+-binding sites: in cellular processes only 
CaM • Ca„>3 , plays its role. Ca2 + and calmodulin alone are not active in the 
cytoplasm ^ C h e u n g 1984, Cox 1984, D e d m a n 1984). 

1 Lecture presented by L. Kuznicki on 25th June 1985 at the Symposium "Relationship 
between Cytoskeleton and Motility", held during the Seventh International Congress of Proto-
zoology in Nairobi, Kenya. 
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It is generally believed that the mechanism that links excitation with intracellular 
events involves two sequentional steps. In response to stimulus, Ca 2 + dissociates 
from cell membranes or flows from the medium across the plasma membrane into 
the cell and then binds to the calmodulin (first step). Saturation of calmodulin 
binding sites causes a conformation change toward a more helical structure. Bin-
ding Ca 2 + ions proceeds sequentially. Saturation of the three or four Ca2+-binding 
domains on calmodulin exposes a hydrophobic site that appears to interact with 
the receptor enzyme to form activated complex (second step). 

Calmodulin has been implicated in many cellular events because in cytoplasm 
and organelles numerous calmodulin dependent enzymes and proteins operate. 
In vitro these enzymes or CAPs (calmodulin acceptor proteins) are defined as mo-
lecules that bind only to calmodulin (nonbinding to the troponin C) in high ionic 
strength buffer in a Ca2+-dependent manner and are inhibitable by trifluopera-
zine ( D e d m a n 1984). 

In living cell the reactions between calcium and calmodulin as well as CaM • Ca„ 
and CAP are reversible and regulated by the concentration of calcium ions in 
cytoplasm. A decrease of Ca 2 + ions favors dissociation of calmodulin-CAP com-
plex, an increase favors its formation. All eukaryotic cells contain calmodulin at 
exceedingly high levels in comparison with intracellular concentration of Ca 2 + ; 
that is the mechanism of keeping calcium ions on physiological level ^ 10_7M. 

On the molecular level CaM • Ca exerts its effects directly or indirectly. The 
direct effects were found on plasma membrane ATPase, dynein ATPase, and on 
cyclic nucleotide metabolizing enzymes. CaM • Ca exerts its effect indirectly by 
activiting protein kinases or phosphatases. 

The Possible Role of Calmodulin in Protista 

The first hint that calmodulin exists in various protists {Euglena gracilis, Amoeba 
proteus, Physarum polycephalum) and plays a role in modulating the effects of Ca 2 + 

on motile systems was obtained by J. K u ź n i cki et al. (1977, 1979). Since that 
time this protein has been isolated from other species of Protista: Tetrahymena 
pyriformis, T. termophila, Paramecium tetraurelia ( J a m i e s o n Jr. et al. 1979, 1980, 
J a m i e s o n Jr. and V a n a m a n 1980, M a i h l e and Sa t i r B. H. 1980), Dictyoste-
lium discoideum (Bazar i and C l a r k e 1980, C l a r k e et al. 1980, J a m i e s o n Jr. 
and F r az ie r 1983), Chlamydomonas reinhardtii ( G i t e l m a n and W i t m a n 1980). 

The calmodulin has been localized in the cilia (Ma ih l e et al. 1981, O h n i s h i 
et al. 1982). The study of B lum et al. (1980, 1983). J a m i e s o n Jr. et al. (1980), 
demonstrated that CaM may play a role in regulation of the ciliary dynein ATPase 
system in Tetrahymena pyriformis. It was showed that bovine brain CaM is effec-
tive in the activation of Tetrahymena 14S and 30S dynein ATPases, while Para-
mecium CaM activate in vitro brain phosphodiesterase. 
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The CaM • Ca dependent regulation was also found in ameboid locomotion. 
M a r u t a et al. (1982, 1983) demonstrated the role of CaM • Ca in the regulation 
of myosin heavy chain kinases of Dictyostelium aggregating cells. CaM • Ca ac-
tivated myosin heavy chain kinase, while cAMP had opposite effect. 

The ciliary and flagellar system is another one in which CaM • Ca and cAMP 
produce opposite effects. The stimulation of motility by cAMP is contrasted with 
the inhibition by CaM • Ca ( J a m i e s o n et al. 1979, M e a n s et al. 1982). The study 
of general molecular mechanism of the axonemal motility well progressed in vitro. 
Much less progress, however, has been made in the physiological experiments 
in situ. 

Calmodulin antagonists have been applied to intact protists to probe for in-
volvement of calmodulin in Ca2+-dependent processes. The chloropromazine affects 
photophobic response and alters the phototaxis of Chlamydomonas ( H i r s c h b e r g 
and H u t c h i n s o n 1980). According to B. H. S a t i r et al. (1980), Paramecium 
tetraurelia in the presence of trifluoroperazine in the medium swim slowly, some-
what contracted and deciliated after prolonged exposure. In Paramecium caudatum, 
W-7 inhibits the voltage-dependent calcium current ( H e n n e s s e y and K u n g 1984). 
The messenger mediating the hyperpolarization of the axoneme has not been iden-
tified, although recent studies implicate cAMP ( G u s t i n et al. 1983). 

On the basis of these data we can conclude that calmodulin and calcium play 
central roles in regulating actin-myosin and tubulin-dynein locomotory systems 
and other phenomena, like mitosis as well as excitation, Ca 2 + transport and sen-
sory transduction. However, specific involvement in any particular protozoan 
movement has not been well defined experimentally. The major experimental dif-
ficulty is that each motile event is complex and involves intersecting systems like 
membranes and cytoskeleton elements. 

The Major Experimental and Theoretical Complications 

Two steps calcium-calmodulin intracellular second messengers mechanism 
presents a rather simplified model based on the in vitro experiments, than a common 
process occurring in cell. CaM • Ca„ has a variety of action mechanism, often acting 
simultaneously. It may act by direct effect on ATPase activity or through kinases 
or phosphatases. 

The molecular basis of motility regulation is not a simple equation consisting 
C a 2 + + C a M ^ CaM • Ca„>3 and CaM • Ca„> 3 + E ^ E • CaM • Ca„>3 . After 
excitation, concentrations of both messengers Ca 2 + and cAMP increase in the cell. 
Probably all motile systems of protists are regulated by the cAMP to Ca2 + ratio. 
The effects of these two intracellular messengers can be antagonistic, additive 
or synergistic. The continuing discovery of Ca2+-binding proteins different from 
calmodulins (Van E l d i k et al. 1980, M a n a l a n and Klee 1984), much more com-
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plicates the postulated mechanisms of CaM action. Each of this new Ca2+-birding 
proteins may have its own role in the regulation of motility. 

In vivo, this complexity is a major problem in searching for calmodulin-modu-
lated reactions. For instance, the sequestration of Ca 2 + with EGTA or othei cal-
cium chelator in effect alters the reaction rate or completely inhibits a well-cha-
racterized enzyme. Ca 2 + affects, however, so many processes that the same iesult 
in vivo is incomplete, because it is difficult to distinguish between a direct ani in-
direct effect of EGTA. 

A commonly used calmodulin antagonist is trifluoperazine. Calmodulin vhicb 
binds this compound becomes inactive. All fluoperazines as well as the napthalen-
sulfonamide W-7, W-12 and its chloro-derivative W-13 are hydrophobic. It ii ne-
cessary to ascertain that the action of used antagonists results from inactivation of 
calmodulin and not from general hydrophobic effect. This can be done with a puri-
fied enzyme, but is very difficult with a living cell under physiological set.ings. 
Despite these limitations two strains of Volvo:c certari have been described a; po-
ssessing phenothiazine-insensitive calmodulin ( K u r n and Sela 1981). 

This complexity and technical limitations of experimental methods male the 
evidence for involvement of calmodulin in any particular motile system of pro-
tista still fragmentary. Much of the current literature concerning calmoduin is 
aimed at demonstrating that a known calcium-mediated event, involves CaM as 
an intermediate. In fact that still is the only disposible way for a combined phy-
siological, biochemical and immunological research on calmodulin. 

The study of the existing evidence of the involvement of Ca 2 + in the notile 
responses of protists, leads to the conclusion that the ciliary reversal is the only 
case where the physiological experiments demonstrated calcium translocation as 
a direct response to external stimuli. 

Calmodulin in Ciliary Reversal 

Since the XIX century it is well known, that paramecia placed in KC1 soution 
of concentration ranging from over ten to several tens mM, immediately nani-
fest a ciliary reversal lasting several seconds. It was evident from K a m a d a '1938, 
1940) and K a m a d a and K i n o s i t a (1940) experiments that Ca 2 + ions siould 
play a role in this motor responses of Paramecium caudatum. The ciliary re/ersal 
evoked by K 1 + ions may be at any moment interrupted by introduction of more 
calcium ions into the medium. K a m a d a and K i n o s i t a (1940) also showed that 
without Ca2 + in the medium the ciliary reversal cannot be induced by an> con-
centration of KC1. Injection of KC1 into Paramecium cytoplasm has no efftct on 
the direction of ciliary beat, but introduction of oxalates into the cell, evoked tiliary 
reversal. On the basis of this data, K a m a d a (1940) put forward the hypothesis 
that in the cytoplasm Ca2 + ion is bound with a rather unprecised anion X The 
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external action of K 1 + diffusing into the cell, or internal binding of Ca2 + by oxa-
lates, in consequence would liberate anion X, which initiates ciliary reversal. 

J a h n (1962) calculated K a m a d a and K i n o s i t a (1940) data on the dura-
tion time of ciliary reversal in P. caudatum, in relation to [K1+]/ / [Ca 2 + ] in the 
terms of Gibbs-Donnan ratio. It was clear that the maximum time of ciliary re-
versal duration is the same independently of the absolute K 1 + concentration if: 

[K1+] 
, - = const. 

j/[Ca2+] 

On this basis J a h n (1962, 1967) put forward the hypothesis that loss of Ca 2 + 

from the outer surface of Paramecium membrane evokes ciliary reversal. Gr§ -
b e c k i (1965) and K u z n i c k i (1966) raised objections against K a m a d a and 
J a h n ideas. G r ? b e c k i (1965) and K u z n i c k i (1966) found that paramecia with 
decalcified superficial cellular complex become fully insensible to any chemical 
stimulation except Ca 2 + ions — a recalcification of their medium evokes ciliary 
reversal. 

The experiments with models of ciliates show that the undulating cilium mo-
vement and its reversal are independent phenomena. The cilia on the models of 
Paramecium are reactivated to beat by A T P + M g 2 + solutions, while the ciliary 
reversal occurs when free Ca2 + concentration is raised above 10_6M in presence 
of ATP ( N a i t o h and K a n e k o 1972). In living ciliates the ciliary reversal is pre-
ceded by membrane depolarization. According to E c k e r t (1972) and E c k e r t 
and N a i t o h (1972), depolarization causes a transient increase in the Ca 2 + con-
ductance of the surface membrane of Paramecium. Calcium inward current raises 
the concentration of free Ca2 + within cilia which results in changing their beat 
from the forward to reversed direction. The calcium current hypothesis postu-
lating that ciliary reversal is coupled to membrane potential by a membrane-limi-
ted influx of Ca 2 + from the medium, fails, however, to explain the following facts: 
(1) The ciliary reversal in Paramecium could be evoked by chemical, electrical and 
mechanical stimuli at 10~6M Ca2 + concentration in the medium. (2) In all mem-
branes M n 2 t and La3 + ions blockage the calcium permeability, however, both 
cations induce long-lasting ciliary reversal of Paramecium ( K u z n i c k i 1970, 1973). 

In the seventies it became clear that the ciliary reversal is not fully understood. 
It was then discovered that Ca2 + might not act in its free ionic state but requires 
the presence of a binding protein, especially the calmodulin. Simultaneously with 
isolation and localization of calmodulin in axoneme of mammalian spermatozoa 
( J o n e s et al. 1980) it was established that cAMP is positively correlated with mo-
tility in sperm. In contrast, elevation of intracellular Ca 2 + arrests flagellar moti-
lity of sperm ( G i b b o n s 1980). In the majority of experiments the flagellar moti-
lity was maintained at low levels of Ca2 • (10~7M) but inhibited at higher levels of 
Ca 2 + (10 -6M). These results suggest that CaM • Ca may exert an effect on flagellar 
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movement via secondary rather than a primary interaction with ATPase compo-
nent of the flagellum. 

The ciliary system is probably like the flagellar one in that cAMP and CaM • Ca 
produce opposite effects. J a m i e son et al. (1980) suggested that the CaM is re-
quired for the initiation and transduction of responses to axoneme. R e e d and 
P. Sa t i r (1980) have shown that the calmodulin may be a part of an axonemal 
switch that evokes ciliary arrest in ciliated epithelial cells from the gill of freshwa-
ter mussels. On the basis of these data the involvement of CaM • Ca in the ciliary 
reversal has been postulated by B. H. Sa t i r et al. (1980), K u ź n i c k i (1981), Kuź-
n i ck i and M i k o ł a j c z y k (1982). 

In this regard there are number of specific questions that I would submit to 
further discussion. Is the calmodulin which participates in the control of the di-
rection of ciliary beat a multifunctional protein, or specialized for the tubulin-
dynein system? Naegleria gruberi differentiation from amoebae to flagellate forms 
is associated with synthesis of two calmodulins, one located in flagellum (CaM-1) 
and the other (CaM-2) in the cell body ( F u l t o n et al. 1986). These data suggest 
that protists may use different calmodulins for different functions. At second, how 
calmodulin might be involved in regulating the ciliary reversal? It is generally accep-
ted that all calcium dependent motile systems are regulated by the Ca2 + ions bound 
to calmodulin. An alternative interpretation is offered by the view of C h a o et al. 
(1984) and C h e u n g (1984) that certain cations (Mn2+, Tb3+, Cd2+, Sm3+, La3 + , 
Hg2 + , Sr2+, Pb2+) are toxic because they effectively activate calmodulin and thus 
upset its normal regulator by the cellular flux of Ca2 + . According to the conven-
tional hypothesis the heavy metals like Hg 2 + and Pb 2 + cause toxic effects by in-
teracting with essential sulphydryl groups of enzymes, while others like Cd2 + , have 
lower affinities and are less toxic. C h a o et al. (1984) found that the cations with 
an ionic radius close to that of Ca2 + (0.99 A) effectively substitute for Ca 2 + ions 
in calmodulin. In the range 0.74-1.20 A of ionic radii metals activate calmodu-
lin-dependent phosphodiesterase and change the intrinsic fluorescence of calmo-
dulin. It is possible that these cations also support the activity of other calmodulin 
dependent enzymes. This would create a stimulation in which the activity of cal-
modulin is no longer regulated by the cellular flux of Ca2 + ions. 

These findings from C h e u n g laboratory offer a new interpretation to the unsol-
ved data concerning toxicity and ciliary reversal of Paramecium (Table 1). For 
Paramecium caudatum the toxicity series of heavy metal cations was established 
( G r ę b e c k i and K u ź n i c k i 1956). All these cations in some concentrations in-
duced ciliary reversal and majority effectively activate calmodulin. The lantha-
nides have higher affinities than Ca 2 + to calmodulin and also form biologically 
active complex (Wal lace et al. 1982). At the concentrations used for evoking 
ciliary reversal in Paramecium the ability of calmodulin to bind monovalent ca-
tions like potassium was also shown (Klee and V a n a m a n 1982). On the basis 
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Table 1 

Relation between cation toxicity for P. caudatum, their ionic radius and the ability of cation induced 
calmodulin fluorescence and calmodulin dependent phosphodiesterase activity 

Cation* toxicity | |Ca2+< Sr 2 + < B a 2 + < M n 2 + < Z n 2 + < Pb2+< Cd 2 + < Hg2+ 

Radius 
A 0.99 1.13 1.34 0.80 0.74 1.20 0.97 1.10 

Phosphodiesterase 
activity** 

/0 100 86 23 70 67 92 90 73 Phosphodiesterase 
activity** A 5 0 }aM 2.8 25.0 - 4.0 5.0 2.0 3.0 3.7 

Fluorescence** 
Changes % 100 72 4 54 52 47 81 75 

Fluorescence** F 5 0 
cation/CaM 1.7 13.0 0 2 0.9 1.2 0.8 5.0 

* Modified from Grçbecki and Kuznick i (1956) 
** Modified from C h a o et al. (1984) 

of these data a competition for binding sites on calmodulin between Ca2 + and 
other cations may be suggested as initial molecular mechanism of ciliary reversal. 
According to it, the ciliary reversal in response to an external stimulation will be 
initiated by temporary upset of the normal functions of CaM in the membrane 
and in the axoneme. 

In spite of potential artifacts introduced by CaM-antagonists, the voltage-de-
pendent Ca2 + current in Paramecium is inhibited by W-7 ( H e n n e s s e y and K u n g 
1984). This observation is in agreement with the study of the ciliary membrane 
composition. In the ciliary membrane of Paramecium tetraurelia, the presence of 
calmodulin and guanylate cycles modulated by CaM • Ca has been demonstrated 
{ K l u m p p et al. 1983 a, b). The same proteins occur in the ciliary membrane of 
Tetrahymena ( Y a z a w a et al. 1981, S c h u l t z et al. 1983). The discoveries of cal-
modulin, CaM • Ca-regulated cycles, cGMP and cGMP-dependent kinase in ciliary 
membrane of Paramecium have major contributions to our understanding of the 
mechanism of Ca 2 + permeability. The interpretation of these data is in agreement 
with my assumption that calmodulin in the ciliary membrane, as well as in the 
axoneme is involved in ciliary reversal This assumption, however, has to be veri-
fied, because a soluble protein controlling Ca-channel activity in Paramecium does 
not have the properties of calmodulin (Haga et al. 1984). Actually, the presence 
of calmodulin in the ciliary membrane is well established, while protein(s) con-
stituting the Ca 2 + channels in ciliates have not been identified ( K u n g and Sa imi 
1985). 

The idea that binding of several cations to calmodulin causes ciliary reversal 
in Paramecium needs to be substantiated with new evidence. Further experiments 
should also confirm that tubulin and dynein are in fact subject to regulation by 
the ratio of CaM • Ca to cAMP. 
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Synopsis. During clonal ageing the sc 6 mutant of Paramecium tetraurelia manifests 
the morphological heterogeneity of phenotypes (Whitt le and Chen-Shan 1972, 
K a c z a n o w s k a 1977). The isolation of sc 6 twisted dividers from early stationary 
clones yielded cell-division products of different morphology: the anterior cell re-
presented a normal, straight phenotype, whereas the posterior cell manifested an 
anticlockwise twist of its cortex along the main body axis. Both daughters are able to 
twist if introduced to the culture medium promoting expression of sc 6 trait, but they 
maintained their different morphologies if supplemented with a portion of fresh 
bacterized culture medium, sc 6 cells of different morphologies were used to study 
their ability to form and to egest the food vacuoles. 

It has been ascertained that helical torsion of the cortex and the altered swim-
ming behaviour of sc 6 twisted Paramecium tetraurelia depressed both the uptake and 
release of food vacuoles with respect to these activities performed by the control 
wild type and sc 6 straight cells. 

The aim of the present report is to examine the effects of the cortical twist and 
altered swimming behaviour upon the rate of food vacuoles formation and release. 

Phagotrophy in Paramecium occurs by a sequent formation of food vacuoles 
at the bottom of the oral apparatus ( H a n s o n 1962, A l l en 1974). During pha-
gotrophy the beating of the oral membranelles within the oral cavity produces 
a current which facilitates food accumulation, whereby food is swept into the oral 
pouch. Food vacuoles circulate within the cytoplasm of Paramecium (Al len 1974, 
B e r g e r and P o l l o c k 1981). During this circulation digestion and release of me-
tabolites to the cytoplasm occur. Food vacuoles are eliminated at random through 
the cellular anus (a cytoproct) (Berger and P o l l o c k 1981). Food vacuoles ran-
domly enter into position at the cytoproct and the actual extrusion of their con-
tents takes a part of a second. The remaining vacuolar membrane is retrieved and 
recycled for new food vacuole production (Allen and Wol f 1974). 

http://rcin.org.pl



306 J. KACZANOWSKA AND T. GOLC 

The question arises whether the cortical twist impairing general swimming 
behaviour and the resulting displacement of the cytoproct in Paramecium may affect 
the rates of ingestion and egestion of food vacuoles. For this purpose, the sc 6 Pa-
ramecium tetraurelia was used, sc 6 mutation in homozygozity promotes under 
some specific external conditions a helical twisting of the cell along its main axis. 
For instance at the early stationary phase of clones the sc 6 cells readily begin to 
twist ( S o n n e b o r n 1974). However, the rates of formation and egestion of di-
gestive vacuoles in the wild type and sc 6 cells decline with clonal ageing (Smith-
- S o n n e b o r n and R o d e r m e l 1976 and unpublished observation). Therefore 
in order to obtain sc 6 cells that would be able to feed but would maintain a diffe-
rent morphology, the twisted dividers were produced and then their daughters 
were supplemented with a fresh bacterized medium, sc 6 dividers virtually yielded 
the anterior straight, morphologically normal and posterior twisted daughters 
and both these cells were able to feed, sc 6 cells and wi ld t y p e controls of the 
same interfission ages were tested for their ability to form food vacuoles and next 
to egest them. 

It has been ascertained that helical torsion of the cortex of Paramecium tetra-
urelia alters its swimming behaviour. This morphology affects the uptake of food 
vacuoles and ingested food vacuoles reside longer within the cytoplasm than it 
occurs in wild type and morphologically normal sc 6 cells. 

The role of mechanical factors upon the rates of the uptake and release of 
food vacuoles in Paramecium is briefly discussed. 

M a t e r i a l a n d M e t h o d s 

Two stocks of Paramecium tetraurelia were employed. The one used as a control was a wild 
type wt 51S standard stock (Sonneborn 1970). The experimental stock screwy 6 (sc 6) kept 
as line d4-75 (Sonneborn 1974) was a mutant of stock 51S. This mutant resembles a normal 
cell twisted about its long axis. Mutants of sc group develop heterogeneity of the phenotypes du-
ring their clonal ageing as arrays of phenotypes of morphologically normal, moderately and he-
avily twisted cells (Whitt le and Chen-Shan 1972). wt and sc 6 paramecia were cultured in let-
tuce medium inoculated with Klebsiella cloacae (Sonneborn 1970). Lettuce medium inoculated 
with bacteria for 24-28 h and kept at 27°C will be referred to as "fresh culture medium". 

Initial stocks were kept in test tubes at room temperature about 22±2°C and fed only twice 
a week. Cells diluted 1:9 vol/vol with the fresh culture medium entered after 3 days into a sta-
tionary phase. In test tubes containing sc 6 cells the heterogeneity of phenotypes was checked under 
dissection microscope. Some cells assigned in vivo as straight or twisted were isolated, then fixed 
and silver stained according to Chatton-Lwoff method (Frankel and Heckmann 1968). 

Supernatant from stationary sc 6 cells that revealed heterogeneity of phenotypes was collec-
ted for immediate use as described in section Results . For this purpose test tubes were spun down 
by centrifugation 500 g x 3 min and the supernatant is referred to as "used medium". This super-
natant diluted with fresh culture medium, approximately 1:2 vol/vol is referred to as "partially 
used medium" or P.U.M. 
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A s s a y on f o o d v a c u o l e f o r m a t i o n : Three groups of cells: wi ld type, sc 6 straight 
and sc 6 twisted postdividers kept in P.U.M. were supplemented at 0 time with latex beads (PLP 
Dovex 0.76 (xm diam.) at final concentration 105 beads/ml. These groups of cells were periodically 
assayed for the total number of labelled food vacuoles. Individual cells were picked up, put on 
the specimen slide and fixed with Peronyi fixative (Preer 1975) and examined under light micro-
scope to score number of individual food vacuoles. Pooled data from four independent replicas 
of experiment are used to get means and standard deviation for about 30 individual cells for each 
tested period of feeding for every type of cells. 

A s s a y o n k i n e t i c s o f l o s s o f l a b e l l e d f o o d v a c u o l e s : Three groups of cells: w i l d 
type, sc 6 straight and sc 6 twisted postdividers kept in P.U.M. were prelabelled with PLP beads 
during 5 min. During the next 5 min these labelled cells were individually reisolated into the PLP-
deprived P.U.M. The number of labelled food vacuoles was periodically assayed in individual 
cells. Pooled data of three independent replicas of experiment were used to get particular means 
and standard deviation exactly as described above. 

Estimation of rates of the uptake and egestion in wt, sc 6 straight and sc 6 twisted cells: To-
tal numbers of food vacuoles taken up during 10 min by every kind of cells and their 
gradual egestion were calculated as described for Chilodonella steini (Sawicka et al. 1983). 
Statistical calculations followed the methods described by S o k a l and R o h l f (1969). 

R e s u l t s 

Test of Reliability of in vivo Specification of sc 6 Phenotypes 

W h i t t l e and C h e n - S h a n (1972) noted that twisted cells heavily rotate du-
ring their forward swimming. To test this notion, three days old mass cultures 
of sc 6 were used. Under dissection microscope the cells were in vivo classified as 
"straight" or "twisted", depending on their swimming behaviour, and then iso-
lated, fixed and stained. 

Morphometrical and cytogeometrical studies on the cortical pattern of 51S 
and sc 6 cells designated in vivo as "straight" revealed a virtual stability of corti-
cal parameters of all nondividing cells (to be published elsewhere). This pattern 
is consistent with the detailed descriptions of S o n n e b o r n (1963) and K a n e d a 
and H a n s o n (1974). In brief: the oral sector is marked by a complex comprising 
the preoral suture, the oral apparatus and the postoral suture with a cytoproct. 
This sector extends along the main body axis from anterior to posterior poles. The 
postoral suture is flanked to the right by nearly meridional ciliary rows. At the 
postoral suture there is a long silver-stained line representing the lips of the cyto-
proct (Al len and Wolf 1974). The cytoproctal slit extends along the main body 
axis. 

In 30 cells asigned in vivo as "straight", 28 represented wild type morpholo-
gical phenotype, and only two manifested a slight helical twist of the postoral su-
ture. This suture was slightly rotated to the left. 

Twisted sc 6 phenotypes that manifested in vivo apparent rotation during for-
ward swimming, in stained preparations displayed the helical spiralization of the 
oral sector. Preoral suture slightly twisted to the left was followed with the obli-

5 — Acta Protozool. 25/3 
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quely positioned oral apparatus. The postoral suture was highly spiralized and 
the cytoproct was displaced onto the lateral or even dorsal side of the cell. 

All the cells designated in vivo as "twisted", in fact represented morphologically 
twisted phenotypes (30 cells tested). 

Preparation of Phagocytic sc 6 Sister Cells of Different Phenotypes 

Although principle in culture medium promoting expression of twisted phe-
notypes remains unknown (Whi t t l e and C h e n - S h a n 1972) it was noted that 
these phenotypes appear readily at early stationary phase and/or in slowly divi-
ding sc 6 cells. The aim of the present paper was to find out medium that main-
tains slow fission rate and phagocytotic activity of sc 6 cells at a time. We made 
it as follows: 

(1) test tubes containing one aliquote of initial sc 6 stock manifesting hetero-
geneity of phenotypes were supplemented with 9 aliquotes of fresh culture medium 
for 72 h at room temperature, 

(2) test tubes were examined for heterogeneity of sc 6 phenotypes. Tubes con-
taining many twisted cells were sampled. Samples were diluted with fresh culture 
medium roughly 1:1 vol/vol to induce cell divisions. It appeared that both straight 
and twisted cells were able to divide, 

(3) twisted dividers found during 20 min in samples (see point 2) collected 
either in used medium or in P.U.M. to get postdividers of the same ages, 

(4) eighteen straight and 12 apparently twisted postdividers introduced into 
used culture medium were re-isolated again to used culture medium and examined 
morphologically the next day. Twenty straight and 18 twisted postdividers from 
P.U.M. were isolated again to P.U.M. to examine their fission rate during three 
subsequent days. After three days the derived clones were tested for heterogeneity 
of phenotypes within the progeny, 

(5) most postdividers (point 3) were split into straight and twisted groups of 
cells for subsequent studies on food vacuole formation and egestion. These cells 
were introduced into P.U.M. and assayed with PLP after about 3 h, 

(6) control wild type postdividers were parallely received (points 2-4) and 
introduced into P.U.M. They were also tested for their phagocytotic activities 
3 h later. 

Study on the Fates of Straight and Twisted Sisters 

Straight cells introduced into P.U.M. yielded a nearly straight progeny at first 
division, but heterogeneity of the phenotypes was resumed during three days. 
Twisted cells introduced into P.U.M. yielded anterior straight and posterior twi-
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sted daughters. This heterogeneity of the phenotypes was maintained during three 
days. Hence, both straight and twisted isolates during their clonal reproduction 
yielded the same pattern of intraclonal polymorphism. 

All clones, regardless of the morphology of stem isolates introduced into P.U.M., 
revealed uniform circadian daily fission rate during three days (about 1.0 for straight 
founder isolates, and 1.1 for twisted founders). 

Straight divider yielded two straight daughters. Twisted divider yielded a vir-
tually straight anterior and twisted posterior offspring. Both kinds of daughters, 
straight and twisted, are able to gain the same twisted phenotype if introduced 
to the used medium that promotes the appearance of twisted phenotypes. The 
twist of a straight cell within the used medium may occur without cell division. 
Thus, under a stimulus of external medium, all cells are able to twist irrespective 
of their origin as anterior or posterior cell during preceding division. 

Changes of the Total Numbers of Ingested Labelled Food Vacuoles during Con-
stant Feeding in wt, sc 6 Straight and sc 6 Twisted Cells 

Pooled data concerning the three groups of cells are presented in Fig. 1. It ap-
pears that all kinds of cells were strongly stimulated to feed with PLP at the start 
of the experiment and subsequently the total number of ingested labelled food 
vacuoles residing in the cells gradually declined. 

Mean numbers of labelled food vacuoles found at a time in wt cells fed during 
15 to 50 min and next during 100-120 min are statistically (p — 0.05) different 
from those found in sc 6 twisted cells, wt cells possessed high numbers of labelled 
food vacuoles during the first 50 min of feeding, followed by an abrupt decline 
during the second hour of the experiment, whereas sc 6 twisted cells kept low num-
bers of food vacuoles during the first hour of feeding and the decrease of these 
numbers during the second hour of the experiment was slow. Behaviour of sc 6 
straight cells follows the kinetics of changes of wt cells. 

Loss of Prelabelled Food Vacuoles in Label-deprived Medium in wt, sc 6 Straight 
and sc 6 Twisted Cells 

Pooled data on the decline of the total numbers of prelabelled food vacuoles 
in three kinds of cells as a function of time that elapsed from the removal of label 
are presented in Fig. 2. wt and sc 6 straight cells manifested a very rapid loss of 
labelled food vacuoles. Twisted cells revealed significantly different (p — 0.05) 
kinetics of decline. These cells manifested a very slow rate of decrease of the total 
numbers of labelled food vacuoles. 
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t ime of feeding 

Fig. 1. Kinetics of mean total number of PLP-labelled food vacuoles per individual cell in different 
kinds of cells as a function of time of feeding with label. Abscissa — phagocytosis time (min) spem 
in the presence of label. Ordinate — mean average numbers of ingested food vacuoles labelled 
with PLP per cell. Experiment performed as described in section Material and Methods : 
wt cells — heavy lines, sc 6 straight cells — dashed line, sc 6 twisted cells — dashed and dotted 
line. Every mean comprizes pooled data of 30 cells, bars represent standard deviation values of 

means 

Rates of Ingestion and Egestion of Food Vacuoles during 30 min in wt, sc 6 
Straight and sc 6 Twisted Cells 

The rates of uptake of food vacuoles during 30 min of feeding were calculated 
from the data presented in Figs 1 and 2 as sums of total input, total output and 
maximal total number of PLP labelled food vacuoles residing within the cell cyto-
plasm (Sawicka et al. 1983) in the particular type of cells. 

During 30 min the wt and straight sc 6 cells produced an equal average number 
of food vacuoles (respectively 23.0 and 25.1 food vacuoles per cell), sc 6 twisted 
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Fig. 2. Kinetics of decrease of mean total number of PLP-labelled food vacuoles ingested by in-
dividual cells of different kinds during 10 min of feeding as a function of time of subsequent incu-

bation in PLP-depleted medium. Other explanations and legends as in Fig. 1 

phenotype produced less (p = 0.05) food vacuoles than wt cells, i.e., about 15.8. 
Egestion of ingested food vacuoles in wt and straight sc 6 involved defecation 

of about 8 food vacuoles during 30 min since the start of feeding. During this period 
the sc 6 twisted cells extruded a variable number of food vacuoles (high sd values) 
averaging to 2.6 food vacuole per cell. 

D i s c u s s i o n 

The presented data revealed that twisted phenotypes are generated in ageing 
sc 6 cells in the presence of a specific culture medium. This twist is produced dur-
ing the interphase period of the cell-cycle. Thus divisional morphogenesis does 
not generate per se the cortical twist of the offspring, but merely separates differ-
ently shaped daughters originating from less twisted anterior and more twisted 
posterior parts of the parental twisted cell. Although the heterogeneity of phenoty-
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pes within sc 6 clones increases along the clonal ageing (Whi t t l e and C h e n - S h a n 
1972) in every generation some straight phenotypes are generated from anterior 
fission products. Sister cells of different morphology twist in used medium. Ho-
wever, if introduced into media promoting cell-cycling, they developed into clones 
of the same degree of heterogeneity of phenotypes and of the same daily fission 
rates. Therefore it is assumed that straight and twisted sc 6 sisters represented si-
milar or identical physiological abilities and they differed only in their morphology. 

The rates of the uptake, release and total numbers of food vacuoles in wt cells 
are consistent with values reported by other authors ( S m i t h - S o n n e b o r n and 
R o d e r m e l 1976, Berge r and P o l l o c k 1981, C o h e n et al. 1984). In all three 
tested kinds of cells an initial rapid food vacuole formation is followed by a decline 
of this activity. These kinetics tested in cells introduced to P.U.M. follows the pat-
tern noted by S m i t h - S o n n e b o r n and R o d e r m e l (1976) for ageing Parame-
cium tetraurelia. 

The rate of uptake and the kinetics of loss of food vacuoles in sc 6 straight phe-
notype do not differ from those in wt cells. It suggests that the presence of sc 6 
allele in the cells does not alter phagotrophy until a morphological expression of 
its presence occurs. High rate of defecation of food vacuoles both in sc 6 and wt 
cells further favors the assumption that morphological and not physiological im-
pairment of the food vacuoles turn-over occurs in the twisted cells. 

We suggest that altered swimming behaviour may affect food vacuole uptake, 
and dorsal displacement of the cytoproct may delay a random opportunity (Berger 
and P o l l o c k 1981) that food vacuole is extruded by the cytoproct. Such food 
vacuoles trapped within the cytoplasm were also observed when food vacuole move-
ment within the cytoplasm was impaired in wt double Paramecium tetraurelia (Ka-
c z a n o w s k a and G a r l i ń s k a 1981). An alternative assumption that the function 
of displaced cytoproct is mechanically impaired is less likely, since a displaced 
cytoproct in twisted sc 6 cells is not shut down ( D u b i e l e c k a and K a c z a n o w s k a 
1984). 

All these data prove that the helical twist and morphological displacement 
of the cortical organelles may affect the swimming behaviour and food vacuoles 
internalization, and decreases the probability of their defecation. 
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Synopsis. Determination of intracellular ion activities is a crucial factor for under-
standing the physiology of living cells, therefore a number of methods to measure 
ionic concentrations or ion activities in their interior have been developed. The most 
direct way to measure ion activities is by means of ion-selective microelectrodes 
(ISMs) introduced into cell cytoplasm. Since ISMs can be now routinely fabricated, 
the determination of ion activities of Na+ , K+, H+ , Mg 2 + and CI- ions and monito-
ring of their changes even in small cells is possible. The main aim of this article is 
to outline some of the theoretical and practical aspects underlying the ISM con-
struction and its application for measuring ion activities in the cytoplasm of proto-
zoan cells in vivo. 

It is now generally accepted that the bioelectrical activity of living cells depends 
on the transmembrane concentration (activity) gradients of different ions. Each 
individual ion remains in its characteristic ionic equilibrium condition expressed 
by the Nernst equation: 

RT a°: 

where Ei is the equilibrium potential for the " / " ion, R, T and F are thermodyna-
mical constants, zf is " i " ion valency and a° and a\ are ion activities on internal 
(/) and external (0) membrane sides. The electrical potential difference (EMF) 
across the cell membrane is a function of equilibrium potentials (£,) for particular 
ions occurring in the cell cytoplasm and the external solution. In order to estimate 
the contribution of an ion in the active and passive functional properties of the 
membrane, both the intra- and extracellular ion activities should be measured. 
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These activities might be deduced from EM F measurements across cell membrane 
with the aim of ISMs. 

The first ISM for intracellular measurements in vivo was a glass pH microele-
ctrode manufactured by C a l d w e l l (1954). The later development of Na + and K + 

selective glasses ( E i s e n m a n et al. 1957) and a number of ion exchanger-resins 
( W a l k e r 1971, K h u r i et al. 1974, O e h m e and S i m o n 1976, K r a i g and Ni-
c h o l s o n 1976, Di P o l o et al. 1976, O e h m e et al. 1976, B r o w n et al. 1976) 
have recently extended the application of ISMs for the intracellular measurement 
of most physiologically important inorganic ions in a variety of cells of higher 
organisms and unicellular protozoan ones ( F a b c z a k 1983, F a b c z a k and Kuz-
n i c k i 1985). 

T h e o r y of ISMs . ISM is a sensor containing an electrochemical liquid mem-
brane as an essential component. The membrane is composed of a cation-selective 
ligand in a water immiscible solvent. When a membrane is introduced between 
two aqueous solutions, an electrical potential difference (EMF) appears. The EMF 
value is described by the Nicolsky-Eisenman equation (Nico l sky 1937, Eisen-
m a n 1967, D u r s t 1974): 

where Ea is a constant reference potential, a\ and a"• are the activities of the 
ion with charge z,- on both sides of selective membrane, a] and a] are the activi-
ties of an interfering "y" ion with Zj charge on both membrane sides and Ku is the 
selectivity coefficient for the ion in respect to the "y" one. In a sample solu-
tion consisting of both ions the EMF across the selective membrane with constant 
internal filling solution (Fig. 1) is described by Eqn. (2) as: 

where E'a is the constant reference potential for the ISM assembly, a, and aj are 
the ion activities of the " i " ion and interfering one in sample solution, respecti-
vely. In solution with no ion interference (i.e., when Ku = 0) Eqn. (3) is reduced 
to the Nernst form: 

RT 
E = E 0 + - In 

V a\ +% Ku {a])*H'i-

Fzt
ln a ? + 2 K, (a jfilti ' 

(2) 

j 

(3) 

, RT 
E = E0 + — In a,. 

Fzt 
(4) 

or 

E = E'0+S log ait (5) 
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where S is a slope factor which indicates the change in the EMF value of ISM at 
a ten-fold change of ai in sample solution. Therefore, the EMF response for the 
i deal ISM to the ten-fold change of a t of a single-charged cation is given by: 

RT 
S = — log 10 = 59.16 mV (at 25°C). (6) 

r 

In practice, in physiological solutions consisting of different ions, ISMs are 
exposed to some ion interference and ISM responses must be described by Eqn. 
(3). Often it is difficult to describe the ISM value by Eqr . (3) because the selective 
coefficient, KVp does not necessarily have a fixed value in the course of experimen-
tation. As has been shown the KVj depends on the ionic strength of sample solu-
tion ( A r m s t r o n g and G a r c i a - D i a z 1980) and tip diameter (Bo l ton and Vaug-
h a m - J o n e s 1977) of an ISM. 

EMF 

I S M Se l ec t i v i t y C o e f f i c i e n t . A number of different methods for the asse-
ssement of the Ktj for the ISMs have been described ( T h o m a s 1977, S i m o n et al. 
1978, Bai ley 1980). In general, the methods used fall into the following groups: 

(I) the Separate Solution Method (SS) in which the Ku is obtained experimen-
tally by comparison of EMF generated by ISM in a single-electrolyte solution. 
In the sample solution consisting of ion with activity a„ the E M F is given by 
the Eqn. (5): 

Ei = E0+S log at (7) 
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whereas in the solution with interfering "j" ion only, the EMF is described by the 
Eqn. (3): 

Ej = Ea+S log Ku (8) 

With the aim of both Eqns (7) and (8) the value of Ki} can be estimated a s : 

Kv= 10 (Ei~Ei)'s afc/ity. (9) 

E M F 
I m v / 

t E| = E° + s log • ) 

Ej rconstant 

l o g a i 

Fig. 2. Determination of the selectivity coefficient (Kij) by the fixed interference method 

(II) the Fixed Interference Method (FI) where Af,y coefficient is obtained by 
graphical evaluation of the EMF response of ISM in the sample solution with 
different ai activity and constant value of a} one (Fig. 2). As shown in Fig. 2 the 
a t value for Ku calculation from Eqn. (9) is found as the point at the intersection 
of the two asymptotes corresponding to and E}, respectively (i.e., at the point 
of Ei = Ej): ' 

X — ' -
V (a.filtj (10) 

(III) the Fixed Primary Ion Method (FPI) which is the reverse of the Fl-method. 
Here the EMF responses of ISMs is obtained in the sample solution with varied 
ci: activities and constant activity of primary " i " ion, and EMF values are plotted 
as a function of log aj. Coefficient Ki} can be calculated then by Eqn. (10) in the 
same way as in the Fl-method. The K/y- values obtained by these methods will to 
some degree depend on the external condition chosen (i.e., concentration of the 
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sample electrolyte in the SS-method and concentration of interfering electrolyte 
in the two other ones). Therefore, in order to compare the Ku coefficients obtained 
by different methods, the experimental conditions should be precisely specified 
(i.e., ion activities, pH, temperature or the value of association constant to esti-
mate ion activity etc.). The detection limit of ISM's for specified chemical or bio-
logical systems is given by the same value of a-t chosen for Kij calculation in the 
Fl-method (Fig. 2). 

E l e c t r o d e C o n s t r u c t i o n . A procedure for making liquid membrane ISMs 
involves usually the following steps: 

(I) glass selection; the best glass are borosilicate capillaries, because of their 
high reactivity with siliconizing agents (Ha i r and H e r t l 1973), 

(II) capillary cleaning; cleaning of glass tubings of oily contaminants improves 
the result of the following siliconization ( J o h a n n s o n and T o r o k 1946). It can 
be done simply by their immersion in hydrochloric acid with subsequent rinsing 
with ethanol and boiling in distilled water or keeping in hot ethanol vapour and 
then drying ( W a l k e r 1971), 

(III) capillary pulling; cleaned and dried glass capillaries are pulled with 
a commercially available puller with the settings to give the desired tip diameter, 

(IV) bevelling; since the ISM operational characteristics depend on the tip 
diametre ( A r m s t r o n g and G a r c i a - D i a z 1980), bevelling has been used to 
obtain micropipettes with relatively large working surface of the microelectrode 
tip and can still penetrate the cell without causing damage (Dah l and I s e n b e r g 
1980, M a r b a n et al. 1980). The bevelling apparatus commercially or noncom-
mercially available can be used with satisfactory results (Odgen and C i t r o n 
1978, L e d e r e r et al. 1979), 

(V) siliconization (silanization); the liquid membrane sensors for ISMs are 
highly water-immiscible, therefore, before their introduction into the tip of a mi-
cropipette it is necessary to make its inner wall hydrophobic by treating it with 
an organic silicon agent ( J o h a n n s o n and T o r o k 1946, T h o m a s 1978, T s i e n 
and R i n k 1980). This is important not only for the mechanical stability of the 
liquid selective membrane in the microelectrode tip, but also will decide of the 
subsequent performance of ISM. In general, under-siliconization of the inner ele-
ctrode wall will lead to the forming a thin layer of relatively high conductivity, 
thereby shunting the EFM of the ISM. On the other hand, over-siliconization 
will partially or completely block the ISM tip and induce undesirable high ISM 
resistance. The number of siliconization procedures has been described. Usually 
the electrode tip is dipped into a fresh solution of 3 % tri-N-butylchlorosilane in 
chloronaphthalene until a column of silicone solution fills the tip to the height of 
about 200-500 jxm and later it is baked at 100°C for one hour to complete the sila-
nization procedure (Coles and T a s k o p o u l o s 1977, Ber r ige and Sch lue 1978, 
D j a m g o z and L a m i n g 1981), 
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(VI) filling with sensor; a small quantity of the liquid sensor can be introduced 
into the micropipette tip after siliconization with injection as far down the ele-
ctrode shank from the back or simply by suction of the liquid sensor through the 
open electrode tip to the desired height (Lux and N e h e r 1973, D j a m g o z and 
L a m i n g 1981), 

(VII) filling with reference solution; following the introduction of the sensor 
into the microelectrode tip, the rest of the microelectrode is filled with reference 
solution (Fig. 1) and the end of a Ag/AgCl wire is sealed to the electrode shank 
to complete the ISM assembly. When the liquid sensor is sucked through the open 
tip, the electrode is usually filled with reference electrolyte first. The latter method 
is recommended when filamented glass tubing is available, 

(VIII) microelectrode shielding; fluctuations of the sample solution level in 
the calibration or experimental chambers might cause large capacitative artifacts. 
It can be avoided by application to the ISM of a signal-driven guard or by pain-
ting the electrode shank with a conductive paint. 

E l e c t r o d e C a l i b r a t i o n . Prior to applying ISMs in the experiment, they 
have to be calibrated by measuring their electrical responses (EMF) in series of 
standard solutions consisting of varying concentrations of the ion to be detected. 
In general, the calibration solutions, besides the primary ion should contain other 

V K / M V / - 1 0 • 

- 3 0 • 

Fig. 3. Preimpalment calibration of the potassium-selective microelectrode (K+-ISM). The EMF 
responses of both the conventional reference microelecrode (£7?) and the K+-ISM (Ek) were re-

corded in standard solutions with potassium activity (<7AT) of 0.2, 1 ,4 , 10 and 40 mM 

ions as well, to mimic the intracellular composition of ions a? closely as possible. 
Figure 3 illustrates the EMF values of the K+-ISM during calibration in standard 
solutions of KCl+Tris/HCl or in solutions of KCl+NaCl with constant ionic 
strength of 40 mM (K+-activity coefficient is 0.75). Both microelectrodes, the con-
ventional reference and selective one were filled with 0.1 M KC1, while the ISM 
tip was filled with K+-ion-exchanger liquid (Corning Co. cat. No. 477317). The 
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Fig. 4. EMF response from Fig. 3 plotted vs. log of K + activities (ДАТ). Coefficient of K + ion acti-
vity is 0.75. The calibration points can be fitted by Eqn. 3 to within 1 mV at the Kkno = 1.38 x 10 - 2 

obtained ISM electrical responses in calibration solutions were plotted vs. K+-ion 
activities (Fig. 4). As shown in Fig. 4 the EMF values for K + - ISM were linear in 
the calibration solutions of KCl+Tris/HCl in the range of aK of 1-100 mM and 
in solutions of KCl+NaCl in the range of 10-100 mM of aK. Each tenfold change 
of aK in these ranges gives the EMF difference by 56 mV. However, at low ion acti-
vity for K + ions in solutions of KCl+NaCl , the EMF values deviate from the stra-
ight line, because the large Na + interference in respect to the primary K + ion, espe-
cially below aK of 10 mM. 

E l e c t r o n i c s . ISMs have electrical resistance ranging from 109 to 1011 ohms, 
owing mainly to their ion-selective component and, therefore, they require the 
use of preamplifiers with very high input impedance of 1014 or even 1015 ohms 
which will draw the negligible current from the electrode ( T h o m a s 1977, Ts ien 
1980). Such high-resistance electrodes suffer from external electrical interferences, 
thus, both experimental and calibration chambers require careful electrical shiel-
ding with a metallic enclosure. 

I n t r a c e l l u l a r M e a s u r e m e n t s . During the puncture of the cell with ISM, 
the recorded electrical response (Е\) is the sum of the transmembrane electrical 
potential (Em) and the ion electrochemical potential (Et) associated with ion 
activity. To obtain the E{ value separately, the membrane potential should be simul-
taneously measured with a conventional microelectrode and subtracted from ISM 
response: 

Et = $-Em = E0+S log ar (11) 
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Therefore, reliable measurements of Ei may be obtained only when both mi-
croelectrodes, the conventional and the ion-selective one, sense the same membrane 
potential (.Em). Errors in measurement of Ei lead to errors in the estimation of 
at, therefore, reliable criteria are necessary to check satisfactory microelectrode 
impalements. 

The following examples are an illustration of some application of ISMs to me-
asurements of cytosolic ion activities in two ciliates, Stentor coeruleus and Para-
mecium caudatum. 

I n t r a c e l l u l a r S t e a d y - s t a t e P o t a s s i u m A c t i v i t y in Stentor Cel ls . 
Neurone and muscle cells posses high potassium concentrations in the cell cyto-
plasm, owing to K + ion pumping from the environment to the cytoplasm. The pre-
sence of a similar mechanism in protozoan cells has been suggested, but not de-
finitively proved yet ( A n d r u s and Giese 1963, K l e i n 1964, C o n n e r 1967, 
H i l d e n 1970). In the first attempts to find the mechanism of K + ion regulation 
in Stentor cells, the K+-ISM was used ( F a b c z a k 1983, F a b c z a k and K u ź n i c k i 
1985). Figure 5 shows the simultaneous recordings of Em and cytoplasm potassium 

Fig. 5. Simultaneous recordings of membrane potential (Em) and K + electrochemical potential 
(£70 across Stentor cell membrane 

activity (EK). In resting conditions intracellular potassium activity (aK) and mem-
brane potential (Em) were found to be 15.2 mM and —50.8 mV, respectively. In 
the Stentor cells adapted to low temperature a significant decrease in internal aK 

was noticed. These findings suggest that Stentor cells regulate intracellular aK level 
by active transport of potassium to the cell cytoplasm. 

C a l c i u m C u r r e n t and I n t r a c e l l u l a r pH in Paramecium Cel ls . It has 
been shown that changes in extra- and intracellular H + activities of different cells 
in higher organisms may modify the structure and function of membrane ion chan-
nels. In Paramecium cells the effect of internal pH changes (pH,) on the calcium 
channel function and membrane excitability has been investigated under voltage-
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clamp conditions ( U m b a c h 1982). Cytoplasmic pH ; was measured with H+-ISM 
( T h o m a s 1978). Under standard external conditions the resting pH,- was 6.8. 
Alkalization of cell cytoplasm enhanced the early Ca2 + current, while internal 
acidification depressed it. Extracellular pH changes had little effect on pH, or mem-
brane potential. It was concluded that H+ ions can affect the Ca2 + current by di-
rect interaction with sites located near the ion channel. 
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Synopsis. The food-vacuole formation was investigated in Tetrahymena pyriformis 
after incubation of the ciliates in a suspension of cholesterol containing phospho-
lipid liposomes and then treated with carmine, an artificial vacuole-inducing agent. 
Observations carried out on single cells have shown that preincubation at lower chole-
sterol concentration (cholesterol to lecithin ratio C:P 0.7) caused rapid enhancement 
of food-vacuole formation rate while higher cholesterol concentration (C:P 1) low-
ered the cell phagocytic activity below the control level. These findings suggest 
that food-vacuole formation rate is strongly determined, besides other parameters, 
by functional membrane properties of Tetrahymena which are modified by cell in-
cubation with liposome-containing cholesterol. 

The functional effect of cholesterol on the orientation, configuration, rotary 
and linear diffusion of lipid molecules in biological membranes composed of a mix-
ture of various phospholipids with different degrees of saturation of fatty acids 
has been established ( K r u i j f f 1974). The presence of higher concentrations of 
this sterol in biological membranes results in altered microviscosity of the lipid 
bilayer ( S c h a p i r o and B a r c h i 1981). 

The enrichment or impoverishment of cell membranes in cholesterol modifies 
the permeability of membranes of mammalian erythrocytes for nonelectrolyte mo-
lecules and anions ( D e u t i c k e and R u s k a 1976, G r u n z e and D e u t i c k e 1974). 
Changes in the permeability of the membrane for cations have been also observed 
in the case of passive and active transport ( C o o p e r et al. 1975, K r o e s and Ost-
wa ld 1971, D r a b i k o w s k i et al. 1972, M a d d e n et al. 1979) and this in turn is, 
connected with processes of cell excitability (Zyzek et al. 1983, S z y d l o w s k a -
- F a b c z a k 1982, 1983, F a b c z a k 1985). 

Sterol-phospholipid interaction is believed to be of importance in the mem-
branes of organisms that contain cholesterol or related compounds. Cholesterol 

http://rcin.org.pl



326 S. FABCZAK 

when added to phospholipids acts as a universal equalizer and alters the phase 
properties of the bilayers ( R o t h m a n and E n g e l m a n 1972). 

Cholesterol and related sterols are not synthesized by the ciliate, Tetrahymena 
pyriformis, and sterol is not required for growth ( C o n n e r at al. 1971). Tetrahy-
manol and a minor isomer, diplopterol, are the polycyclic alcohols found when 
this organism is grown in a sterol-free medium (Ma l lo ry and C o n n e r 1971, 
M a i lo ry et al. 1963). Tetrahymanol seems to perform the same structural func-
tion assumed by sterols in other eukaryotic cells. The ability to replace tetrahyma-
nol with cholesterol or ergosterol in the membrane systems of Tetrahymena offers 
a novel opportunity to study the changes in several functional properties of the 
membrane of this ciliate. The results presented deal with the influence of incubation 
of Tetrahymena cells with liposomes of two cholesterol-phospholipid. ratios on 
the cell phagocytic activity. 

M a t e r i a l a n d M e t h o d s 

Preparat ion of l iposomes . The phospholipid liposomes were prepared in accordance 
with the modified method of Batzri and Korn (1973). An ethanol solution containing egg le-
cithin (P) (Merck) and cholesterol (C) (Serva) in molar proportions of 0.7 and 1 was rapidly in-
jected with a syringe into 1 mM TRIS/HC1 and 1 mM CaCl2 buffer solution. The suspension 
was concentrated during 30 to 60 min on an Amicon YM-100 membrane with stirring under N 2 

pressure of 0.2 MPa. The obtained liposome preparation was concentrated finally to 20 mM of 
lipids. 

Cell culture. Stock cultures of Tetrahymena pyriformis were grown in 2% protease peptone 
(Difco) with yeast extract (Difco). The three-day-old culture was harvested and washed three times 
with buffer solution by the use of a centrifuge at 800 x g. The cells chosen for the experiments were 
starved for 20 h before each experiment. 

P h a g o c y t o s i s assay. Starved Tetrahymena cells (about 106 cells/ml) were divided into 
two groups. The first group of ciliates was left in buffer solution (control group) and the second 
was placed in the suspension of previously prepared liposomes with definite C:P ratio in the buf-
fer solution and incubated for a standard time period (from 30 to 210 min). The final lipid con-
centration in this suspension did not exceed 25 ixm. Every 15 min a sample of control cells (1 ml) 
and those incubated with liposomes with liposomes were taken and immersed in the carmine sus-
pension for a period of 5 min to induce phagocytic activity. The carmine suspension was prepared 
with 20 mg powdered carmine (BDH) in 10 ml of distilled water by careful stirring in a porcelain 
mortar and then filtrated to obtain granules of 1 to 5 [Jim in diameter. The cell phagocytic acti-
vity was studied by quantitative evaluation of the mean number of vacuoles containing carmine, 
formed by an individual cell. Prior to calculations the samples of Tetrahymena cells (50 cells) were 
fixed in 2.5% glutaraldehyde solution. 

R e s u l t s 

Single cell observations showed distinctly that preincubation of Tetrahymena 
with liposomes causes changes in the rate of food-vacuole formation after treatment 
with carmine. As shown in Fig. 1 a and Table 1, the treatment of cells with pho-
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Fig. 1. The mean number of food vacuoles formed by Tetrahymena pyriformis after preincubation 
with phospholipid liposomes of cholesterol to lecithin ratios 0.7 and 1.0 and exposure to carmine 

suspension for 5 min 

Table 1 

The mean number of carmine vacuoles formed by Tetrahymena pyriformis 
during preincubation with phospholipid liposomes of cholesterol to lecithin 
rations 0.7 and 1.0. Time exposure of the cell to carmine suspension was 5 min 

Incubation time 
with liposomes in min 

Ratio of phospholipid to cholesterol in liposomes Incubation time 
with liposomes in min C:P = 0.7 C:P = 1.0 Control 

15 2.2±0.3 1.6±0.2 1.3±0.2 
30 2.8±0.1 2.0±0.1 1.5±0.2 
45 3.5±0.2 2.6±0.4 1.7±0.2 
60 3.2±0.3 2.6±0.2 1.4±0.3 
75 3.1±0.2 2.5±0.1 1.8±0.4 
90 3.0±0.3 2.0±0.2 1.6±0.1 

105 3.1 ±0 .2 1.8±0.3 1.9±0.4 
120 3.0±0.5 1.6±0.2 1.4±0.1 
135 2.8±0.2 1.6±0.4 1.5±0.3 
150 3.1 ±0 .3 1.3±0.3 1.6±0.2 
165 2.7±0.2 1.1 ±0 .2 1.1±0.1 
180 2.9±0.5 0.8±0.4 1.8±0.5 
195 3.0±0.3 1.0±0.2 1.3±0.2 
210 2.8±0.1 0.9±0.1 2.0±0.3 
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spholipid liposomes at cholesterol to lecithin (C:P) ratio of 0.7 caused a gradual 
rise of phagocytic activity with prolongation of incubation time with subsequent 
"saturation" at the double control level. Liposome removal from the cell envi-
ronment restores the previous phagocytic activity (Table 2). The liposome prein-
cubation at C : P ratio of 1 transiently enhances the food-vacuole formation rate 
as well and any longer incubation leads to strong phagocytosis inhibition (Fig. 
1 b). The observed changes by liposome preincubation with higher cholesterol 
concentrations (i.e., C : P 1) are irreversible, in despite of the liposome removal 
(Table 2). 

Table 2 

The mean number of carmine vacuoles formed by Tetrahymena cells after 
removal of liposomes from external solution. Time preincubation with 

phospholipid liposomes was 120 min and time exposure to carmine suspension 
was 5 min 

Time after 
liposome 

removal in min 

Ratio of phospholipid to cholesterol in liposomes Time after 
liposome 

removal in min C:P = 0.7 C:P - 1.0 Control 

0 3.0±0.5 1.6±0.2 1.4±0.1 
30 2.1 ±0 .3 1.2±0.1 1.6±0.2 
60 1.7±0.1 1.0±0.3 1.8±0.5 
90 1.8±0.3 1.1±0.2 2.0±0.3 

For determination of the cholesterol amount effectively incorporated into Te-
trahymena, cells were kept for 2 h in a liposome suspension of C : P 1. The preli-
minary data showed that the amount of cholesterol incorporated by the cell rises 
gradually with incubation time to attain the value of 2 n moles of cholesterol uptake 
per 1 mg of cell protein after 2 h incubation. 

D i s c u s s i o n 

The change in the phagocytic activity in Tetrahymena cells due to liposome 
incubation at different cholesterol concentrations is characterized by strong inhi-
bition of cell phagocytosis in respect to the control (Fig. 1 a, b), especially, at higher 
cholesterol concentrations. A similar phenomenon was noticed by S t u a r t (1962). 
An intravenous injection of 30 mg of cholesterol oleate caused inhibition of the 
cells phagocytosis of the reticulo-endothelial system in spleen of the mouse for 
a two- or three-day period, while smaller doses of cholesterol had no effect. 

The data obtained in the present study concerning the effects of cholesterol 
on the phagocytic activity and analysis of cholesterol uptake by the cell of Tetra-
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hymena and the results obtained by other authors (Pos te and P a p a h a d j o p o u l o s 
1976) confirm the suggestion that the cells might take up the phospholipid lipo-
somes by endocytosis. Recently it has been shown that Tetrahymena in the presence 
of free cholesterol may partially replace tetrahymanol, specific for Tetrahymena 
membrane, by external cholesterol ( C o n n e r et al. 1982). Cholesterol incorpo-
rated by the cell is transformed to 7, 22, bis-dehydro-cholesterol causing distinct 
diminution of cell size and an increase of the content of saturated fatty acids. These 
observations correspond to those in previous works dealing with the same problem 
by F e r g u s s o n et al. (1975). 

It has been frequently demonstrated in in vivo studies and in model membrane 
investigations that an alteration in the amount of cholesterol in the membrane 
can influence membrane lipid composition, the function of membrane-bound 
enzymes and its fluidity. C o n n e r (1982) suggests that sterol supplementation in 
Tetrahymena i.e., replacement of cell tetrahymanol by cholesterol can influence 
the cellular metabolism, possibly via an effect on cell membrane fluidity. The ob-
served in the present work correlation between cholesterol uptake and inhibition 
of food-vacuole formation rate suggests that the prolonged incubation of Tetra-
hymena cells with phospholipid liposomes containing high concentration of cho-
lesterol may affect the cell phagocytic activity presumably by modulation of cell 
membranes fluidity. 

The higher rate of vacuole formation in cells incubated with lower concentra-
tions of cholesterol (i.e., liposomes of C :P 0.7) and the initial transient one with 
liposomes having C : P ratio 1 is probably due to the additive action of carmine 
and liposomes as phagocytosis-inducing agents. 
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Synopsis. The insulin receptor formed (amplified) in Tetrahymena during primary 
exposure to the hormone has shown the phenomenon of down-regulation, most 
distinctly after preexposure for 3-6 h. The establishment of hormonal imprinting 
induced by primary interaction takes a certain time: the effect of 1-h preexposure 
(imprinting) reached a statistically significant degree after 24 and 48 h. It depends on 
the duration of down-regulation whether or not the effect of imprinting is measurable 
after 24 h. 

The unicellular Tetrahymena, which represents a very low level of phylogenesis, 
is able to respond to hormones of higher organisms (Csaba 1981). At its primary 
interaction with the hormone, hormonal imprinting takes place, which increases 
the binding capacity of the hormone receptor, and cellular response to hormone 
reexposure(s) as well (Csaba 1980, 1984, 1985). Thus imprinting gives rise to ampli-
fication of the binding structures, which persist over as many as 500 subsequent 
cell generations (Csaba et al. 1982 a). In earlier experiments with amino acid type 
hormones, even a very low (10 - 1 8M), in itself functionally inactive hormone con-
centration gave rise to imprinting, indicating that, between certain limits, the a-
mount of interacting hormone plays little role, while the time factor is decisive, for 
at least 1-h exposure was required to induce imprinting (Csaba et al. 1982 b). 

In the present study a polypeptide hormone, insulin was examined for inter-
dependence between imprinting and the time factor, in other words, for the length 
of exposure required to induce imprinting in the Tetrahymena. Much information 
has been accumulated on the insulin binding capacity and binding properties of 
hepatocytes and adipocytes ( G a m m e l t o f t et al. 1978). The receptor binds the 
insulin molecule specifically, and binding elicits cellular response to insulin through 
poorly understood mediator mechanism. Subsequently, the bound insulin becomes 

1 Supported by the Scientific Research Council, Ministry of Health, Hungary 16/1-04/432/Cs. 
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internalized in coated vesicles, and becomes degraded intracellular^, while the 
receptor structure re-enters the cytoplasmic membrane via recycling ( G a m m e l -
t o f t et al. 1978, G o r d e n et al. 1980). Binding of a larger dose of insulin (and of 
other polypeptide hormones in general) ( G o r d e n et al. 1980, D j i a n e et al. 1979) 
accounts for down-regulation, i.e., for a temporary decrease in, or failure of, insulin 
binding ( M a r s h a l l and O l e f s k y 1980, P e z z i n o et al. 1980). Down-regu-
lation is presumably consequent upon increased internalization and decreased 
recyclization of the receptor, and on certain postreception events ( M a r s h a l l and 
O l e f s k y 1980) as well, although inhibition of receptor neogenesis could also play 
a role (Reed and L a n e 1980). 

We demonstrated earlier that binding of FITC-labelled insulin to Tetrahymena 
can be either displaced or inhibited by non-labelled insulin ( C s a b a et al. 1985). 
Since, like mammalian cells, Tetrahymena, too, possesess internalizable coated pits 
and coated vesicles (Csaba et al. 1984 a), we expected that those changes in bind-
ing capacity, which characterize the mammalian insulin receptor, could also ap-
pear in Tetrahymena. Since imprinting is a proof of receptor formation, we used 
it as index to study insulin receptor behaviour in Tetrahymena and simultaneously, 
the influence of possible down-regulation on hormonal imprinting at the unicel-
lular level. 

M a t e r i a l a n d M e t h o d s 

Tetrahymena pyriformis GL cells, cultured in 0.1 % yeast extract containing 1 % Bacto Tryp-
ton medium (Difco, Michigan, USA) at 28°C, were used in the logarithmic phase of growth. After 
24 h, the cells were treated on three different schemes, as follows: 

First series. The cells were exposed to 10_6M insulin (Semilente, Novo, Copenhagen, Den-
mark), for 1 h, after which they were returned to plain medium and examined for insulin binding 
immediately, and 1, 3, 6, 24 and 48 h after the exchange of medium. 

Second series. The cells were exposed to insulin for 1, 3, 6, 24 or 48 h, and were exami-
ned for insulin binding immediately after treatment, without return to plain medium. 

Third series. The cells were treated with insulin for the same lengths of time as in the se-
cond series, but were returned to plain medium for 24 h, and sampled for insulin binding tests 
only thereafter. 

All samples were fixed in 4 % formaline, washed in two changes of PBS (0.05 M phosphate 
buffer in 0.9 % saline), and exposed to fluoresceine-isothiocyanate-labelled insulin (FITC, BDH 
Chemicals Ltd., Poole, England) for 1 h. After incubation, the samples were washed in several 
changes of PBS, spread on slides, and dried for determination of the intensity of fluorescence in 
a Zeiss Fluoval cytofluorimeter, which was connected with a HP-41C calculator for statistical 
evaluation of the results. The values given by the cytofluorimeter are arbitrary units. This ren-
ders possible the comparison of treated cells with control ones, but the calculation of absolute 
values of insulin bound is impossible. Twenty cells were assayed for fluorescence at each level of 
insulin treatment, and each experiment was performed in five replicates, thus the enclosed Figu-
res show the mean of 100 measurements in each series. The mean values are given (in the Figures) 
in percentage, related to the control as 100. 
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R e s u l t s 

Six hours after 1 h insulin exposure the binding of labelled insulin did not differ 
from the control. At 24 and 48 h the difference in binding is biologically and mathe-
matically significant alike (Fig. 1). 

Fig. 1. Effect of 1 h insulin pretreatment (imprinting) on the binding of FITC-labelled insulin to 
Tetrahymena after staying for different periods in normal medium 

In the permanent presence of hormone (and measuring labelled insulin bind-
ing without delay) the 1 h treatment did not cause down regulation. Although 
a biologically significant decrease had been observed between 3 and 24 h due to 
the high deviation only the 48 h difference (from the control) was significant ma-
thematically (Fig. 2). 

Twenty four hours after 1 to 48 h insulin treatment, the cells treated for 3and 
6 h decreased, treated for 48 h increased their insulin binding, significantly (Fig. 3). 

D i s c u s s i o n 

The establishment of imprinting took a relatively long time. Insulin binding 
still did not differ from the control at 6 h after the 1-h exposure, either because 
the lasting presence of insulin on the surface of the cells prevented further (labelled) 
insulin binding, or because the negative influence of down-regulation counteracted 
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100 

• = p«0,01 related to contro 

1 3 6 24 48 hours 

Fig. 2. Binding of FITC-insulin to Tetrahymena treated with insulin for different periods of time 

100 -

* s p < 0 £ 1 related to control 

24 48 hours 

Fig. 3. Effect of insulin treatment of different periods of time to insulin binding after 24 h stay 
in normal medium 

the positive influence of insulin, or thirdly, simply because the establishment of 
imprinting required a longer time than 6 h. The effect of the imprinting was in 
fact measurable at 24 h. 

The Tetrahymena cells divide every 3-4 h in culture. This fact, and internali-
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zation of the bound ligand, which is characteristic of polypeptide hormones (Pez-
z i n o et al. 1980), seem to disprove that the insulin used for the induction of im-
printing was still present on the surface of the daughter cells in a fully inhibitory 
concentration at 6 h. At the same time, the fact that imprinting took full effect 
by 48 h, during which more than 10 generation changes had taken place, strongly 
suggests that imprinting, once it had occurred, becomes, an endogenous property 
of the cell. 

The direct effect of down-regulation was not demonstrable immediately after 
exposure, but increased measurably with the progression of time. One might, na-
turally, postulate that fewer receptors had become saturated in 1 than in 48 h, but 
the possibility of this saturation difference is low since, in principle, 1 h is sufficient 
for full receptor saturation. If, however, the actual number of active receptors 
depended on the quantitative relation (equilibrium) between internalized and re-
cycled receptor structures, increase in internalization and a parallel decrease in 
recyclization could well occur with the progression of time. Such shift of equili-
brium between the actual numbers of active and inactive (internalized) receptor 
structures could account for a time dependent decrease in FITC-labelled insulin 
binding at reexposure. The applied insulin concentration, 10~6M, was relatively 
high, but it was required to produce a well measurable effect in the given condi-
tions of experiment. Extracellular insulin decomposition is low (1-6 %/h), but 
there is evidence that the liver cells degrade 40% of bound insulin within 1 h ( G a m -
m e l t o f t et al. 1978, G a m m e l t o f t 1984). No similar data are available on the 
Tetrahymena, but the present findings unequivocally suggest that down-regulation 
can also occur in unicellular organisms. 

The third experimental series has thrown a light on the interrelationships bet-
ween different lengths of primary exposure and establishment of imprinting wit-
hin 24 h. While preexposure for 1 h did induce imprinting within 24 h, preexpo-
sure for 3 or 6 h had a negative rather than positive influence on insulin binding 
within the same time period. The binding capacity of the cells preexposed for 24 h, 
did not differ from the control after 24 h, but increased considerably over it by 
48 h. An interaction between imprinting and down-regulation can well be held 
responsible for this phenomenon. One-hour preexposure to insulin did not elicit 
down-regulation in the Tetrahymena, whereas 3-h and 6-h preexposure did. It ap-
pears that the 24-h hormone withdrawal period following upon preexposure was 
too short for expiration of the effects of downregulation (by these short treatments), 
and for manifestation of the effects of prolonged imprinting as well, whence the 
latter were not strong enough to supersede the negative influence of the former. 

It was interesting to note that the effects of down-regulation were still demon-
strable in the hepatocellular membrane of rats 24 h after in vivo insulin treatment 
(Vigner i et al. 1978). Thus the period of 24 h might generally be too short for 
the expiration of down-regulation phenomena. 

Remarkably, while preexposure (imprinting) for 24 h had counter-balanced 
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down-regulation to the extent of maintaining the control level, preexposure for 
48 h had, despite a much stronger down-regulating influence, induced an appre-
ciable degree of imprinting, which was already demonstrable 24 h later. However, 
with the continuous internalization and degradation of the hormone taken into 
consideration, the explanation lies close at hand that all insulin added to the me-
dium for preexposure had been degraded between 6 and 24 h, and the Tetrahymena 
cells "consuming" it had increased in number (hence the return of the binding 
value to the control level), thus insulin was no longer present in the next 24 h, which 
were sufficient for the establishment of imprinting. 

The foregoing considerations support the earlier implication (Csaba et al. 
1982 b) that the time factor is of primary importance for the establishment of hor-
monal imprinting. The dynamic membrane structures of the unicellular are, in 
all probability, incessantly scanning the environment for information, and require 
a certain time to assemble to configurations capable of an adequate response. The 
present findings strongly suggest that the mechanism of hormonal imprinting in-
volves a stage of down-regulation not only in higher organisms, but also in the 
Tetrahymena, from which we imply that the "inherent" insulin receptor of mam-
mals, and the induced insulin receptor of the Tetrahymena, are similar structures, 
as already suggested by earlier studies along this line (Csaba et al. 1984 b, K o -
vacs et al. 1985). 
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Synopsis. Trophozoites, which are the vegetative stage of the amoeba, and cysts be-
have differently in the electric field: Trophozoites display an anodic electrophoretic 
mobility equaling — 1.88 fi.m/s/V/cm whereas cysts — a slightly cathodic one equa-
ling +0.15 [jim/s/V/cm, both measured at pH 7.2. The reported results indicate 
that the morpho-chemical reorganization of the trophozoite surface occurring during 
the encystation is associated with a loss of its net negative charge. 

Acanthamoeba castellanii is a small free living amoeba isolated from soil moi-
sture by N e f f (1957). Its life cycle includes two developmental stages: a tropho-
zoite representing the vegetative stage and exhibiting a continuous pinocytotic 
activity, the rate of which exceeds about 100 times that observed in mammalian 
macrophages, and a cyst — enabling the cell to survive the unfavorable environ-
mental conditions (Bowers and Ol szewsk i 1972, K o r n 1974). The differen-
tiation of the trophozoite into a cyst is accompanied by the appearance of a cyst 
wall, about 1 (j.m thick, covering the surface of the protoplast. The plasma mem-
brane of the trophozoite differentiating into a cyst undergoes structural altera-
tions involving the disappearance of surface residues capable of binding ruthe-
nium red (RR) and cationized ferritin (CF), or of reacting with concanavalin A 
(Con A) (P rze l^cka and S o b o t a 1982). However, these compounds may asso-
ciate with the external layer of the cyst wall which indicates the presence of nega-
tively charged residues therein. The question arises whether the net change of the 
cyst wall approximates that of the trophocyte or not. The present study is an at-
tempt at solving this problem with the use of the method of cell free electrophoresis. 

M a t e r i a l a n d M e t h o d s 

Trophozoites and fully formed cysts of Acanthamoeba castellanii, N e f f strain (1957) grown 
axenically under standarized laboratory conditions were used. Trophozoites were obtained from 
4-day cultures being at the exponential growth phase of the cells. Encystment was induced by 

7 — Acta Protozool. 25/3 
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transferring the ceils into a non-nutrient ionic medium as described previously (Sobota and Prze-
l^cka 1981). The population density and the percentage of trophozoites and of cysts in each sample 
were estimated by microscopic examination using Biirker's microchamber for cell counting. 

Cells washed out from the culture medium were suspended in the medium of 0.01 M Tris-
HC1 (pH 7.2) and 0.1 M sucrose, where they were subjected to a free electrophoresis. The instru-
ment used was the Kern's LK-30 model (Aarau, Switzerland) provided with a calibrated optical 
system in which one division of the ocular micrometer corresponded to 350 jxm. The electropho-
retic mobility of the cells was determined by estimating the length of their transit during 5 min, 
when a constant direct current was passing through the electrophoretic chamber. 

R e s u l t s a n d D i s c u s s i o n 

Samples of Acanthamoeba containing over 90 per cent of trophozoites in the 
buffer-sucrose solution, pH 7.2, display an electrophoretic mobility of —1.88 [a.m/s 
/V/cm. This is the mean value of 26 determinations from 8 experiments (Table 1). 
A relatively large standard deviation is probably due to some diversity in cell size 
and shape (PI. I 1-4). The mean is somewhat higher than the corresponding figures 
obtained for other free living cells. Thus, the human blood cells: trombocytes, 
lymphocytes, eosinophils and erythrocytes show an electrophoretic mobility amoun-

Table 1 

Electrophoretic mobility of trophozoites of Acanthamoeba castellanii. Tris-HCl 
0.01 M plus 0.1 M sucrose, pH 7.2, H = 4.3 V/cm 

Number of cells used for Electrophoretic mobility, 
the experiment [xm/s/V/cm, mean±S.D. 

Batch 
total trophozoites (number of determinations 

(x lO 6 ) (%) in parentheses) 

1 27 92 
2 29 95 
3 25 100 - 1 . 8 8 + 0 . 2 0 
4 49 94 (26) 
5 153 92 
6 14 90 
7 11 100 
8 36 100 

ting to —0.91, —1.05, —1.08, and —1.08 fjim/s/V/cm respectively (Mehr i sh i 
1972, P i m e n t a and de S o u z a 1982). The electrophoretic mobility of Trypano-
soma cruzi, a protozoan parasite of vertebrates at the developmental stage of try-
pomastigote living in the host blood stream, equals —1.14 [xm/s/V/cm (de S o u z a 
et al. 1977). 
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Table 2 

Electrophoretic mobility of cysts of Acanthamoeba castellanii. Tris-HCl 0.01 M 
plus 0.1 M sucrose, pH 7.2, H = 4.3 V/cm 

Number of cells used for Electrophoretic mobility, 

Batch 
the experiment [Am/s/V/cm, meaniS .D . 

Batch 
total cysts 

% 

(number of determinations 

(X106) 
cysts 
% in parentheses) 

1 3 90 
2 13 99 
3 14 99 
4 19 99 
5 11 95 
6 55 97 +0.15±0.20 
7 9 95 (63) 
8 10 95 
9 9 95 

10 35 99 
11 34 98 
12 34 98 
13 35 100 
14 40 100 
15 40 99 
16 40 99 
17 30 100 

Chemically, the plasma membrane of the Acanthamoeba trophozoites con-
sists of about 1/3 protein, 1/3 lipid and 1/3 lipophosphoglycan (Korn and W r i g h t 
1973, K o r n et al. 1973). A high content of the latter macromolecule rich in aci-
dic residues seems to be responsible for a high rate of the anodic movement of 
these cells. 

Acanthamoeba cells differentiated into cysts and covered with a fully formed 
wall behave in the electric field differently from the trophozoites. Under the same 
experimental conditions the cysts display either no electrophoretic movement, 
or only a fairly small shift towards the cathode and not the anode (Table 2). The 
electrophoretic mobility of cysts (based on the results of 63 determinations from 17 
experiments) is +0.15 fjim/s/V/cm. This value evidently layes within the limits 
of the measurements error. It indicates that in cysts the average surface charge 
is close to zero, when measured at pH 7.2. 

There was only one case of the cyst movement towards the anode. But the 
cysts used in this experiment descend from a subculture which appeared to be con-
taminated with bacteria sticking fast to their wall (PI. I 5). After a very careful 
washing (centrifugation in the buffer solution repeated over 10 times) the cysts, 
set free of bacteria, which fact was checked by microscopic observation, behaved 
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like the majority of the others, that is at pH 7.2 they did not show any electropho-
retic mobility. 

The wall of the cysts is formed by a thin peripheral layer of protein, presumably 
phosphoprotein, and a more thick one of cellulose adhering to the cell. Protein 
and cellulose are about 33 and 35 per cent of the wall constituents respectively. 
Besides, the wall contains lipids (about 5 per cent) and a significant amount of 
inorganic matter — up to 8 per cent of the ash content (Nef f et al. 1964, Nef f 
and Ne f f 1969). The results of this study indicate that the profound changes in 
the morpho-chemical constitution of the surface occurring during the encystation 
of Acanthamoeba account for profound changes in the electrostatic properties 
of the cell. The surface residues of the cysts were found to belong to protein with 
an isoelectric point at the pH close to 7.2. 

It is difficult to define the electrostatic properties of the plasma membrane of 
the naked cysts, deprived of the wall. However, the lack of the surface residues 
capable of reacting with RR or with CF (Prze łęcka and S o b o t a 1982) suggests 
that the surface of the naked cysts differs from that of the trophozoites in regard 
to its net charge as well. The developmental changes in the net charge of the sur-
face have been demonstrated in the above mentioned Trypanosoma. As was shown 
by de S o u z a et al. (1977) the epimastigote, a form living in the tissues, displays 
a rate of electrophoretic migration nearly three times higher than that recorded 
for the trypomastigote, a form living in the host blood stream. 

In the case of sea urchin eggs (Osh ima 1975, 1982), the electrokinetic poten-
tial of fertilized eggs with their fertilization membrane intact differs from that of 
the egg proper, deprived experimentally of the fertilization membrane and of the 
hyaline layer. In order to understand whether a similar phenomenon can be ob-
served in the cyst of Acanthamoeba castellanii, it is necessary to study the electro-
phoretic mobility of individual cells and not of cell populations as has been the 
case so far. 
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EXPLANATION OF PLATE I 

1-4: Photomicrograph of trophozoites of Acanthamoeba castellanii. Cells differing in size, shape 
and the number of nuclei are seen; unstained, phase contrast, bar — 5 f*m 
5: Photomicrograph of cysts of Acanthamoeba castellanii descending from a batch contaminated 
with bacteria. The bacteria are sticking to the surface of the cyst wall; unstained, bar — 5 [xm 

http://rcin.org.pl



ACTA PROTOZOOL, Vol. 25, No. 3 PLATE I 

A. Przełęcka et E. Perkowska auctores phot. 

http://rcin.org.pl



http://rcin.org.pl



ACTA PROTOZOOLOGICA 
Vol. 25, No. 3, pp. 345-314 (1986) 

Further Study of the Infectivity of Holospora obtusa, a Macro-
nucleus Specific Bacterium of the Ciliate Paramecium caudatum 

M a s a h i r o F U J I S H I M A 

Biological Institute, Faculty of Science, Yamaguchi University, Yamaguchi 753, Japan 

Received on 12 December 1985 

Synopsis. The gram-negative bacterium Holospora obtusa is a macronucleus-specific 
symbiont of ciliate Paramecium, which can penetrate the macronuclear envelopes of 
P. caudatum, P. multimicronucleatum and P. aurelia species, complex but stable 
maintenance of the infected bacteria in the host nucleus is achieved only in certain 
strains of P. caudatum. In the present study, it was found that the bacterium cannot 
penetrate the macronuclear envelopes of P. woodruffi and P. calkinsi. The result 
suggests that a property of the macronuclear envelope that is necessary for it to be 
recognized and infected by H. obtusa is not provided in these two species of Para-
mecium. 

In the ciliate Paramecium six species of Holospora are known to occur as endo-
nuclear symbionts ( H a f k i n e 1890, P r e e r 1969, O s s i p o v et al. 1980, Borch -
s e n i u s et al. 1983). All of them exhibit not only a species specificity but also a nuc-
lear specificity in their habitats: H. obtusa in the macronucleus of P. caudatum, 
H. elegans and H. undulata in the micronucleus of P. caudatum, H. caryophila 
in the macronucleus of P. biaurelia, H. curviuscula in the macronucleus of P. bur-
saria, and H. accuminata in the micronucleus of P. bursaria. They show two mor-
phologically distinct forms in their life cycle: a reproductive short form (1.5-2.0 
[xm in length) and an infectious long form (5.0-20.0 [xm in length). The former 
is observed predominantly in nuclei of vegetatively growing host cells and the latter 
in those of starved cells. Only the long form can infect the specific nucleus, via 
the food vacuoles, when a homogenates of Holospora-bearing cells or purified 
holosporas are added to Holospora-free cells (Preer 1969, O s s i p o v and Ivak -
h y u k 1972, O s s i p o v et al. 1975, G ö r t z and D i e c k m a n n 1980, G ö r t z and 
F u j i s h i m a 1983, F u j i s h i m a and G ö r t z 1983, F u j i s h i m a and N a g a h a r a 
1984, 1985, F u j i s h i m a and F u j i t a 1985). 

Recently, F u j i s h i m a and F u j i t a (1985) elucidated that the capacity of Pa-
ramecium for infection with Holospora can be separated from its ability to main-
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tain the symbionts. They showed that H. obtusa infects not only the macronucleus 
of P. caudatum, but also the macronuclei of P. multimicronucleatum and 14 species 
of the P. aurelia complex, and that the bacteria that infected the macronuclei of 
P. multimicronucleatum and the P. aurelia species complex always disappear from 
the nuclei and stable maintenance of the infected bacteria in the host nucleus is 
achieved in a highly specific fashion in certain strains of P. caudatum. Further-
more, they found that the macronuclei of P. jenningsi, P. bursaria, P. trichium, 
P. duboscqui were never infected by the bacterium. These results indicate that a pro-
perty of the macronucleus that is necessary for it to be recognized and infected 
by H. obtusa is commonly provided by P. caudatum, P. multimicronucleatum and 
14 species of the P. aurelia, but not by P. jenningsi, P. bursaria, P. trichium and 
P. duboscqui. 

To examine the infectivity of H. obtusa against various Paramecium species 
has a worthwhile value in evolutionary implications of the species. It was the pur-
pose of the study reported here to test the infectivity of H. obtusa in other Para-
mecium species, P. woodruffi and P. calkinsi. 

M a t e r i a l s a n d M e t h o d s 

Cells and Culture Conditions 

Stock Ok-6 of Paramecium woodruffi and stock Ok-lO of P. calkinsi were kindly supplied from 
Dr. S. I. Fokin, Leningrad State University. Stock GT703S2 of P. caudatum syngen X was sup-
plied from Dr. K. Hiwatashi's stocks at Tohoku University. 

The culture medium used was 1.25% (w/v) fresh lettuce juice in Dryl's solution (Dryl 1959), 
inoculated with a non-pathogenic strain of Klebsiella pneumoniae one day before use (Hiwatashi 
1968). In ordinary cultures several hundred cells were inoculated into 2 ml culture medium in 
18 mm x 180 mm test tubes and then 4 ml, 10 ml and 10 ml of fresh medium were added on succes-
sive days. The cultures were kept at 25°C. 

The original Holospora obtusa-bearing strain CI 01 (syngen unknown) of P. caudatum was 
collected in Münster, FRG, by Dr. H.-D. Görtz. Later, the bacteria infected strain GT703S2 of 
P. caudatum and this newly infected strain was used for obtaining the bacteria used in the present 
study. 

Infection 

Infection of H. obtusa (i.e., penetration by the bacterium of the host nuclear envelope) was 
achieved as follows. Infectious long form of H. obtusa was isolated from homogenates of mass 
cultures of H. obtusa-bzax'mg paramecia with a Percoll density gradient centrifugation (Fujishi-
ma and Nagahara 1984, 1985). H. o6/«Jfl-bearing cells were harvested and washed three times 
with Dryl's solution by centrifuging at 160 g for 2 min. The cell pellet was mixed with 4 volumes 
of Dryl's solution and homogenized by hand in a Teflon homogenizer at 0-4°C. Then, the homo-
genate was mixed with 75% Percoll (Pharmacia Fine Chemicals) containing 0.25 M sucrose and 
centrifuged 38,000 g for 1.5 h at 2°C. After the centrifugation, infectious long form of H. obtusa 
deposited as a band. The band region was collected from bottom of the centrifuge tube and was-
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hed with Dryl's solution to remove Percoll by centrifuging at 1000 g for 10 min. The isolated 
H. obtusa was stored in a refrigerator until was used in experiment. 

Recipient cells and bacteria were mixed in depression slides at 1000 cells/ml and 4 x 105 bac-
teria/ml, respectively, at 25°C. Samples of the cells were examined at 1, 6 and 24 h after the mi-
xing by Nomarski differential interference microscopy at magnification of X1000. 

R e s u l t s 

When cells of stock GT703S2 of P. caudatum and the isolated H. obtusa were 
mjxed, the first bacteria appeared in the recipient macronucleus within 15 min 
after the mixing. This result indicated that the isolated bacteria had a strong infec-
tivity. However, the macronuclei of P. woodruffi and P. calkinsi were not infected 
by the bacteria, though bacteria were observed in their food vacuoles and cyto-
plasm and some were apparently in contact with the macronuclear envelope. In 
order to check reproducibility of the results, each infection experiment was re-
peated five times, but the results were always negative. Thus, it appears that a pro-
perty of the macronucleus, necessary for it to be recognized and infected by H. 
obtusa, is not provided by P. woodruffi and P. calkinsi. 

D i s c u s s i o n 

Holospora obtusa, as well as another species of Holospora, is incorporated into 
food vacuoles of the host cells, migrates from there to the cytoplasm, penetrates 
the macronuclear envelope and grows exclusively in the nucleus. By light and ele-
ctron microscopy, one end of the infectious long form of this bacterium can be 
distinguished from the other as being non-refractile and electron-translucent. The 
non-refractile tip is never observed in the reproductive short forms ( G o r t z 1983). 
The infectious long form always penetrates the macronuclear envelope with this 
special tip and never with one another. Furthermore, H. obtusa never penetrate 
the micronuclear envelope. Therefore, it is strongly suggested that an affinity bet-
ween this special tip of the bacterium and the host nuclear envelope is responsible 
for the nuclear specificity of the infectivity of H. obtusa. 

F u j i s h i m a and F u j i t a (1985) reported that Paramecium species can be divi-
ded into two different groups on the basis of its ability to be infected by H. obtusa: 
P. caudatum, P. multimicronucleatum and P. aurelia species complex belong to 
a group which macronuclei are infected by H. obtusa, and P. jenningsi, P. bursaria, 
P. trichium and P. duboscqui belong to the other group in which macronuclei are 
never infected by the bacterium. Present study showed that P. woodruffi and P. 
calkinsi belong to the latter group, suggesting that macronuclear envelopes of P. 
woodruffi and P. calkinsi are somewhat different from those of P. caudatum, P. mul-
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timicronucleatum and P. aurelia species complex as well as of P. jenningsi, P. bur-
saria, P. trichium and P. duboscqui. This difference in the infectivity of the macro-
nuclei of Paramecium species by Holospora can be expected to provide us new infor-
mation which concerns the evolutionary relationships among Paramecium species. 
Therefore, the infectivity of Paramecium species with other macronucleus-specific 
Holospora, H. caryoplila and H. curviuscula, should also be tested in future study. 

Although it has been found that the property of the macronucleus necessary 
for it to be recognized by the bacterium is acquired in close association with ini-
tiation of structural or fundamental differentiation in the macronucleus (Fuj i -
s h i m a and G ö r t z 1983), its physical property is unclear. Recently, F u j i s h i m a 
and N a g a h a r a (1984, 1985) succeeded to isolate the infectious long form of 
H. obtusa from mass cultures of H. ofe/w^a-bearing paramecia. If the isolated bacteria 
can infect isolated macronuclei, this in vitro infection system will provide a good 
opportunity to detect what kinds of differences of the nuclear envelopes can be 
recognized by the bacterium. Furthermore, such studies will also provide new data 
not only for evolutionary implications of Paramecium species but also for the macro-
and the micronuclear differentiation from a common fertilization nucleus, be-
cause Holospora species infect specific nucleus of the two kinds of nuclei and the 
property of the nucleus needed for an infection by the bacterium is acquired when 
nuclear differentiation begins. 
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Synopsis. A new myxosporidan Ceratomyxa tartoori sp. n. (Myxozoa) is described 
from the gall-bladder of a marine teleost Opisthopterus tartoor Day (Clupeidae) caught 
from the West Bengal coastal water of Bay of Bengal, India. The characteristics of 
the parasite are as follows: spore arched, coelozoic, suture distinct — sutural diameter 
16.12 fxm, breadth of the spore 212.0 [xm, with two to five equal appendages of the 
shell valves, polar capsule two, spherical (6.3 [i.m) or broadly ovoidal (6.29 jimx 
x 5.50 jim) with occasional presence of three to four polar capsules. The extruded 
polar filament is 25.0 |xm long. 

While the investigation was carried out about the parasitic protozoa of Indian 
marine fishes, a myxosporidan parasite has been found to infest the gall-bladder 
of a teleost Opisthopterus tartoor Day (Clupeidae), caught from the coastal water 
of Bay of Bengal at Digha, West Bengal, India during the winter of 1984-85. 

M a t e r i a l a n d M e t h o d s 

All autopsies were performed from fresh and frozen fish. The fish was collected from Digha 
beach of Bay of Bengal, West Bengal, India. The parasite was studied from the fresh wet smears 
of the infected gall-bladder treated with Lugol's iodine solution and also from the dry smears sta-
ined with Giemsa after fixation in absolute methanol. The extrusion of the polar filament was 
achieved with saturated aquaous solution of urea. All the measurements were taken in micro-
meter ([im). The Figures have been drawn with the aid of a camera lucida. 

O b s e r v a t i o n s 

Ceratomyxa tartoori sp. n. 

V e g e t a t i v e f o r m : Not seen. 
S p o r e : These were coelozoic, found floating in the bile. The spore body was 

hemispherical in sutural view with highly convex, round anterior surface and almost 
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20 jam 

Fig. 1. 1-8 — Spores of Ceratomyxa tartoori sp. n. 1 — An early spore, 2 — A mature spore with 
two polar capsules and two equal appendages of the shell valves, 3 — Enlarged suturai view of 
the spore body, 4 — A mature spore in top view, 5 — A mature spore with three polar capsules 
and five equal appendages of the shell valves, 6 — A mature spore with three polar capsules and 
two appendages of the shell valves, 7 — A mature spore with four polar capsules showing differ-
ent arrangement of the polar filament, 8 — A mature spore with two polar capsules showing 

extruded polar filament 
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flat posterior surface (Fig. 1 1-4). The shell valves were two, very thin and smooth — 
each had very thin and long prolongation or appendage forming about 45° angle 
with the sutural axis. Usually there were two lateral appendages. However, the 
spores with three to five appendages were also found (Fig. 1 5, 7). The polar cap-
sules were two — one on each side of the nearly straight, thin-walled suture. Ho-
wever, the spores with three to four polar capsules were also noticed (Fig. 1 6, 7). 
The polar capsules were spherical or nearly ovoidal with a very short neck (Fig. 
1 8). In spores with three to four polar capsules, the direction of opening of the polar 
capsules were variable (Fig. 1 7). Each polar capsule had three to four coils of polar 
filament and when extruded attained a maximum length of 28.0 [xm (Fig. 1 8). 
The appendages of the shell valves were equal in length and similar in shape ha-
ving widest at the base and narrowing down towards the roundly pointed tip. The 
sporoplasm was in the form of a small granular mass towards the flat surface 
of the spore with two large nuclei. The smaller capsulogenous nuclei were also 
found either at the base or in front of the polar capsule. No iodinophilous vacuole 
was found. The demarcation between the main spore body (containing the polar 
capsules and sporoplasm) and its appendages was not present which supports the 
view that the appendages were the hollow prolongations of the shell valves. 

M e a s u r e m e n t s (based on twenty fresh spores, mean is given with range wit-
hin the parenthesis): 

Sutural diameter of the spore — 16.12 (14.0-19.0) 
Breadth of the spore - 212.00 (167.00-234.00) 
Diameter of the polar capsule — 6.30 (6.0-7.0) 
or 
Length of the polar capsule — 6.29 (5.0-7.0) 
Width of the polar capsule - 5.50 (5.0-7.0) 
Length of the extruded polar filament — 25.00 (20.0-28.0) 
Incidence: One infected out of five examined 
Infection locus: Gall-bladder 
Pathogenicity: Not apparent 
Host: Opisthopterus tartoor Day 
Locality: Digha coast of Bay of Bengal, West Bengal, India 
Date of collection: 30 December, 1984 

D i s c u s s i o n 

The myxosporidan, in having arched spore, hollow and conical shell valve 
and its breadth much more than twice the sutural diameter, is assigned to the genus 
Ceratomyxa Thelohan, 1892. As its general morphology of the spore is concerned, 
it superficially resembles Ceratomyxa mesospora Davis, 1917 (dimension 8 fxmx 
50 [j .m-65 fi.m), C. aggregata Davis, 1917 (6 [xm-7 u.mx50 fxm-70 fxm) 
C. californica Jameson, 1929 (7.5 jxm-9.0 [j.m X 48 [i.m-59 jj.m), C. hilsae Chakravarty, 
1939 (10 [i.mx25 [xm-40 fxm) and C. sagarica Choudhury and Nandi, 1973 (3.5 u m x 
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X31 [xm) reported from the gall-bladders of Cestracion zygaena, Leiostomus xan-
thurus and Micropogon undulatus, Polistotrema stouti, Hilsa ilisha and Boleoph-
thalmus boddaerti respectively. Moreover, it also resembles C. aggregata in ha-
ving diad and triad spores. However, the present parasite differs from all the above 
mentioned species by two to five hollow appendages of shell valves, tetrad spores 
(having four polar capsules) and its very large dimension. In view of such distinct 
differences, the myxosporidan has been considered a new species for which the 
name Ceratomyxa tartoori sp. n. has been proposed after the name of the host. 

M a t e r i a l : Syntypes on slide No. MxC-3 is kept in author's collection and 
soon will be deposited to the National Collection of the Zoological Survey of India, 
Calcutta. 
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Synopsis. A new species, Sphaerospora sphaerocapsularae, is described. The parasite 
was found in the urinary bladder of eel, Anguilla anguilla (L.) caught in the Lake 
Dąbie adjacent to the River Odra mouth. 

During studies on parasitic protozoans in Anguilla anguilla (L.), sporozoans 
of the genus Sphaerospora Thelohan, 1892 were found. Morphologically, they 
differ from the hitherto known species of the genus ( K u d o 1919, Ś u l m a n 1966, 
1984, E v l a n o v 1981, W i e r z b i c k a 1986). The differences observed prompted 
the author to describe the protozoans as a new species, Sphaerospora sphaerocap-
sularae sp. n. 

M a t e r i a l s a n d M e t h o d s 

The fishes examined were caught in the Lake Dąbie, connected with the mouth section of 
the River Odra. The materials were collected in July and September 1985. A total of 13 eels, An-
guilla anguilla (L.), were examined, their length (l.t.) and weight ranged within 42-65 cm and 120— 
530 g, respectively. The observations were made on fresh materials. Those scraped off of the uri-
nary bladder were examined under the microscope, smears on glass plates, stained using Pappen-
heim's technique (May-Grunwald and Giemsa) were made as well. Drawings of spores were made 
from both fresh materials and stained mounts. A total of 30 fresh and 30 stained spores were 
measured. 

Description of Sphaerospora sphaerocapsularae sp. n. (Figs. 1 and 2) 

H o s t spec i e s : eel, Anguilla anguilla (L.) 
L o c a t i o n hos t : urinary bladder 

8 — Acta Protozool. 25/3 
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L o c a t i o n of f inding: Lake Dąbie (NW Poland) 
Extent of infes tat ion: out of 13 fish specimens examined, one was found to contain numer-
ous spores, invasion incidence of 7.69%. 

The spores are oval, the anterior end being clearly flattened (when looking from 
the suture). Spore width is slightly lower than its thickness. The halves of a spore 
are connected with a poorly visible, straight suture. Delicate striata run parallel 
to the suture over the whole surface of the spore (they are visible on fresh mate-
rials only). Two polar capsules, almost spherical in shape, are located near the an-
terior margin on a plane perpendicular to that of the suture and occupy about 
one-third of the spore. Their tapering ends are very short and open far away from 

Fig. 2. Spores of Sphaerospora sphaerocapsularae sp. n. (stained) 
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the suture, almost on the opposite margins of the spore (Figs. 1 and 2). The cap-
sules usually contain spirally coiled filaments, six coils being visible in each. The 
remaining part of the spore is filled with embryonic sporoplasm. Some (fresh) spo-
res were observed to contain small oval structures causing a stronger light refra-
ction than the rest (Fig. 1). They presumably are the nuclei of polar capsules. 

Dimensions of spores (in jxin): 
fresh stained 

Spore length 10.4-12.8 (11.39±0.65)* 8.4-11.2 (9.83±0.72) 
Spore thickness 9.6-12.0 (10.38±0.55) 8.0-10.0 (8.80±0.50) 
Spore width 8.0-9.2 - -
Polar capsule width 2.8-3.8 (3.41 ±0.29) 2.4-3.4 (2.97±0.26) 
Polar capsule length 3.6-4.4 (4.08±0.23) 3.2-4.4 (3.65±0.42) 
Polar filament length about 40.0-45.0 — 

* arithmetic mean of a sample and its standard deviation are given in parentheses. 

Among the materials examined, only four spores with ejected polar filaments 
were found. The location of spores on the suture plane was rare, too. 

The vegetative stages will be described in the next paper. 

D i s c u s s i o n 

The sporozoans Sphaerospora sphaerocapsularae sp. n. differ from the Spha-
erospora species described in the available literature to date ( K u d o 1919, S u l m a n 
1966, 1984, E v l a n o v 1981, W i e r z b i c k a 1986) in the location of openings of 
their polar capsules. In S. sphaerocapsularae, they are placed far away from the 
suture, almost on the opposite sides of the spore. The literature shows the polar 
capsule openings in the Sphaerospora species to be located close to the suture; 
frequently the top parts of the capsules touch the suture. However, neither figures 
nor descriptions of S. sphaerica Dogiel, 1948 from the urinary bladder of Spha-
eroides pardalis from the Sea of Japan, S. minuta Konovalov, 1967 from the uri-
nary bladder and ducts of Esox lucius from Kamtschatka ( S u l m a n 1984), and 
S. galinae Evlanov, 1981 from the kidneys canaliculi of Tinea tinea from lakes off 
Kaliningrad show the polar capsules openings. On the other hand, the shape of 
spores in the abovementioned species differ from that of S. sphaerocapsularae. 
Moreover, the posterior part of the S. galinae spore contains transverse ribs (Evla-
nov 1981), while the striation in S. sphaerocapsularae is parallel to the suture line. 
The spores of the newly described species have no test thickenings typical of 
S. minuta; the surface of spores S. sphaerica is smooth. S. sphaerocapsularae sp. n. 
differs from S. anguillae Wierzbicka, 1986 found in the urinary bladder of An-
guilla anguilla in shapes of spores and polar capsules as well as in the absence of 
filamentous processes. 
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Synopsis. The two new myxosporida viz., Thelohanellus bengalensis sp. n. and My-
xidium mystusium sp. n. (Myxozoa) are described from the gall-bladders of Catla 
cat la Ham. and My s tus vit tat us Day respectively. Their respective mensural data 
are: spore — 10.95 [imx6.59 fim and 13.08 [zmx5.89 {xm, polar capsule - 5.42 
txmx3.47 [xm and 4.46 (j.m in diameter. 

While investigation was carried out for the parasitic protozoa of Indian teleosts, 
two new myxosporidans have been found to be infested in the gall-bladders of 
the two fresh water teleosts from West Bengal, India. 

M a t e r i a l a n d M e t h o d s 

The fishes collected from the local fish market were thoroughly examined for the protozoan 
parasites. The parasites treated with Lugol's iodine solution and the dry smears stained with Giem-
sa after fixation in absolute methanol, were carefully studied under the oil immersion lens of an 
Olympus research microscope. The extrusion of the polar filament was achieved with 2.5 % KOH 
solution. The measurements were taken in micrometer ([i.m). The figures were drawn with the aid 
of a camera lucida (Prism type). 

O b s e r v a t i o n s 

Thelohanellus bengalensis sp. n. 

D e s c r i p t i o n : The vegetative or trophozoite stages were not seen. 
The spores were coelozoic, small, broadly pyriform to cylindroconical in val-

vular view (Fig. 1 1) and almost S-shaped in suturai view (Fig. 1 2). The suture was 
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Fig. 1. 1-4 — Spores of Thelohanellus bengalensis sp. n., 1 — A spore in valvular view — Lugol's 
iodine, 2 — A spore in suturai view — Lugol's iodine, 3 — A spore showing peculiar longitudinal 
striations — Lugol's iodine, 4 — A spore showing extruded polar filament — Giemsa stained, 
5-7 — Spores of Myxidium mystusium sp. n., 5 — A spore in slightly oblique view — Lugol's iodine, 
6 — A spore in suturai view — Lugol's iodine, 7 — A spore showing extruded polar filament — 

Giemsa stained 

S-shaped and ridged. The two shell valves were thick-walled, usually smooth but 
3-4 longitudinal striations which were bent posteriorly, rarely visible (Fig. 1 3). The 
polar capsule was one — broadly pyriform with 4-6 coils of polar filament. When 
extruded, the polar filament attained a maximum length of 52.5 .̂m (Fig. 1 4). 
The extracapsular cavity was filled with finely granular, sickle shaped mass of spo-
roplasm with a pair of round nuclei in it. The iodinophilous vacuole was not found. 

M e a s u r e m e n t s : Thirty fresh spores have been measured, mean value is given 
with range within the parenthesis. 

Length of the spore - 10.95 (10.0-12.0) 
Width of the spore - 6.59 (5.5-7.5) 
Length of the polar capsule - 5.42 (3.75-7.0) 
Width of the polar capsule - 3.47 (3.0-4.5) 
Infection locus: Gall-bladder 
Pathogenicity: Not apparent 
Incidence: Two infected (weight — 1 kg) out of 15 examined 
Host: Cat la catla Ham. 
Locality: Chinsurah, West Bengal, India 
Date of collection: 13 May, 1985 
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R e m a r k : In having close mensural data of the spore, the present species re-
sembles Thelohanellus mrigalae Tripathi, 1952 reported from the head region 
between the eyes, T. boggoti Quadri, 1962 reported from the gills and T. chelae 
Lalitakumari, 1969 reported from the bile of Cirrhina mrigala, Labeo boggot and 
Chela becaila respectively. The spore of the present myxosporidan also shows very 
close similarity with the spore of T. mrigalae in valvular view. However, it differs 
from the later species and also from the above mentioned myxosporida by bro-
adly S-shaped spore in sutural view and ridged S-shaped distinct suture. The my-
xosporidan in study is, therefore considered to be a new species and the name The-
lohanellus bengalensis sp. n. is proposed. 

M a t e r i a l : Syntypes on slide No. MxT-10 is kept in the author's collection 
and soon will be deposited to the National Collection of the Zoological Survey 
of India, Calcutta. 

Myxidium mystusium sp. n. 

D e s c r i p t i o n : No trophozoite or other vegetative stages were found. The 
spores were found floating in the bile. They were fusiform with pointed ends (Fig. 
1 5). The suture was slightly curved, ridged and very distinct (Fig. 1 6). The shell 
valves were smooth. The two polar capsules — one on either end of the spore, 
were spherical to ovoidal with 4 to 5 coils of polar filament in each capsule. The 
polar filament, when extruded fully, attained a maximum length of 36.0 [xm (Fig. 1 
7). The extracapsular cavity was filled with biconcave granular mass of sporoplasm. 
The iodinophilous vacuole was absent but a pair of sporoplasm nuclei was always 
present. 

M e a s u r e m e n t s : Thirty fresh spores have been measured, mean value is 
given with range within the parentheses. 

Length of the spore - 13.08 (11.0-16.65) 
Width of the spore - 5.89 (5.0-7.49) 
Diameter of the polar capsule — 4.46 (3.33-7.49) 
or 
Length of the polar capsule — 4.83 
Width of the polar capsule — 4.50 
Infection locus: Gall-bladder 
Pathogenicity: Not apparent 
Incidence: One infected out of 22 examined 
Host: Mystus vittatus Day 
Locality: Chinsurah, West Bengal, India 

R e m a r k : The present myxosporidan, in mensural data, resembles Myxidium 
heteropneustesi Chakravarty, 1943, M. aori Lalitakumari, 1969 and M. boddaerti 
Choudhury and Nandi, 1973 reported from the gall-bladders of Heteropneustes 
fossilis> Macrones aor and Boleophthalmus boddaerti respectively. However, the 
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parasite in study differs from M. heteropneustesi by the smooth shell valves, di-
stinct suture and spherical polar capsule. It also disagrees with M. aor in having 
larger spore and longer polar filament. Moreover, it is markedly different from 
M. boddaerti in having no lateral extension of the spore and smaller, spherical 
polar capsule. In view of such differences, I propose the present myxosporidan 
a new species and name it as Myxidium mystusium sp. n. 

M a t e r i a l : Syntypes on slide No. MxMy-7 are kept in the author's collection 
and soon will be deposited to the National Collection of the Zoological Survey 
of India, Calcutta. 
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