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In the polymorphic ciliate Tetrahymena voraxthe non-selective phagocytosis seen
in microstomes changes to a highly selective process in macrostomes
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Summary

Ciliates use phagocytosis to acquire edible particles. The captured T. thermophila in preference to microstomes,
polymorphic ciliate Tetrahymena vorax appears in  phagocytosis of microstomes started immediately
two forms (‘microstomes’ and ‘macrostomes’). following capture, indicating that the substance/molecule
Transformation of microstomes into macrostomes takes that triggers the formation of the phagosome is not specific
place in the presence of the ciliate Tetrahymena for T. thermophilacells.
thermophila and enables the macrostome to phagocytose After capturing a T. thermophilacell, the macrostomal
the latter species. The non-specific, constitutive cell, which normally swims in a forward direction,
phagocytosis in microstomes thereby changes into a reverses direction and swims backwards for a short time
specific inducible process in macrostomes. The purpose of before starting to rotate. Macrostomal cells did not change

this study was to determine whether the phagocytotic
process in macrostomes is specifically aimed at catchiiig
thermophila The two forms of phagocytosis represent an
interesting model system for studying the mechanism
whereby phagosomes are formed. The macrostomal form
capture deciliated and ciliated Tetrahymena thermophila
latex beads with diameters of 20.3 and 300n and small
microstomal cells. However, the macrostomes seledt
thermophila as a prey when they have the opportunity to
choose between deciliated. thermophilaand latex beads
and betweenT. thermophila and microstomes. The non-

their swimming pattern after capturing a latex bead. We

believe, therefore, that backward swimming is more likely
to be related to signals resulting from phagocytosis than
from mechanical stimulation of the pouch.

Cytochalasin B (10ugml~1) inhibits phagocytosis in
both microstomes and macrostomes, indicating that actin
filaments play an active role in phagocytosis in both cell
types. The antitubulin drug nocodazole (0.3-30moll-1)
inhibits the formation of more than one phagosome in the
macrostome, indicating that membrane transport to the
oral apparatus in macrostomes is guided by microtubules.

selective formation of phagosomes seen in microstomes Nocodazole has no effect on the process of phagocytosis in

changes to a highly selective process during the
transformation to macrostomes. Unlike microstomes,
macrostomes do not form a closed vacuole after capturing
a latex bead, indicating that mechanical stimulation by the
prey does not in itself trigger phagocytosis in the
macrostomal form of T. vorax Although macrostomes

microstomes.

Key words: Tetrahymena vorax polymorph, microstome,
macrostome, phagocytosis, phagosome, latex b&attahymena
thermophila cytochalasin B, nocodazole, microtubule, actin
filament.

Introduction

Phagocytosis is a special form of endocytosis by whiclphagosome becomes detached from the oral apparatus after the
eukaryotic cells internalize particles (Silverstein et al., 1989)limiting membrane has been sealed off (Nilsson, 1976). In
In mammals, cells specialized for phagocytosis are founBarameciumspp., movement of the nascent phagosome is

mainly in the immune system (Brown, 1995). Protozoa sucguided along postoral

microtubular bundles, and this

as ciliates use phagocytosis as a major pathway for acquirimjovement appears to be responsible for pulling the nascent
nutrients such as bacteria and other food particles (Nilssophagosome away from the oral apparatus (Schroeder et al.,
1979). InTetrahymenapp., the oral apparatus, from which the 1990). The actual pinching off that results in the formation of
phagosome grows, defines the anterior part of the cell. As tleephagosome is dependent, at least in part, on the presence of
nascent phagosome grows, the most posterior part of the ogadtin and myosin (Cohen et al., 1984a,b).

apparatus becomes filled with food particles that are swept in The polymorphic ciliateletrahymena vora&ppears in two

by beating of the oral ciliary membranelles (Nilsson, 1972)forms, termed microstomes and macrostomes (Williams,
Stimulated by an as yet unknown trigger, the nascerit961). When a microstome transforms into a macrostome, its
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small oral apparatus is resorbed and replaced with a larger omevoraxcells was approximately the same as that of interphase
of different shape termed a pouch (Buhse, 1966b; Smith,. thermophilacells immediately after division.
1982a,b). Transformation occurs in the presence of another
ciliate, Tetrahymena thermophiland permitd. voraxto live Transformation of microstomes into macrostomes
as a carnivore preying on thermophila(Buhse, 1966a). The Transformation of microstomes into macrostomes is
signal fromT. thermophilathat triggers this differentiation in initiated by a transforming substance called stomatin that is
T. voraxis a complex of iron and nucleic acid catabolitesreleased into the medium By thermophilgSmith-Somerville
termed stomatin (Smith-Somerville et al., 2000). et al., 2000; Buhse, 1967). To obtain a stomatin-containing
Little is known about the process of phagocytosis insolution, 100 ml of thd. thermophilaculture was centrifuged
macrostomes. The transformation of microstomes results ito pellet the cells, and the cells were subsequently suspended
cells that are able to capture, phagocytose and difest in 50ml of deionized water and incubated for 3h at room
thermophila Here, we have investigated whether thetemperature. The suspension was centrifuged to remove the
phagocytotic process in macrostomes is non-selective aells, and the supernatant was filtered through aOmpore
whether it is specifically aimed at catchifig thermophila  diameter filter. The stomatin-containing solution was added
Phagocytosis by microstomes seems to be non-selective. Fomdthe T. vorax culture in a ratio of 1:10 (v/v). The first
particles are swept into the oral apparatus by beating of the oralacrostomes appeared after approximately 5h (at 23 °C), and
ciliary membranelles. The process may be compared with smacrostomes continued to be formed for the next 5-7h. The
called macropinocytosis in macrophages, whereby relativelfirst division of a macrostome into microstome daughters
large volumes of medium are internalized in large endosomexcurred after 15-17h. In these experiments, we used
(Swanson, 1989). If macrostomes select a certain ciliate fanacrostomal cells that had been in the stomatin solution for
feeding, the capture of these cells may be initiated by bindingh; approximately 20% of the cells had been transformed to
of the prey to specific binding sites, similar to the interactioomacrostomes at this point. The size of the macrostomal cell
between receptor and prey that occurs before phagocytosis was approximately 120mx80um.
macrophages and neutrophils. To obtain information about the
selectivity of phagocytosis in macrostomes, we comparedrey selection and formation of phagosomes in macrostomes
phagocytotic uptake of. thermophilacells, microstomes and  To study the process of prey selection and the formation of
latex beads by macrostomal cells. To further characterizghagosomes in macrostomes, the cells were incubated with
phagocytosis by macrostomes, we studied the effects of druggex beads or with ciliated or deciliatéd thermophilacells.
that affect the cytoskeleton (microtubules, microfilament) inT. thermophila was mechanically deciliated using the
these cells. In parallel control experiments, we assessed theocedure described by Hawkins (1975). To determine the prey
effects of the same drugs on phagocytosis by microstomes. concentration that gave optimal phagocytotic uptake,
dose/response curves for both latex beads and decillated
thermophila were obtained (data not shown). The optimal
Materials and methods concentrations were $Beadsmi! and 1@cellsmr. To
Latex beads of uniform size (diameter varied by less 4%gompare phagocytosis of latex beads and deciliaked
were obtained from Dynal Particles, Lillestram, Norway. Theythermophilaby macrostomes, the cells were exposed to the
were washed three times in sterilized, deionized water. Weame concentrations @g@rey mt1) of the two types of prey.
tested four different sizes of bead with diameters of 3.0, 20.3;he macrostomes were exposed to latex beads and deciliated
30.0 and 41.8m. The concentrations of latex beads and.of T. thermophilacells for 30 min with manual agitation every
thermophila were determined microscopically using a 10minto keep the prey in suspension. The deciliated cells were
Sedgwick—Raffer chamber. The experimental saline solutioimmobile during the experiments. This is in accordance with
was prepared following the method of Dryl (1959).results reported by Rannestad (1974), who found that
Cytochalasin B and nocodazole were obtained from Sigmdeciliated T. thermophilastay immobile for 40min after
(USA) and were dissolved in dimethyl sulphoxide (DMSO) todeciliation. At the end of the incubation period, the cells were

obtain stock solutions of 10 and 33 mnd) Irespectively. quickly but gently mixed with formaldehyde to a final
_ concentration 0.4% (the formaldehyde was methanol-free;
Animals Code F017/3 from TAAB Laboratories, England, UK). In one

Tetrahymena voragtrain V2 andletrahymena thermophila set of experiments, repeated three times, the numbers of latex
were kept at room temperature (21-23°C) in standard growtheads in the pouch and/®r thermophilan the food vacuoles
medium (Plesner et al., 1964). The experiments weran 100 macrostomes were counted using light microscopy
performed on cells in the mid-logarithmic phase of exponentigimagnification 28).
growth (Grelland, 1988). Cell densities were approximately In the experiments in which phagosome formation in
5x1CPcellsmt! for T. vorax and &1CPcellsmt! for T. individual macrostomes was studied, macrostomal cells were
thermophila The size of the elongated microstomal cell wasselected with a manually operated micropipette and placed in
approximately 6Qumx20um. The size of the more spheridal separate drops under liquid paraffin in Petri dishes. A single
thermophilawas approximately 3dmx25um. The size of the macrostomal cell was placed in the droplet together with either
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five small microstomal cells (approximately |B#5x20um) or 8071 A
a mixture of 25 small microstomes and fiVe thermophila
cells. All prey were manually collected using a suction pipette
TheT. thermophilacells were marked with Texas-Red-labelled
ovalbumin, and the cells were observed with both ¢
fluorescence and a light microscope. The Texas-Red-labell¢
T. thermophileculture was washed three times before the cell:
were added to the droplets. The behaviour of the animals w:
recorded using a video camera recording at 25 framhes s

Drug treatments

To determine the effects of cytochalasin B and nocodazol
on phagocytosis in microstomes and macrostomes, cells we
first preincubated with the drugs for 8 h and 2 h, respectively
Microstomes were exposed to carmine particlesu¢adr?) 70
for 6min, and three-quarters of the culture was quickly bu 60 1
gently fixed with formaldehyde (final concentration 0.4 %). In
one set of experiments, repeated three times, labelled foc
vacuoles were counted in 100 microstomes. The remainir 40
25% of the cells were washed five times in Dryl solution anc 30
allowed to stand for 30 min before being fixed in formaldehyde

Percentage of cells

(0.4 %). Macrostomes were allowed to feedTothermophila 20

cells (1@ cells mrY) for 30 min before they were gently fixed 10

in formaldehyde (final concentration 0.4%). In one set o 0

experiments, repeated three times, food vacuoles were count 0 1 2 3 >3
in 100 macrostomes. Number of latex beads per cdl

Fig. 1. The distribution of latex beads in the pouch of macrostomes.
Results Macrostomes were allowed to prey on latex beads with a diameter of

M ¢ ledt th hila f o lat (A) 20.3um and (B) 30.um. The macrostomes did not differentiate
acrostomes seie érmophiian preterence (o latex between these two sizes. The macrostomes did not capture latex

beads beads with a diameter of 3.0 and 41n8 In all experiments, the
Macrostomes were incubated with latex beads wittconcentration of beads was®ti-L. The experiment was repeated
diameters of 3.0, 20.3, 30.0 and 4{m3. The macrostomes did three times, and 50 cells are counted in each experiment. Values are
not capture latex beads with diameters of 3.0 andtt,dut ~ expressed as the meas.gm.
approximately 30% of the cells captured latex beads witl
diameters of 20.3 and 3Quén (Fig. 1). The maximal number 50
of latex beads in the pouch during a 30 min exposure to bea

with a diameter of 30m was six (data not shown). These 40 I

experiments were performed in growth medium because tt g [
transformation back to microstomes started when th 5 39

macrostomal cells were exposed to Dryl solution. Microstome %

cultured in a Dryl solution only captured beads with a diamete & 5

of 3.0um (data not shown). §

We next compared the capture by macrostomes of late 10
beads with the capture @f thermophila Latex beads with a
diameter of 3@um were chosen since this size is nearest the B
of T. thermophila We used deciliated. thermophilasince A B C
swimming T. thermophilacells may conceivably be easier to
capture than immobilised cells. The rate of phagocytosis, give
as the number of digestive vacuoles formed in 30 min, is mot

than twice as high for ciliated (2.620.1; meas.gm., N=4) ) oo GeciliatedT. thermophila (B) only latex beads and (C) both

as for .d.eCIIIated (0'93i0'$‘F6) prey. deciliated T. thermophila and latex beads. The macrostomes
Deciliated T. thermophila or latex beads (30M  consistently selected the cells rather than the beads. In all

indiameter) were added T voraxcultures 8 h after exposure experiments, the concentration of the prey wa$niel. The

to stomatin-containing solution. Prey concentrations werexperiment was repeated three times, and 100 cells were counted in

108 mlI-1. The control results presented in Fig. 2 show that theach experiment. Values are expressed as the neam +

Fig. 2. The percentage of macrostome cells that captured either
deciliated Tetrahymena thermophilégrey columns) or latex beads
with a diameter of 3Qm (stippled columns) in a medium containing
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percentage of macrostomes capturing deciliafe A
thermophilawhen exposed for 30 min to cells only v
37.740.9% (mean #seM.) (Fig.2) and that th ~ Latex bead
percentage of macrostomes capturing latex beads
exposed for 30min to beads only was 30.7%3
(Fig. 2). If the medium contained both deciliated ¢
and latex beads (final concentratiorf pey mt?), the
macrostomes consistently selected cells rather
beads (Fig.2). The percentage of macrostc
capturing deciliatedl. thermophilain this mediurn
during the 30 min exposure was 32.7+6.1%, anc
percentage capturing latex beads was 4.0+5.1 %. TS
In an immature macrostome, the prey attaches 1 .
mouth for 2-5s, but the macrostomal cell is unab

engulf it since the mouth is not yet fully develo]  Fjg. 3. (A) A macrostomaretrahymena vorashat has captured a latex bead
(data not shown). We did not observe this abo  with a diameter of 3gm. The picture was taken 30 min after capture of the
interaction between macrostomes and prey v  bead; there was no sign of phagocytosis of the latex bead. Scale joar, 20
immature macrostomes were exposed to latex be  (B) A macrostomal celTetrahymena vorathat has phagocytosed a latex
To determine whether the macrostome recogni: bead together with @. thermophilacell. The picture was taken 10 min after
signal that is specific forT. thermophila a addingT. thermophilecells and latex beads to the medium. Scale bam0
macrostomal cell was placed in a droplet of mec
(under liquid paraffin) together with either a mixt
of small microstomes and. thermophilaor only small

microstomes. If the droplet contained only microstomes, t T. thermophila ~ J
macrostomal cell did phagocytose microstomal cells. Macrostome 1) 2 &
S (3)
J

another set of experiments, six droplets contained a mixture e /
25 microstomes and five. thermophilaeach, in addition to @f<> ‘ /
| m—ry
(4)

the macrostome. In this experiment, the effect of the s

i
difference between a normal microstome dndhermophila %
cells was reduced by manually collecting microstomal cells (6)

a size close to that of & thermophilacell (approximately A @ /
DV

35umx20um) using a suction pipette. In all six droplets, tk

macrostome selected exclusiv8lythermophila o

Contracton

The macrostome does not phagocytose latex beads

We do not know the mechanisms whereby phagocytosit
initiated in ciliates (Allen and Fok, 2000). In the presence
only latex beads in the medium, macrostomes captured but Q /
not phagocytose the beads (Fig. 3A). When both latex be
andT. thermophilawere present in the medium, a bead was
occasionally phagocytosed together with the cell (Fig. 3B)Fig. 4. Diagram of the behavioural response of a macrostomal cell of
This was, however, a rare event. At least 300 macrostom!€etrahymena voraxafter capturing aT. thermophilacell. The
cells were observed during these experiments, and concurreMacrostome selects B thermophila(1) and captures it (2). The
uptake of beads and cells was observed only four times. Sinmacrostome continues to swim in the same direction for 1.7+0.6s

. . (mean #s.e.M., N=8) (3) before briefly swimming backwards and the
the latex beads were of the same sizd.athermophila the anterior part starts to contract (4); this is followed by cell rotation

results indicate that the signal for phagocytosis in macrostomys) The total duration of the chain of events depicted (1-5) was

is not merely mechanical but probably due to signal moleculé2g 3+5.2s (mean £em., N=8). The cell then swims forward again,

associated with or released frdmthermophila the prey is in a digestive vacuole (DV) (6). It normally takes
10-13 min before phagocytosis restarts.

©®)

Behavioural response to phagocytosis in macrostomes

WhenT. thermophilahas been captured in the pouch, the
macrostomal cell continues to swim in the same directiomacrostomal cells did not change their swimming pattern after
before starting a short backward swim that is followed by celtapturing a latex bead. At the same time as the macrostome
rotation (Fig. 4). The time from capture to the reverse reactioawims backwards in response to phagosome formation, the
was found to be 1.7+0.6 Bl£8). The total duration of the chain anterior part of the cell contracts. We believe, therefore, that
of events depicted was 28.3+5.2s (mearse#m., N=8). The  backward swimming is related to the process of phagocytosis.
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A Control B

Cytochalasin B

Fig. 5. The effect of cytochalasin B (imt1) on phagocytosis in a

polymerization (Wessels et al., 1971), has been shown
to inhibit the separation of the nascent phagosome from
the oral apparatus in ciliates (Nilsson et al., 1973; Allen
and Fok, 1985; Fok et al., 1985; Leakey et al., 1994).
Actin polymerization may be required just before the
nascent phagosome starts to move along the
microtubular bundle (Cohen et al., 1984a,b; Allen and
Fok, 2000). To test the effects of cytochalasin B on
phagocytosis in  macrostomes, the drug (final
concentration 1QgmiY) was added to the culture
together with stomatin-containing solution 8h before
phagocytosis was initiated. The long preincubation
period was chosen because it has been shown that, to
achieve a maximal effect, the cells need to be exposed
to the drug for at least 8h (Leakey et al., 1994). As a

macrostomal cell of etrahymena voraxBoth pictures are taken 30 min after control, we tested the effect of the drug on the

the addition ofT. thermophilato the medium. In the control cell (A),
phagocytosis of thre€. thermophilacells has occurred. In the cytochalasin- found to
B-treated cell (B), th&. thermophilehas been captured but no phagocytosis macrostomes

has taken place. DVs, digestive vacuoles. Scale bam20

Table 1.The rate of phagocytosis by macrostomes and
microstomes treated with cytochalasin B

Cytochalasin-B-

Control cells stimulated cells
Rate of phagocytosis by 2.4+0.2 (3) 0£0 (3)
macrostomes (number of
DVs per 30 min)
Rate of phagocytosis by 3.9+0.1 (3) 0.2+0.2 (3)

microstomes (number of
DVs per 6 min)

The rate of phagocytosis was measured as the number of digestf\%

vacuoles (DVs) formed.

In all experiments, the concentrationTeftrahymena thermophila
was 10cells miL.

In each experiment, 100 cells were counted.

Data are expressed as the meaEem. (N).

Cytochalasin B concentration wasy@mi=L,

Effects of cytoskeletal inhibitors on phagocytosis in
macrostomes and microstomes

microstomes in the same culture. Cytochalasin B was
inhibit phagosome formation in both
and microstomes (Table1). In

cytochalasin-B-treated macrostomal cells, &

thermophila cell was often captured but the prey

continued to swim in the pouch (Fig. 5) it was also
frequently able to escape. These results indicate that the
formation of the phagosome requires actin assembly in the
macrostomal form of. vorax

In Parameciunspp., phagosomes arise in the lower part of
the oral apparatus and grow as discoidal vesicles fuse with
the membrane of the oral apparatus (Allen, 1974). The
discoidal vesicles are transported to the oral apparatus along
microtubular ribbons (Schroeder et al., 1990) anchored to the
membrane of the oral apparatus (Allen, 1974). In
Tetrahymenapp., these ribbons are less well developed; they
are shorter and the number of microtubules per ribbon
smaller than inParamecium(R. D. Allen, personal
communication).

To determine whether phagocytosis in the two forms of
T. vorax is dependent on microtubules, we used
nocodazole, which has been shown to depolymerize
microtubules (Adelman et al., 1968). As depicted in Fig. 6,
phagocytosis in microstomal cells was not significantly
(t-test, P>0.05) inhibited by nocodazole (final
concentration Himoll-1). However, the movement of the
phagosomes was prevented by the drug, and the phagosomes
stayed near the oral apparatus. To count the number of
phagosomes, the cells were washed five times in Dryl

To further characterize phagocytosis in macrostomes, wsolution after the 6min incubation period with carmine

studied the effects of cytochalasin B, an inhibitor ofparticles and allowed to stand for 30 min before being fixed
microfilament polymerization, and nocodazole, an inhibitor oin formaldehyde (0.4 %). In macrostomes, the concentrations
microtubules, on phagocytosis by macrostomes. The drugg nocodazole used were 0.3, 3.0 and @0ll-1 The

were dissolved in DMSO, and the final DMSO concentratiomocodazole-treated macrostomes rarely formed more than
in the cell suspensions was far below the critical concentratioone phagosome (Fig. 7), possibly as a result of the inhibition
(2.5% v/v) for suppressing phagocytosis Tetrahymena of membrane transport (in the form of discoidal vesicles
pyriformis (Nilsson, 1974). The effects of these drugs ontransported along microtubules) to the pouch. Membrane
phagocytosis in microstomes were studied in parallefransport in microstomal cells did not seem to be affected by
experiments. nocodazole since the drug did not inhibit phagocytosis in

Cytochalasin B, which is a potent inhibitor of actinthese cells.
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Fig. 6. The distribution of digestive vacuoles (A) in untreated
microstomes (control) and (B) in cells treated withuntol|-1 401
nocodazole. No significant differences were observed between ti 201
control and treated cells. In all experiments, the concentratidn of l_'_| r
thermophilawas 10cellsmil. The experiment was repeated three 0 0 1 P 3 3
times, and 100 microstomal cells were counted in each experimer >
Values are expressed as the meare#. Number of vacauolesper cell

Fig. 7. The distribution of digestive vacuoles in macrostomes in
' . untreated microstomes (A) (control) and in cells treated with
Discussion 0.3umol I-1 (B), 3.0umolI-1 (C) and 30.Qumol -1 (D) nocodazole.

Prey capture by macrostomes and microstomes Nocodazole largely prevented macrostomes from forming more than

The data presented here indicate that the macrostome foone dige§tive vacuole. In ?” experimer_lts, the concentratiof. of

of the polymorphic ciliatd. voraxselectsT. thermophilaas a t.h ermophilawas 1.6 cellsml™. The experiment was repeated three
. . times, and 100 microstomal cells were counted in each experiment.

prey when it has the opportunity to chose betwden 4 es are expressed as the meaE#.
thermophilaand latex beads and betweBnthermophilaand
microstomes. It has been suggested that some ciliates m
select edible particles from mixtures of edible and inediblalividing macrostomes, which do not phagocytose, were
particles. T. pyriformis for instance, engulfs bacteria in counted. In immature macrostomal cells, which are incapable
preference to colloidal gold, but gold is taken in when naf engulfing prey since the pouch is not completely developed,
bacteria are present (Elliott and Clemmons, 1966). In a dropléte T. thermophilaremained bound for 2-5s to the anterior
containing small microstomes afid thermophilacells, the surface of the cell. There were no signs of any interaction
macrostomal cells chose thermophilaeven if the ratio was between the anterior part of an immature macrostome cell and
5:1 in favour of microstomes. These data show that tha latex bead, supporting the idea that macrostomes recognize
selection ofT. thermophilacannot be due only to recognition T. thermophilaselectively.
of digestible substances and suggest thatthermophila
exposes or releases a substance that is easily recognized by fildagocytosis in macrostomes is not triggered by mechanical
macrostome. It remains to be determined whether this putative stimulation
substance acts as a chemotactic molecule or whether theThe mechanism whereby phagosomes are pinched off from
macrostome seleclis thermophilaonly after random contact. the oral apparatus in ciliates is unknown. It has been suggested

The percentage of macrostomes in the process of capturitigat the formation of food vacuoles is induced by the
prey during 30min of incubation with either deciliatdd mechanical action of captured particles (Allen and Fok, 2000).
thermophilaor latex beads was approximately 30% (Fig. 2),Tetrahymena pyriformisncubated with polystyrene latex
which may seem low. It should be noted, however, that all cellgarticles and natural food particles (bacteria) accepted the
with a large pouch were counted. Thus, both immature angolystyrene latex particles as readily as the bacteria, and acid
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phosphatase appeared normally in the vacuoles (Muller et aily, both microstomes and macrostomes. This is in accordance
1965). Microstomal cells cultured in Dryl formed phagosomesvith  earlier ~ observations of cytochalasin-B-treated
when they were exposed to latex beads with a diameter &arameciumspp. andT. thermophila(Nilsson et al., 1973;
3.0um (data not shown). Phagocytosis of particles inAllen and Fok, 1985; Fok et al., 1985). It has been suggested
microstomes therefore seems to be a rather non-selectitteat actin polymerization may be required just before the
process. Food particles are swept into the oral apparatus by temmencement of the movement of the nascent phagosome
beating of the oral ciliary membranelles, and mechanicadlong the postoral microtubular bundle (Schroeder et al.,
stimulation by the prey may subsequently trigger phagocytosi4990). Antibodies against heavy meromyosin (which decorates
The non-selective phagocytosis seen in microstomeactin) label the periphery of phagosomes during and shortly
changes to a highly selective process during thafter phagosome movement (Cohen et al., 1984a,b), indicating
transformation to macrostomes. In macrostomal cells, as iat the pinching off of the nascent phagosome is dependent
microstomal cells, latex beads were captured in the oran actin microfilaments.
apparatus but whereas the oral apparatus containing beads
separates to form a closed vacuole in microstomes, this stepMembrane transport to the pouch in macrostomes occurs
does not take place in macrostomes (Fig. 3A), indicating that along microtubules
mechanical stimulation by the prey does not in itself trigger Microtubules are an important constituent of the architecture
phagocytosis in the macrostomal formTofvorax Although  of the oral apparatus ifetrahymenaspp. The microtubules
macrostomes captured. thermophila in preference to form a deep fibre bundle that extends far into the cytoplasm,
microstomes, phagocytosis of microstomes startednd the food vacuoles are guided along these tubules away
immediately following capture, indicating that the from the oral apparatus (Nilsson and Williams, 1966). New
substance/molecule that triggers the formation of thenembrane is incorporated into the membrane of the oral
phagosome is not specific for thermophilacells. However, apparatus during phagocytosis. Small vesicles are present in
T. thermophilaseem to contain ‘signal’ molecules with higher the oral region offetrahymenaspp. (Nilsson and Williams,
affinity or in greater amounts than those in the microstomed.966; Nilsson, 1976), and their membranes resemble those of
The macrostomes may conceivably contain receptors in thetine food vacuoles (Nilsson, 1979). Rarameciumspp., the
pouch that need to be activated by signal molecules associate@mbrane of the nascent phagosome is provided by discoidal
with or released from the prey in order to stimulatevesicles that fuse with the membrane of the oral apparatus
phagocytosis. The actual phagocytosis of the prey may Kéllen, 1974). The discoidal vesicles are transported to the oral
initiated by binding to receptor sites similar to those thatpparatus along microtubular ribbons (Schroeder et al., 1990)
mediate phagocytosis in macrophages and neutrophinchored to the membrane of the oral apparatus (Allen, 1974).
(Aderem and Underhill, 1999). Receptor-mediatedit has been suggested that vesicles retrieved from food
phagocytosis in macrophages is a well-documented procesacuoles during processing as well as after fusion with the
initiated by signals that originate from the receptors involvedatytoproct may be reused for vacuole formation (Allen and Fok,
in binding the particle (Aderem and Underhill, 1999). Two-1980). Nocodazole, an inhibitor of microtubule formation, did
dimensional electrophoresis of the macrostome oral apparatost affect phagocytosis in microstomes in our studies (Fig. 6).
of T. voraxhas revealed approximately 55 polypeptides inlt is possible, however, that nocodazole does not depolymerize
addition to the set of approximately 145 polypeptides alsanicrotubules iffetrahymenapp. The microtubular ribbons in
found in the microstome oral apparatus (Gulliksen et althe oral region ofParameciumspp. are unaffected by
1984). Some of these additional peptides in macrostomes magcodazole (R. D. Allen, personal communication). The

correspond to receptor proteins and signal proteins. absence of effect could also be due to a large membrane pool
already docked to the oral apparatus.
The closing of the food vacuole is dependent on actin Surprisingly, nocodazole greatly inhibited the formation of
filaments more than one phagosome in macrostomes (Fig. 7); this could

Little is known about the molecular mechanisms that lead tbe due to inhibition of membrane transport along microtubules
the closing of a phagosome in ciliates. In ‘higher’ Eukaryotato the pouch. However, the need for membrane during
receptors (e.g. Fc receptors) mediating phagocytosis aphagocytosis to form the pouch may require the retrieval and
expressed on macrophages and neutrophils. Receptacycling of membrane from previously formed phagosomes
clustering occurs upon patrticle binding, and this generatestsfore the cell can capture another prey.
phagocytotic signal that leads to the activation of kinases
(including scr and syk and phosphatidylinositol 3-kinase)Backward swimming after capture offathermophilacell is
(Ninomiya et al., 1994). Monomeric GTPases, in cooperation probably related to the process of phagocytosis
with phosphatidylinositol 3-kinase, can modulate the assembly When aT. thermophilehas been engulfed in the pouch, the
of the submembranous actin filament system, leading tmacrostomal cell, which normally swims in a forward
particle internalization (Araki et al., 1996). Cytochalasin B, adirection, reverses direction and swims backwards for a short
potent inhibitor of actin polymerization, inhibits the time before starting to rotate (Fig.4). This backward
detachment of the nascent phagosome from the oral apparaty@imming could be due to the avoidance reaction normally
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seen after mechanical stimulation of the anterior part of thellen, R. D. and Fok, A. K.(2000). Membrane trafficking and processing in

cell. This behaviour has been studied in detaRamamecium Arngame‘?i;’g‘;":;bﬁevl\-ﬂCyTtO't?% 287\;;%’(3)“ 1. A(1996). A role for
spp. (Naitoh and Eckert, 1969). Touching the front end of the ph<’)sph,0inositide ’3—kinase in the compl(’etion of macropinocytosis and

animal opens stretch-sensitive?Cahannels and generates a phagocytosis by macrophagdsCell Biol 135 1249-1260.

depolarizing receptor potential that leads to a reversal of thHgown, E. J. (1995). PhagocytosigioEssaysl7, 109-117. o
i beat d back d . . in both it uhse, H. E., Jr (1966a). An analysis of macrostome production in
Cliary beat an ackward swimming. vorax in both its Tetrahymena voraxstrain V2-typeJ. Protozoal 13, 429-435.

microstome and macrostome forms, display a similaBuhse, H. E., Jr(1966b). Oral morphogenesis during transformation from

avoidance reaction to mechanical obstacles (H. K. Gmn“en,microstome to macrostome and macrostome to microstoietiahymena

. . . vorax strain V2 type STrans. Am. Microsc. So85, 305-313.
unpUb“Shed data)' If the observed backward swimming Werguhse, H. E., Jr (1967). Microstome—macrostome transformation in

related to the stimulation of mechanosensitive channels in theTetrahymena voraxstrain V2 type S induced by a transforming principle,

pouch by the prey, we might expect backward swimming tg_stomatin.J. Protozool 14, 608-613. - "
fit ture of a latex bead. However. since th%hua, B., Elson, C. and Shrago, E1977). Purification and properities of a
occur aiter cap : ’ cytosol C&*-activated ATPase fronTetrahymena pyriformisJ. Biol.

macrostomal cells did not change their swimming pattern after Chem 252 7548-7554.

capturing a latex bead, we believe that backward swimmingohen. J., Garreau de Loubresse, N. and Beisson, (1984a). Actin
) ikelv to b lated t . | It f mobilization during phagocytosis ParameciumJ. Submicrosc. Cytol6,
IS more likely 10 Dbe relate 0 signals resulting 1rom 153 104.

phagocytosis. At the same time as the macrostome Swint®hen, J., Garreau de Loubresse, N. and Beisson, (1984b). Actin
backward in response to phagosome formation, the anterijormicrofilaments in Paramecium Localization and role in intracellular

t of th Il tract movementsCell Motil. 4, 443—-468.
part o e cell contracts. Dryl, S. (1959). Antigenic transformation ifParamecium aureliaafter

Backward swimming may be the result of an increased homologous antiserum treatment during autogami and conjugation.
internal C&* concentration, which will cause reversal of the _ Protozool (Suppl.)6, 25.

e . Elliott, A. M. and Clemmons, G. L. (1966). An ultrastructural study of
cilia (Naitoh and Eckert, 1969). It has been shown thét Ca ingestion and digestion imetrahymena pyriformisJ. Protozool. 13,

plays a role in the initiation of pouch closure to form a closed 311-323.
vacuole in the macrostomal form ®f vorax(Sherman et al., Fok, A. K., Leung, S.S., Chun, D. P. and Allen, R. [{1985). Modulation

. . . . of the digestive lysosomal system iRaramecium caudatum ll.
1982). This observation supports the idea that influx éf Ca Physiological effects of cytochalasin B, colchicine and trifluopera&ue.

to the cytosol is one step in the signal-transduction processJ. Cell Biol.37, 27-34.
during phagocytosis in macrostomes. Contractile proteins hay&elland, E. M. (1988). Different growth phenotypes détrahymena/orax

. : " “V-2 microstomes. I. Changed control of cell-cycl J. Protistol
also been reported to be associated with the oral regionys soa ame -~ Changed contolofcelleycle passage.J. Protisto

of Pseudomicrothorax dupiugHauser et al., 1980). In Gulliksen, O. M., Lavlie, A. M. and Kvamme, L. (1984). Different

Tetrahymenaspp., three different calmodulin proteins have polypeptides in two homologous cellular structures: The microstomal and
been found (Takemasa et al., 1989, 1990), and the cytosol Ofshlel_rgzigostomal oral apparatus Détrahymena voraxDev. Biol. 103

Tetrahymenaspp. contains Cé-activated ATPases (Chua et Hauser, M., Hausmann, K. and Jockusch, M{(1980). Demonstration of
al., 1977)_ The increased cytosolicZCaoncentration may be tubulin, actin and a-actinin by immunofluorescence in the

. . microtubule—microfilament complex of the cytopharyngeal basket of the
a result of influx of C& from the environment and/or from ciliate Pseudomicrothorax dupiufxp. Cell Res125, 265-274.

intracellular organelles. Abundant alveoli, the main storag@awkins, S. E. (1975). The regeneration of cilia ifietrahymena In
organelles of Ci (Stelly et al., 1991), are associated with the Laboratory Manual of Cell Biologfed. D. O. Hall and S. E. Hawkins), pp.

) . . . 124-126. London: The English Universities Press.
oral apparatus inTetrahymena pyriformis(Nilsson and Leakey, R. J. G., Wills, S. A. and Murray, A. W. A. (1994). Can

Williams, 1966). C&' chelators (EDTA and EGTA) are known  cytochalasin B be used as an inhibitor of feeding in grazing experiments on
to cause collapse and resorption of the pouch in the ciliates?Eur. J. Protistol 30, 309-315.

Muller, M., Rohlich, P. and Toro, I. (1965). Tetrahymena pyriformis
macrostomal form of . vorax(Sherman et al., 1982). mechanical trigger the phagocytoslsProtozool 12, 27-34.
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