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Summary. Meseres corlissi Petz and Foissner (1992) is an oligotrichine ciliate covering the resting cyst with epicortical scales called
lepidosomes. We studied in detail encystment as well as the genesis and release of the lepidosomes, using live observation, morphometry,
and transmission electron microscopy. Encystment is remarkable in changing body shape distinctly and showing two phases of intense
rotation. When encysting, the conical body becomesglobular and formsadiscoidal “head” via afibrousligament. Then, thecell rotatesrapidly
about its main axis for a minute. We speculate that this rotation transports the lepidosomes and cyst wall precursors to the cell’s cortex.
When rotation stops, the |epidosomes are released within about 5 - 20 s. Then occurs a second, slow rotation phase lasting several minutes
and possibly distributing the material released by the cyst wall precursors. The Iepidosomes develop in Golgi vesicles. Maturation thus
occurs in a membrane-bound vesicle and is a complex process with seven distinct stages. The central cavity of the lepidosome develops
asymmetrically, and the large meshes of the lepidosome wall develop earlier than the small ones. Growth of the |epidosomes does not occur
by vesicular transport processes. The lepidosomes are rel eased by classical exocytosis. The lepidosome (vesicle) membrane closes the port
and becomes part of the newly forming cortex. Detailed data on encystment and |epidosome genesis are rare. However, it turned out that
both, encystment and Iepidosome genesis are more complex in M. corlissi than in most other ciliates.

Key words: cystic ciliates, exocytosis, oligotrichine ciliates, Strombidium oculatum, transmission electron microscopy, vegetative ciliates,
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INTRODUCTION

Lepidosomes are epicortical, organic structures of
definite shape produced intracel ularly by trophic and/or
cystic ciliates (Foissner et al. 2005). They occur in a
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variety of ciliates and often have nice shapes and
structures. L epidosomes were recognized only recently
as a specific structure of ciliates (Foissner et al. 2005),
likely because they have been described under a bewil-
dering variety of names, e.g., Schleim, curieux éléments,
gelatinouscovering, foam, external scalelayer, epicortical
scales, “scales’, chalice-like structures, and yellow or
brownish globules. In Meseres corlissi, |epidosomes
occur only in the cystic stage, where they are part of the
pericyst (Foissner 2005, Foissner et al. 2005).
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Except of Colpoda cucullus (Kawakami and Yagiu
19634, b), the genesis and release of the lepidosomes
remained unknown. This contrasts other protist groups,
especially algae, where external scale genesis and re-
lease have been studied in great detail (e.g. Hibberd
1980, Romanovicz 1981, Pienaar 1994). Thus, the
|epidosome-coated resting cyst of Meseres corlissi pro-
vided an excellent opportunity to study scalegenesisand
release in a ciliate.

Our investigations showed that lepidosome and cyst
wall genesis are complex processes connected with the
production of four types of highly organized cyst wall
precursors which produce, inter alia, the slime adhering
the lepidosomes to the resting cyst. These data and cyst
wall genesis will be described in a forthcoming paper
(Foissner and Pichler 2006). Here, we concentrate on
lepidosome genesis and release as well as on encyst-
ment which shows several peculiarities likely related to
the lepidosomes and slime precursors.

We studied encystment previously (Foissner et al.
2005), but missed several important processes because
the light of the microscope and the microaguaria dis-
turbed encystment whose conditions can be only par-
tialy reproduced. Now, we used another method which
provided epidemic encystment, and we could study the
process in great detail in the light and electron micro-
scope.

MATERIALS, METHODS AND TERMINOLOGY

Material and cultivation. The population studied was isolated
from ameadow soil of Upper Austria, i.e., in the surroundings of the
town of Kefermarkt, using the non-flooded Petri dish method (Foissner
etal. 2002).

Cultures of M. corlissi were established with about 20 cells on
Eau de Volvic (French table water) enriched with some sguashed
wheat grains and Cryptomonas lucens (UK Culture Collection of
Algae and Protozoa, CCAPR, Windermere).

Induction of encystment. The various encystment stages were
obtained by transferring about 2000 specimensfrom an exponentially
growing culture (about 10% dividers) into a Petri dish 5 cm across,
together with 7 ml culture medium and the food contained therein.
This isolated part of the culture was then controlled hourly with a
dissecting microscope. Encysted specimenswere recognized already
after 5 h, but epidemic encystment occurred after 20 hwhen food was
visibly reduced.

Encysting and non-encysting specimenswereisolated with afine
pipette and transferred into micro-aquaria made of vaseline and a
coverdlip on a microscope slide. Microscopic observation was per-
formed under dimmed light because ordinary light intensity greatly
disturbs the encystment process; full light was used only for the
micrographs.

Morphological and cytological methods. The methods de-
scribed in Foissner (2005) and Foissner et al. (2005) were used.

M or phometry. We provide detailed morphometric datafor most
of the structures described. This is uncommon in cyst research and
was criticized by both reviewers. Thefirst reviewer suggested that it
“would make much more senseto giveround figures’, and the second
oneeven believesthat the* tabul ated val ues should bedeleted”. Thus,
some comment is necessary.

In our opinion, abasic, descriptive statistics greatly improvesthe
value and interpretation of the observations because of showing the
variability of the data and the number of specimens and/or observa-
tions they are based. As concerns the present and a forthcoming
study, morphometry was indispensable for discriminating between
the about 35 developmental stages of five types of cyst wall precur-
sors. Certainly, the measurements are influenced by, e.g., shrinkage
or inflation during fixation and embedding, the magnetic hysteresis
of thelenses of the electron microscope, and the uncertainty to know
whether the section passes through the widest part of the structure
(when globular, this can be checked by the membranes whose
tripartite structure can be seen clearly only if the sectionisin or near
to the mid). Accordingly, the data are less exact than they appear in
Table 2. However, this applies to most measurements, and the more
they are distorted by external factors the more statistics is required
(Sachs 1984)! In any case, datawith statistics are much morereliable
than the freguently used “about”. Today, internationa journals
would not accept ciliate descriptions without appropriate statistics,
though the data are influenced by the preparation procedures, the
calibration error of the microscope, and other shortcomings.
However, we know of these problems and thus can estimate their
influence and, if appropriate, can test for differences with compara-
tive statistics. Thus, more exact data should become the rule in
cystology, too.

Terminology. General ciliateterminology followsCorliss(1979),
cytological terminology isaccordingto Albertset al. (1994), and cyst
terminology is according to Gutiérrez et al. (2003), Foissner (2005),
and Foissner et al. (2005).

RESULTS

Trophic cell

The specimensfrom Upper Austriaare highly similar
to those from the Salzburg type locality (Petz and
Foissner 1992) and the Dominican Republic (Foissner et
al. 2005). Usually, cellsare obconical or pot-shaped and
have asize of about 70 x 50 ym invivo (Figs 2, 4). The
somatic cortex is covered by an average of eight rows
of about 15 um long bristles. The anterior body end is
occupied by about 16 collar and 15 ventral adoral
membranelles. The whole cell, including somatic cilia
and adoral membranelles, is covered by the so-called
perilemma and a thin layer of mucus (Foissner et al.
2005). The perilemma is typical for some groups of
spirotrich ciliatesand consists of oneto several tripartite



membranes lying upon the cell membrane of the ciliate
(Foissner 2005; Fig. 57).

Encystment

Protargol impregnation and transmission el ectron mi-
croscopy showed that about one third of the specimens
of exponentially growing cultures havelepidosomes and
cyst wall precursors in various stages of development;
10% even contain few or many fully differentiated
lepidosomes. Thus, encysting cellsare found throughout
the life cycle. We consider this as a specific survival
strategy, details of which will be reported in a separate
paper.

The above mentioned specimens look like ordinary
cells, even if they contain many mature |epidosomes,
while “truly” encysting specimens show a series of
morphological and physiological changes described in
the following paragraphs (Figs 1, 4-20). Although en-
cystment is a continuous process, six distinct stages can
be distinguished, each associated with certain morpho-
logical and/or physiological changes.

Stage (a): Thefirst morphological changes recogniz-
able are a considerabl e reduction of the cell volume and
adlight elevation of the peristomial bottom, likely caused
by some constriction of the peristominal collar (Figs 1a,
4,5, 16, Table 1). Thebasic cell shapeismaintained, and
many developing and some mature |lepidosomes are
recognizable in the light- and electron microscope. The
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somatic cilia become shorter gradually and swimming
speed decreases.

Stage (b): Next, the cell becomes globular and devel-
ops a very distinct constriction anteriorly, i.e., reaches
the “head stage” which is significantly shorter than the
theront stage, while the volume remains the same
(Figs1b, 6,7, 17, Table 1). The formation of the head is
achieved by an about 200 nm thick ring of fibres
(Fig. 18). Many mature or almost mature lepidosomes
are now scattered throughout the cell and length reduc-
tion of the somatic cilia continues (Fig. 13).

Stage (¢): When stage (b) is fully developed, a
Conspicuous process commences, that is, the cell rotates
rapidly about the main body axis for a minute or so
(Figs 1c, 8). Obvioudly, this rotation is caused by the
adoral membranelles, which are ailmost unshortened
(Figs 9, 17). During rotation, the lepidosomes and cyst
wall precursors accumulate in the periphery of the cell
(Figs 8, 9, 17). When specimens are disturbed, they
perform a few short, rapid jumps and then continue to
rotate.

Stage (d): Then, thecdll splaystheadora membranelles
and therotation stops abruptly (Fig. 9). Thelepidosomes
are now tightly underneath the cortex and are released
immediately. The release of the lepidosomes occurs
within 5 - 20 s, rarely within 60 s, as observed in 10
specimens (Figs 1d, 10, 19). Lepidosome release is
spectacular, that is, they appear to glide through the

Table 1. Size and volume changes of Meseres corlissi during encystment. Data based on fixed, Epon-embedded specimens as used for
transmission electron microscopy, except of trophont measurements which are from life. Measurementsin um. CV - coefficient of variation
in %, M - median, Max - maximum, Min - minimum, n - number of specimens investigated, SD - standard deviation, SE - standard error

of mean, X - arithmetic mean.

Characteristics X M sD E cv Min Max n
Trophonts
Length 72.7 76 15.2 35 21.0 60 88 19
Width 59.4 64 7.9 18 133 48 42 19
Volume (truncated cone)? 118 488 pm? 19
Theronts ready to encyst
Length 62.9 64 6.1 14 9.7 52 76 19
Width 484 48 2.8 0.6 5.8 a4 55 19
Volume (truncated cone)? 66 367 um3 19
Encysting cell in “head” stage
Length (with head) 55.9 56 5.3 12 9.4 44 64 19
Width 48.0 48 32 0.7 6.7 40 52 19
Volume (ellipsoid)? 67 523 pm? 19
Early resting cysts
Length 41.4 40 3.6 0.7 87 36 48 19
Width 38.8 40 4.4 1.0 11.4 28 44 19
Volume (sphere)? 33 493 pm?3 19

aGeometric figure applied for volume calculation
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Figs 1la-f. Meseres corlissi, encystment according to live observations and micrographs (Figs 4-15). a - early stage of encystment, where the
peristomial collar narrowsand some a most maturelepidosomesoccur; b - “head” stage, wherethe cell becomesglobular and hasmany mature
lepidosomes; ¢ - frontal view during the rapid rotation phase which lasts for about 1 min and possibly slings the lepidosomes to the periphery
of the cell; d - then, the cell stopsrotation and all |epidosomes are released within about 20 s; e - next, the cell rotates slowly for about 5 min,
reducing the adoral membranelles and secreting mucous material. Two important processes occur during the slow rotation phase: cell sizeis
reduced causing the wrinkled shape, and cyst wall material is secreted eventually appearing as an up to 10 pum wide, bright zone (asterisks);
f - young resting cyst with lepidosome layer 0 - 3 um distant from cyst wall.

cortex, whereby the cell becomes dlightly but distinctly
inflated, just like it would take a deep bresath. For
cytological details, see electron microscopy below.
Stage (€): Within the next two minutes, the shortening
adoral membranelles attach to the cell which then com-
mencesto rotate slowly for about five minutes; likely, the
rotation iscaused by the shortened adoral membranelles,
though no distinct movementsof their ciliaarerecogniz-
able(Figs1e, 11). Duringrotation, the cell getsadightly
irregular outline and becomes smaller, that is, reaches a
diameter of about 40 um, likely due to the high activity
of the contractile vacuole which expels water every 10 s.
Further, the rotation is associated with the secretion of
an up to 10 um thick slime layer which pushes away the
lepidosomes. Theslimeisvery hyaline and recognizable
mainly dueto the adhering bacteria; it doesnot stainwith
uranyl acetate and lead citrate, and thus a wide, clear
zone becomes recogni zabl e between cell and |epidosome

coat in the light- and electron microscope (Figs 12, 20).

Stage (f): When rotation ceases, the cyst wall s. str.
is assambled and separated from the mucous coat by
1-3 um (Figs 1f, 15). When such cysts are treated with
acian blue, the newly produced cyst wall and the
mucous coat stain heavily (Fig. 14), showing the pres-
ence of acid mucopolysaccharides (Foissner et al. 2005).
In mature cysts, the wall does not stain with alcian blue
(see Foissner et al. 2005 for more detailed cytochemical
data).

Mature resting cyst

The mature resting cyst of M. corlissi has been
investigated by Foissner (2005) and Foissner et al.
(2005). Thus, we provide only a very brief description
needed for understanding the present paper.

Mature cysts of M. corlissi are globular and about
45 um across (Fig. 15). They belong to the kinetosome-
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Figs2-15. Meseres corlissi, vegetative and encysting specimensin the scanning electron microscope (2, 3), in vivo in the bright field (5, 6, 8,
12) and interference contrast (4, 9-11, 13, 15) microscope, after fixation as used for transmission electron microscopy (7), and stained with
acianblue(14). 2, 4 - ventral views showing general organization and buccal vertex (arrowhead); 3 - alepidosome; 5 - early encystment stage
with narrowed peristomial collar (arrow); 6, 7, 13 - “head” stage with many lepidosomes (L). 8 - rapid rotation stage where the lepidosomes
(arrowheads) accumulatein the cell’s periphery; 9, 10 - after rapid rotation (8), the cell stops(9) and rel easesthe lepidosomes (10) within about
20s; 11, 12, 14 - then the cell beginsto rotate slowly, reducesthe adoral membranelles (11), and rel eases cyst wall material which formsathick,
bright coat (12, asterisks) deeply staining with acian blue (14). Arrows in figure (12) mark coat margin quickly colonized by bacteria;
15 - young cyst with narrow space (asterisk) between cyst wall and lepidosome coat. AM - adoral membranelles, CR - ciliary rows,
L - lepidosomes, M - mucous layer, MA - macronucleus, MN - micronucleus, W - cyst wall. Scale bars: 5 um (3); 30 um (2, 4-15).
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Figs 16-20. Meseres corlissi, overviews of avegetative cell (16) and of encysting specimens (17-20) in the transmission el ectron microscope.
16 - (corresponds to specimens like those shown in Figures 2, 4) - longitudinal section showing the overall organization of a vegetative
specimen; 17, 18 - (correspond to specimens like those shown in Figures 6, 7) - a“head stage” specimen at the end of thefirst rotation phase,
asrecognizable by the peripheral |ocation of the lepidosomes (L) and cyst wall precursors (P). The specimen rounds up and constrictsthe oral
area by afibrousligament (18), producing a highly characteristic knob, the “head”; 19 - (corresponds to specimens like that shown in Figure
10) - aglobular specimen just extruding the lepidosomes (arrow); those marked with arrowheads have just | eft the cell and are shown at higher
magnification in Figure 53. The adora membranelles (AM) are till intact, and many cyst wall precursors (P) are recognizable;
20 - (correspondsto specimens like that shown in Figure 12) - the cell now commencesto rotate slowly, reduces the adoral membranelles, and
releases the cyst wall precursors which push away the lepidosomes, producing a thick, slimy, stainless zone around the cell (asterisks).
AM - adoral membranelles, AV - autophagous vacuoles, BC - buccal cavity, BL - basal layer of lepidosome coat, CV - contractile vacuole,
FV -foodvacuole, L - lepidosomes, LI - ligament, MA - macronucleus, P- threetypesof cyst wall precursorsdescribed in aforthcoming paper,

SG - starch grain. Scale bars: 200 nm (18); 10 um (16, 17, 19, 20).
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2000 nm

Fig. 21. Meseres corlissi, schematic figures drawn to scale of |epidosome genesis (a-g) and release (h). See text and Figures 22-58 for more

detailed explanation.

resorbing type and have a conspicuous coat of extracel-
lular organic scales, termed | epidosomes, embedded ina
thick layer of mucus mainly composed of acid muco-
polysaccharides. The lepidosomes, which likely consist
of glycoproteins, arefinely faceted, hollow sphereswith
adiameter of 2 - 14 um (Fig. 3). The cyst wall is about
1.5 ym thick, smooth, and consists of five complex layers.

Genesis of the lepidosomes

Although | epidosome genesisisacontinuous process,
we have distinguished seven stages roughly correlating
with the six encystment stages described above
(Fig. 21). However, the sometimes high coefficients of
variation indicate that several distinct stages have been
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Figs 22-41. Meseres corlissi, transmission electron micrographs of stages (a-d) of lepidosome genesis. 22-25 - stage (&) shows that the
lepidosomes are generated pairwise in dumbbell-shaped vesicles (arrowheads) of the medial Golgi cisternae. The vesicles, which have an
average size of 85 x 78 nm, becomefilled with strongly osmiophilic material [arrowheadswith (a)]. Figure 23 showsthat the Golgi apparatus
and vesicle production of M. corlissi correspond to textbook knowledge: transition vesicles arriving from the smooth side of the endoplasmic
reticulum (SE) fuse with membranes of the cis-Golgi network, while Iepidosome precursors bud off from the trans-Golgi network;
26-28 - coated transport vesicles; 29-34 - stage (b) precursors have a size of about 200 nm and show a cogged dense core when mature; 35-
38- stage(c) isvery distinctive because abright areadevel opsat themargin of thevesicle. Thebright areaisnot recognizable, if the section goes
trough the el ectron-dense portion, which is composed of finely reticular material; 39-41 - stage (d) is characterized by the occurrence of mesh
precursors (arrows) in the periphery of thedense core. Thelepidosome precursors have now light-microscopical dimension, i.e., asize of about
2um. G - Golgi vesicles, P- cyst wall precursor, RE - rough endoplasmic reticulum, SE - smooth endoplasmic reticulum. Scale bars: 100 nm
(22-34); 400 nm (35-41).



lumped or the process runs very fast (Table 2). The
genera fine structure of the cytoplasm of M. corliss
matches that of other ciliates and textbook knowledge,
except of the endoplasmic reticulum and the Golgi
apparatus which are comparatively distinct, likely be-
cause lepidosomes and cyst wall precursors are pro-
duced throughout the cell cycle (see above).

Stage (a): Lepidosome genesis commences with the
appearance of dense core vesiclesin the dilated rims of
the medial and trans-Golgi cisternae. Thus, the
lepidosomes originatein pairs, producing highly charac-
teristic, dumbbell-shaped vesicles with an average size
of 251 x 74 nm (Figs 21a, 23, Table 2). When the
vesicles have pinched off, they become globular and
have an average size of 85 x 78 nm (Figs 22, 24, 25,
Table 2). Both the dense core and the surrounding
membrane are more or lesswrinkled. Usually, thereisa
minute space, often traversed by fibrogranular bridges,
between membrane and core. The dense core is com-
posed of strongly osmiophilic, very fine-grained material .

Two other vesicle types are aso rather frequent and
have the same size as the lepidosome precursors. They
are coated by an about 30 nm thick, finely granular
material, and oneisfilled with heavily osmiophilic mate-
rial (Figs 26, 28), whilethe other appearsbright (Fig. 27).
Likely, these are transport vesicles.

Stage (b): The vesicles are globular to broadly ellip-
soidal and doubled the average size to 206 x 182 nm
(Table 2). Usually, the vesicle membrane and the dense
core are less wrinkled than in stage 1, but the core
surface often shows a cogged pattern (Figs 32-34). The
densecoreisvery narrowly reticular and slightly smaller
than the vesicle, leaving a narrow, bright space bridged
by fine strands of fibrogranular material (Figs 21b, 29-
31).

Stage (¢): Thelepidosome precursorsare now broadly
ellipsoidal and have a size of 615 x 525 nm on average
(Table 2). Stage (c) is characterized by the appearance
of a bright area at the margin of the dense core, which
is connected to this area by many fine strands of
fibrogranular material. The bright area, which has an
averagesize of 465 x 312 nm, containsaloosereticulum
of fibrogranular core material and, frequently, some
patches of condensed core material (Figs 35, 37). Rarely,
two or more bright areas occur, and sometimes the area
distinctly projects from the vesicle proper, producing a
rather irregular outline of the vesicle. The dense core
has a finely spotted appearance, indicating a reticular
arrangement of the material. Still, the core is separated
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from the surrounding vesicle membrane by an about
15 nm wide space bridged by many fine strands of
fibrogranular material (Figs 21c, 35-38, Table 2).

Stage (d): The next stage distinguishable has aready
light microscopical dimension, that is, has an average
size of 2020 x 1827 nm (Table 2). Frequently, the
precursors are broadly ovate with the bright portion
being narrower and more or less protruding. The fine
structure of the bright area and the dense core are as
described in stage (c), but the plane of the former
decreased from 45% to 26%. However, the main fea
ture of this stage is the appearance of mesh precursors
opposite to the bright area (Figs 21d, 39-41). The mesh
precursors are pot-shaped blisters or concavities in the
periphery of the dense core and contain fluffy, weakly
stained materia hardly distinguishable from the back-
ground; they are not bounded by a membrane, except
distally, where the precursor membrane covers the
blisters. The blisters have an average size of 228 x
174 nm and are comparatively rare, indicating that they
will form the large meshes of the lepidosomes.

Stage (€): By further growth, the lepidosome precur-
sors reached an average size of 3350 x 2962 nm, that is,
are broadly ellipsoidal and have atubercular outline due
to the more or less distinctly protruding mesh blisters
(Figs42-44, Table 2). Morphol ogically, two main changes
occur and can be followed via severa transition stages
(Figs 21e, 42-44). First, the dense core material, which
has a finely granular structure (Fig. 46), becomes dis-
tinctly reticulate (Fig. 45), showing that it forms the
lepidosomewall. Second, the bright area, which contains
very fine-meshed, fibrogranular material, commencesto
move centripetally and grows distinctly, now occupying
an average of 49% of thelepidosome plane (Figs42-44).
Obviously, the bright area forms the lepidosome cavity.

Stage (f): The lepidosome precursors have amost
mature dimension, that is, show an average size of
4571 x 3831 nm (Table 2). Most precursors are globular
or broadly ellipsoidal and very near to theciliate’ s cortex
(Figs 47, 49); rarely, they areimpressed on one side and
thus hemispherical or slightly wrinkled. Morphologically,
the precursors are aready highly similar to mature
lepidosomes, that is, they consist of athin, darkly stained
wall and alarge, bright cavity (Figs 21f, 47). However,
details are still in work. The precursor wall material is
still fibrogranular (Fig. 46), while the wall becomes
distinctly reticular. However, the basal layer, which
separatesthewall from the central cavity, isstill thinand
partidly lacking (Fig. 48); thus, cytoplasmic intrusions
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Table 2. Morphometric dataon lepidosome precursors. All measurementsin nm and from transmission el ectron micrographs. CV - coefficient
of variation in %, | - number of cysts investigated, M - median, Max - maximum, Min - minimum, n - number of precursors measured,

SD - standard deviation, X - arithmetic mean.

Characteristicst X M SD cv Min Max n [
Stage (a), length® 251 225 72 28.8 183 413 11 2
width 74 75 16 22.2 47 100 11 2
Stage (a), length® 85 90 20 235 35 109 20 3
width 78 83 21 26.5 30 100 20 3
Stage (b), length 206 200 27 13.0 167 250 14 3
width 182 174 29 16.1 150 227 14 3
Stage(c), length 615 636 114 185 413 767 11 4
width 525 527 108 20.6 387 767 11 4
bright area, length 465 400 163 35.0 300 767 9 2
width 312 283 132 42.4 120 600 9 2
Stage (d), length 2020 1875 90 444 884 3047 26 6
width 1827 1675 84 46.2 714 3684 26 6
bright area, length 1081 1050 327 30.3 507 1682 13 5
width 894 975 262 29.3 453 1318 13 5
mesh precursors, length 228 250 69 304 120 320 13 5
width 174 150 68 39.3 107 319 13 5
Stage (e), length 3350 3107 1536 459 1679 6250 11 5
width 2962 2643 1356 458 1607 5833 11 5
bright area, length 2368 1884 1228 51.8 950 4750 10 5
width 2043 1590 1081 52.9 825 4250 10 5
Stage (f), length 4571 3737 2336 511 2250 9300 14 7
width 3831 3079 1911 499 1875 7895 14 7
wall, thickness 169 158 70 39.2 90 281 13 7
Stage(g), length 5842 5600 2227 38.1 3500 9700 12 7
width 4904 4500 2289 46.7 2500 9300 12 7
wall, thickness 250 211 103 411 158 500 10 7
Stage (h), length 5578 4500 2959 53.0 2400 10300 13 2
width 4754 4000 2622 55.2 1800 9000 13 2
wall, thickness 155 135 62 40.0 68 267 18 2
Just extruded lepidosomes, length 4490 4600 1625 36.2 2300 7600 12 2
width 3952 4035 1389 35.1 1895 6667 12 2

3dumbbell-shaped vesicles, ’single vesicles.

are sometimes found. The large, bright central cavity of
the precursor contains a loose, sometimes very distinct
(Fig. 48) fibrogranular reticulum (Fig. 47), which com-
pletes the precursor wall in the next stage.

Stage (g): By further growth, the precursors reached
their mature size, that is, 5842 x 4904 nm on average
(Table 2). Most precursors are globular or slightly ellip-

soidal and very near to the cortex of the cell; rarely, they
areimpressed on one side and thus hemispherical or are
near to the cell centre. Morphologicaly, two features
change: (i) thewall material organizesto sheets, possibly
viaamicrofibrillar transition stage, which are still finer
and lessdistinct (Figs 50, 51) than in extruded | epidosomes
(Fig. 58), and (ii) the central cavity becomesclear, likely
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Figs42-51. Meseres corlissi, transmission electron micrographs of stages (e-g) of lepidosome genesis. 42-46 - stage (e) precursorshaveasize
of about 3 um and show the rising lepidosome structure, viz., a thick, strongly osmiophilic wall surrounding a large, bright centre with
fibrogranular contents (Figs 42-44). The wall, which evolved from the dense core described in the previous stages, still consists of finely
granular material (Figs45, 46) which, however, now formsacoarse reticulum with meshesincreasing in sizefrom proximal to distal (Figs42-
44); 47-49 - stage (f) precursors, which have adiameter of about 4 um and arethusmuch larger than themitochondria(Fig. 47), already resemble
mature | epidosomes because the wall is much thinner than the central cavity (Fig. 47). Figure 49 is afew sections away from that shown in
Figure47 and demonstratesthat thelepidosomeisnear to theciliate’scortex and thewall isgetting amicrofibrillar structure. The central cavity
isfilled with fibrogranular material (Fig. 47), which is sometimes very distinct (Fig. 48). The lepidosome wall is still in work, often partialy
lacking the basal layer (Fig. 48, arrow); 50, 51 - stage (g) precursors are very similar to stage (f) precursors, but the microfibrillar structure of
thewall changesto more distinct, sheet-like structures (Fig. 51, arrowhead), astypical for the mature lepidosome (Fig. 58). The arrowhead in
Figure 50 marksthe membrane surrounding the devel oping lepi dosome. Thelepidosome cavity becomesclear becausethefibrogranul ar material
(Figs 47, 48) attachesto thewall which thus becomesthicker (Table 2). C - ciliate cortex, LM - lepidosome membrane, LW - lepidosomewall,
M1 - mitochondria, PL - ciliate perilemma. Scale bars: 4000 nm (47); 2000 nm (42-44); 200 nm (45, 46, 48-51).
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Figs52-58. Meserescorlissi, transmission el ectron micrographs of |epidosomerel ease. 52 - the cortex opens (asterisk) to rel ease al epidosome;
53 - (for an overview, see Figure 19) - two lepidosomes which just | eft the cell, as recognizable by the collar (arrowhead) surrounding leaving
lepidosomes (cp. Fig. 56); 54, 56 - two sections of alepidosome leaving the cell. Likely, the cell’s turgor transports the lepidosome out of the
cell. Thelepidosome membrane closesthe opening caused by thelepidosome and transformsinto anew cell membrane (seeal so Figures55, 57).
The arrowhead marks the minute collar forming around the leaving | epidosome. The arrows denote some cyst wall precursors; 55, 57 - some
fortunate sections show that thel epidosome membrane becomes part of the new ciliate cortex closing thel epidosome opening (seeal so Fig. 56).
This process runs very fast, i.e., the new cortex becomes visible immediately after the |epidosome has left the cell. The cortex consists of a
perilemmamembrane (PL), the cell membrane (CM), and the membrane-bounded alveoli (A); 58 - thewall of the mature |epidosome consists
of interwoven, very thin sheets, which form from thefibrogranular material composing thewall of the devel oping lepidosome (Figs 46, 49-51).
A - cortical alveolus, C - cortex, CM - cell membrane, LW - lepidosome wall, M1 - mitochondria, P - cyst wall precursors, PL - perilemma.
Scalebars: 2 um (52); 4 pm (53, 56); 10 um (54); 400 nm (55, 57, 58).
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Table 3. Resting cyst volume as percentage of the vegetative cell volume. All calculations were done or redone by us, using simple geometric
figures (cone, sphere etc.) and average size values as given by the authors cited. Pericyst excluded!

Species Cyst volume % Literature
Oligotrichs
Meseres corlissi 28 This paper; see Table 1
Halteriagrandinella 38 Foissner (unpubl.)
Pelagostrombidium spp. 58 Miller et al. (2002)
Strombidium oculatum 161 Jonsson (1994)
Stichotrichs
Oxytricha bifaria 20 Ricci et al. (1985)
Kahliellasimplex 20 Foissner and Foissner (1987)
Engelmanniellamobilis 33 Wirnsberger-Aescht et al. (1990)
Parakahliella halophila 26 Foissner et al. (2002)
Heterotrichs
Condyl ostomides etoschensis 3 Foissner et al. (2002)
Blepharisma japonicum ~100 Giese (1973)
Blepharisma americanum 92 Foissner (unpubl.)
Peritrichs
\orticella echini 51 Foissner et al. (2002)
Opisthonecta henneguyi 24 Rosenberg (1938)
Opisthonecta henneguyi 5 Walker et al. (1989)
Colpodids
Colpoda cucullus 69 Foissner (1993)
Maryna umbrellata 52 Foissner et al. (2002)
Kuehneltiellanamibiensis 84 Foissner et al. (2002)
Platyophrya spumacola 71 Foissner (1993)
Haptorids
Enchelydiumblattereri 66 Foissner et al. (2002)
Spathidium turgitorum ~100 Foissner et al. (2002)
Arcuospathidium cultriforme 97 Xu and Foissner (2005)

dueto the accumulation of thefibrogranular reticulum to
the precursor’s wall, whose thickness increases from
169 nmin stage (f) to 250 nmin the (g) stage (Figs 21g,
52, Table 2).

Stage (h): The precursor size is similar to that in the
previous stage (Table 2), while the thickness of the
precursor wall decreases from 250 nm in stage (g) to
155 nm in stage (h) and the wall sheets become distinct
and thicker (Fig. 58), as typical for the mature state
(Foissner 2005 and discussion below). The membrane
surrounding the precursor isvery near to the lepidosome
wall (Figs 219, 48, 50). The central cavity is clear and
structureless (Figs 52, 56).

Release of the lepidosomes

When the mature lepidosome leaves the encysting
cell, usualy after the head stage (Fig. 1d), the cortex
opens forming alow wall around the port (Figs 21h, 54,
56). Concomitantly, the precursor membraneisincorpo-
rated into the newly forming cortex consisting of
perilemma, cell membrane and alveoli (Figs21h, 53, 55,

57). Thus, the cytoplasm is membrane-covered during
the whole extrusion process. We studied the release in
nine lepidosomes and are thus sure that the lepidosome
membraneisincorporated into the newly forming cortex.

DISCUSSION

Encystment

Encystment of M. corlissi shows two peculiarities,
viz., body shape changes early and distinctly (Figs 4-7)
and two phases of intense rotation occur (Figs 8, 11).
The mature cyst has also two extraordinary features,
viz., a coat of lepidosomes (Figs 3, 15) and a chitinous
layer in the cyst wall (Foissner 2005, Foissner et al.
2005).

Distinct body changes during encystment occur in a
variety of ciliates, for instance, in Bursaria truncatella,
acolpodid ciliate (Foissner 1993). However, usualy the
shape becomes simpler, while the encysting Meseres
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lookslike another species(Figs6, 7). Preliminary obser-
vations on Halteria grandinella, a close relative of
Meseres corlissi (Katz et al. 2005), showed the same,
that is, the globular vegetative cell becomescylindroidal,
and this stage has been described, indeed, as a distinct
species (Foissner, unpubl.). Srombidium oculatum, the
sole other oligotrich where detailed dataare availableon
encystment, simply rounds up, as do many other ciliates
(Montagnes et al. 2002).

Thetwo rotation phases of the encysting Meseres are
another extraordinary feature. Intheliterature, wefound
only one other ciliate doing the same, viz., Srombidium
oculatum, suggesting that this phenomenon is character-
istic for oligotrichs. Montagnes et al. (2002) described it
as follows: “Cysts form in minutes on the bottom of
tissue plates. A ciliate will swim to asurface, repeatedly
bumpinto the surface, and begin to rotatearounditslong
axis. The ciliate then presses against the surface and
splays its adoral membranelles. After ~30 s, the ciliate
begins to rotate, forms a ball, and within ~1min it is
covered by a cyst wall”. Possible functions of these
rotations will be discussed below. The peculiarities dis-
cussed above, motivated us to compare the cyst volume
of M. corliss with that of other ciliates (Table 3).
However, M. corlissi isnot special in this respect, while
the cyst volume of Srombidium oculatum is consider-
ably larger than that of the vegetative cell, an extraordi-
nary feature not found in other ciliates. The cyst volume
of colpodids and haptorids is between 50% and 100%
and is thus usually larger than that of oligotrichs and
stichotrichs (20%-60%). The wide volume ratios of the
heterotrichs are also remarkable. Generally, the highly
different ratios shown in Table 3 cry for more detailed
investigations and a functional explanation. The data
from S. oculatum suggest that the ratios could be rel ated
to the organism’s ecology/biology (Jonsson 1994,
Montagnes et al. 2002).

L epidosome genesis

Many organelles of protists are produced in cisterns
of the endoplasmic reticulum or in vesicles of the Golgi
apparatus, for instance, trichocysts (Hausmann 1978,
Peck et al. 1993) and the organic scales of various
amoebae, flagellates and algae (Hibberd 1980,
Romanovicz 1981, Pienaar 1994). Inciliates, thegenesis
of thecyst wall precursorsisinsufficiently known. Calvo
et al. (1986) proposed that the wall precursors of a
stichotrich ciliate, Histriculus similis, arise from the
endoplasmic reticulum and the Gol gi apparatus. Thishas
been confirmed by Walker et al. (1989), who docu-

mented that the cyst wall precursor of a peritrich ciliate,
Telotrochidium henneguyi, develops pairwise in dilated
Golgi cisterns, very similar to what we found in
M. corliss (Figs 21a, 23).

As yet, lepidosome genesis and development has
been investigated only in Colpoda cucullus. Kawakami
and Yagiu (1963 a, b) showed that they develop from
minute, dense vesicleswhich grow, via agranular stage,
to about 1 pm-sized “network structures’ composed of
honey-combed units. The extrusion of these structures
has been not documented, but the micrographs show that
the extruded networks are globular and lack a surround-
ing membrane (see also Chessa et al. 2002), just as do
the lepidosomes of Meseres. Obvioudly, lepidosome
genesis is simpler in Colpoda than in Meseres. Seen
from a more general aspect, the processes of pinching
off vesicles from the smooth side of the endoplasmic
reticulum and incorporating theminto the dictyosome are
as described in textbooks (Figs 21a, 23).

A few peculiaritiesin the genesis of the |epidosomes
of M. corlissi should be mentioned, although we do not
understand them. Why devel opsthe central cavity asym-
metrically? Why do the large meshes of the |epidosome
wall develop earlier than the small ones? How do the
lepidosomes grow? We never saw vesicles entering
developing lepidosomes, although we studied hundreds
of them. Thus, one may speculate that growth is carrier-
mediated (Alberts et al. 1994). Accordingly, growth of
the lepidosomes is different from that of trichocysts
which grow by vesicle fusion (Peck et al. 1993).

Figure 21 shows a semi-schematic summary of
lepidosome genesis and release in M. corlissi.

Lepidosome release

The lepidosomes are released rather early, viz., when
the ciliary structures are still functioning (Figs 1d, 9,
10, 19). The release of the lepidosomes is a spectacular
event because they are numerous and have an average
sizeof 6 ym. Functionally, it isan exocytotic process par
excellence, i.e., as described in textbooks (Albertset al.
1994, Plattner and Hentschel 2002): the membrane
surrounding the lepidosome fuses with the cortex mem-
branes and becomes a new cell membrane; concomi-
tantly, a new perilemma and cortical alveoli develop
(Figs 52-57). This is different from trichocyst release,
where the surrounding membrane remains in the cyto-
plasm and is recycled (Hausmann 1978). Likely, the
huge number and the large size of the lepidosomes
require that the lepidosomal membrane replaces the
cortical membranes. Otherwise, the plasm would be



exposed to the environment because closing of an
opening of up to 15 um needs some time. Further, the
about 200 lepidosomes are released almost concomi-
tantly. It is difficult to imagine that the cell would not
burst if the new cell membrane had to be generated de
novo. Certainly, details of the process need to be studied
with refined methods, e.g., marking the old cell mem-
brane with ruthenium red.

Theextrusion of the lepidosomes occurswithin about
20 sand is followed by the release of four types of cyst
wall precursors (Foissner and Pichler, submitted). Con-
sidering that there are about 200 lepidosomes with an
average size of 6 um, it can be cal cul ated that two thirds
of the cortex must be restored; and if the many wall
precursors are added, this percentage increases to near
100%. Thus, production and release of the |epidosomes
are extremely energy-demanding, suggesting that they
have an important function which, however, isnot known
(Foissner et al. 2005). This situation resembles Parame-
cium which invests 40% of its total protein contentsin
thetrichocysts, now known to have a protective function
(Plattner 2002).

We did not find any structures, for instance, microtu-
bules transporting the newly formed lepidosomes and
cyst wall precursors to the cell periphery, while Walker
et al. (1980) observed microtubul es associated with the
cyst wall precursors of Gastrostyla steinii, a stichotrich
ciliate. Thus, we hypothesize that the intense first rota-
tion phase, which occursjust before lepidosomerel ease,
slings the lepidosomes and wall precursors to the cell’s
periphery. The curious, breath-like inflation of the cell
associated withthelepidosomerel easeispossibly caused
by a sudden influx of water gjecting the |epidosomes.
The second, slower rotation phase might distribute the
precursor material. At first glance, these hypotheses
appear reasonable. However, many other ciliates pro-
duce the resting cyst without specific rotation phases.
Thus, our speculations must berigoroudly tested whether
they are applicable at the low Reynold's numbers oper-
ating in the microscopic world.

L epidosomes: composed of fibres or of thin sheets?

Foissner (2005) described the lepidosomes to be
composed of “about 20 nmthick fibreslikely longer than
1 um”. However, when looking at the micrographs, it
becomes obvious that the “fibres’ must be very thin
sheets because roundish or ring-like transverse sections,
as typical for fibres and tubules, are not recognizable.
This was confirmed by a reinvestigation of Foissner’s
unpublished materials and the present study. Both show
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that thelepidosomes consist of very irregularly arranged,
thin sheets (Fig. 58) which originatefrom afribrogranular
mass (Fig. 46). We could not determine the size of the
sheets, but likely they are narrow (~20 nm ?), long bands
or broad sheets folded like the bellows of a camera.
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