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Abstract. The thermosensitive mutant sml9 of Para-
mecium tetraurelia undergoes a progressive reduction
in cell length and basal body number over successive
divisions at the nonpermissive temperature of 35°C. In
spite of these defects, sml9 cells retain the same
generation time as wild-type cells at 35°C. Cytological
observations at both electron and light microscopy lev-
els reveal no other perturbation than the rarefaction of
basal bodies and the rare (3%) absence of one or two
microtubules in basal bodies or ciliary axonemes. The
temperature-sensitive period, during the last 30 min of
the cell cycle, corresponds to the phase of basal body
duplication. Upon transfer back to the permissive tem-

perature, all basal bodies are normally duplicated. The
mutational defect is transiently restored by microinjec-
tion of wild-type cytoplasm or of a soluble proteic
fraction from wild-type cell homogenates. Altogether,
the cytological and physiological data support the con-
clusion that the sml9* gene codes for a diffusible
product required for the initiation of basal body dupli-
cation and would thus be the first identified gene in-
volved in this process. Our data also indicate that in
Paramecium basal body number is not coupled with
control of the cell cycle, but helps determine the shape
of the cell via the organization of the cytoskeleton.

the same way as centrioles: each new basal body de-

velops close to a preexisting one and at right angles to
it. The factors that trigger duplication and the mechanisms
that control the assembly of this ubiquitous eukaryotic struc-
ture are still unknown, but could, in principle, be genetically
dissected provided that mutations blocking some step of the
process could be phenotypically identified. Ciliates provide
a favorable system for detection of defective basal body
duplication, since their cortex is made of highly ordered cor-
tical rows of regularly spaced basal bodies, easily observed
under light microscopy. Mutants with reduced numbers of
basal bodies have indeed already been described in Parame-
cium (26) and Fuplotes (14). However, in none of these cases
has it been established that the mutation primarily affected
basal body duplication per se, rather than subsequent events
involving the insertion of basal bodies in the plasma mem-
brane.

We describe here a thermosensitive nuclear recessive mu-
tation of Paramecium tetraurelia, sml9, which results, over
successive divisions at the nonpermissive temperature, in a
progressively decreasing number of basal bodies and a cor-
relatively reduced cell length and modified cell shape. By
following different cytological and physiological parameters
(cell length, basal body number, cortical organization, ultra-
structure, generation time, protein synthesis, and feeding ac-
tivity), we have analyzed the expression of the mutation upon
transfer of sml9 cells to the nonpermissive temperature and
their recovery after return to the permissive temperature. All

T HE basal bodies of ciliates and flagellates duplicate in
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the observations support the conclusion that the primary
effect of the mutation affects basal body duplication. We have
also demonstrated that the mutational defect can be repaired
transiently by microinjection of soluble cytoplasmic factors
of a proteinic nature. The results will be discussed in relation
to the mechanisms of basal body duplication and to the role
of basal body number in the control of the cell cycle and the
determination of cell shape.

Materials and Methods

Strains and Culture Conditions

The wild-type strain used in these experiments and from which the mutant
sml9 was isolated was the stock d4-2 of P. tetraurelia (39). Depending on
the experiments, the wild-type strain and the mutant expressed either one
of the two complementary mating types, referred to as VII and VIII (38,
40). We also used the mutants sm2 and sm3 isolated from stock 51 of P. te-
traurelia by Jones and Berger (26) and kindly provided by Dr. J. Berger,
University of British Columbia, Vancouver, British Columbia, Canada.
These two thermosensitive mutants are characterized by an abnormal cell
shape and a reduced number of basal bodies at the nonpermissive tempera-
ture, 35°C. The mutation nd7 (3, 40), which prevents trichocyst discharge,
was used as a genetic marker in certain crosses.

Cells were grown at either 28 or 35°C in a grass infusion bacterized with
Aerobacter aerogenes and supplemented with 0.4 pg/ml B-sitosterol.

Mutagenesis and Crosses

Mutagenesis was carried out with N-methyl,N-nitro-N-nitrosoguanidine
from Aldrich Chemical Co. at a final concentration of 75 pg/ml for 45 min

417



on exponentially growing cells competent for autogamy. After mutagenesis,
autogamy was induced by starvation. This leads to the breakdown of the old
macronucleus and to the formation of new micro- and macronuclei homozy-
gous for all their genes, so that ex-autogamous cells can express the muta-
tions that have been induced. In this experiment, 14,000 cells were isolated
in 96-well plates as previously described (8) and all the clones were tested
at 35°C by replica plating after 10 generations at 28°C. All the clones pre-
senting morphological abnormalities were kept for further investigation.

Crosses were carried out according to the classical methods described
by Sonneborn (39).

Synchronization of the Cells

From exponentially growing populations maintained at 28°C for 10 genera-
tions after a controlied autogamy, pools of 25 cells in the last stage of divi-
sion were picked up and transferred into fresh medium at either 28°C or
at the restrictive temperature (35°C) using slides and medium preincubated
at the respective temperatures. Within each pool, all the cells completed
their division within a 5-min interval, yielding a small population of syn-
chronous cells at the time O of their next cell cycle. Members of a syn-
chronous pool were either isolated or kept together in depression slides and
periodically examined for observation of the successive divisions. At chosen
times, cells were picked up and fixed for length measurements or cytological
observations.

Measurements of the Cells

Measurement of cell length was chosen as the simplest and most significant
parameter for the mutants studied. Cells were gathered in a drop of culture
fluid and fixed by addition of a drop of Dippell’s stain (11}, a rapid technique
previously shown to preserve the in vivo dimensions (Beisson, J., and M.
Rossignol, unpublished observation). Length was measured with an ocular
micrometer adapted on a Zeiss light microscope at low magnification with-
out a coverslip. Depending on the experiment, cells were measured just after
completion of division or 1 h later.

Cytological Techniques

Silver Impregnation. The method was essentially that of Chatton and Lwoff
.

Immunocytological Methods. Immunodecoration of specific cortical
structures was carried out using the Schliwa and van Blerkom method (37)
adapted to Paramecium as described by Cohen et al. (9). Deciliation was
obtained immediately before permeabilization treatment by two successive
transfers into 10 mM MnCl; (15) until immobilization. The antitubulin an-
tiserum used was that raised against Paramecium axonemal tubulin de-
scribed by Cohen et al. (9). After permeabilization, cells were incubated
for 1 h in the antiserum diluted 1/400, washed twice for 5 min, then in-
cubated for 1 h in FITC-antirabbit antibodies diluted 1/200. Cells were
rinsed twice, mounted in glycerol containing 2% n-propyl-gallate to reduce
photobleaching of the fluorochromes (16), observed, and photographed un-
der a Zeiss epifluorescent microscope.

Electron Microscopy. The cells were fixed in 2% glutaraldehyde in
005 M cacodylate buffer (pH 7.2) for 90 min at 4°C. After washing in the
same buffer, the samples were postfixed in 1% osmium tetroxide in 0.05 M
cacodylate for 60 min. The samples were then dehydrated by passage
through a series of ethanol and propylene oxide baths and embedded in
Epon. Thin sections were contrasted with ethanolic uranyl acetate and lead
citrate, then examined with a Philips EM 201 electron microscope.

Scanning Electron Microscopy. The cells were quickly deciliated in
MnCl,; and fixed in 2% glutaraldehyde in 0.05 M cacodylate buffer, pH
7.2, for 30 min. In this medium, the cells were then attached to polylysine-
treated coverslips (33) by centrifugation for 10 min at 3,000 rpm. After
washing in 0.05 M cacodylate buffer, the attached cells were postfixed in
1% osmium tetroxide for 30 min in the same buffer and further dehydrated
in a graded series of ethanol and acetone. The samples were dried at the
critical point and examined with a Phillips 505 scanning electron micro-

scope.

Observation of Food Vacuole Formation

One drop of India ink diluted 1/100 in distilled water was added to 1 ml cell
populations in depression slides. Ingestion of ink particles strongly labels
the food vacuoles (6). After 30 min, cells were fixed and the number of la-
beled food vacuoles per cell was counted under the light microscope.
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Protein Measurement

Log phase cultures of wild type and sml9 grown at the permissive tempera-
ture were transferred into medium preincubated at the nonpermissive tem-
perature and maintained in log phase. At chosen times cultures were
filtered. Cell density was determined by counting 1-ml aliquots of the popu-
lations, and the total volume of the cultures was measured. Cells were cen-
trifuged in an oil centrifuge at 1,000 rpm for 2 min, then washed twice in
a 10-mM Tris maleate buffer, pH 7.8. The cellular pellet, resuspended in
0.5 ml buffer, was transferred to an Eppendorf tube. After addition of SDS
to a final concentration of 1%, samples were immediately boiled for 3 min,
then centrifuged, and protein concentration determined on aliquots by the
method of Lowry et al. (30) using bovine serum albumin as a standard. SDS
was added to all controls.

Microinjection Technique

The technique used was that described by Knowles (28). The recipient cell
was injected with either a small volume (~5,000 pm®) of cytoplasm sucked
out of the donor cell immediately before injection or with a similar volume
of a soluble fraction prepared from cell homogenates. Injections were car-
ried out at 18°C. Cells were transferred to the nonpermissive temperature
1 or 2 h after injection. Depending on the experiment, the percentage of
survivors after transfer to 35°C ranged from 17 to 82%.

Cell Fractionation

Wild-type cells at the end of log phase were washed twice in 10 mM phos-
phate buffer, pH 7.0, and centrifuged. 1 vol of the cell pellet was mixed with
1 vol of buffer A (sucrose, 0.2 M; potassium phosphate, 50 mM, pH 7.0).
The cells were homogenized in a Dounce homogenizer at 4°C, and first
centrifuged at 30,000 g for 20 min. The supernatant was recentrifuged at
100,000 g for 1 h, yielding a postmicrosomal supernatant. This fraction was
stored at —80°C. From the postmicrosomal supernatant, proteins were
precipitated by 80% ammonium sulfate and the precipitate dialyzed exten-
sively against buffer A. The samples were kept at —80°C.

Split-pair Experiments

During conjugation, paired paramecia remain united for 5-6 h at 28°C. The
exchange of gametic nuclei, which will provide both partners with an identi-
cal heterozygous nuclear complement, occurs by the fourth hour. However,
electrical coupling between conjugants is achieved by the first 1% h and la-
beled amino acids and macromolecules diffuse from one conjugant to the
other (31) long before nuclear exchanges, while it is still possible to force
the conjugants to separate. This situation provides the rationale for the split-
pair experiments. Sexually reactive smi9 and wild-type cells of complemen-
tary mating type were mixed and 1'% h later, pairs of conjugants were forced
to separate. Each exconjugant was then individually transferred to 35°C.
Comparison with control sml9 x sml9 split pairs allowed us to determine
whether the mutant phenotype had been restored by contact with a wild-type
partner.

Results

The morphology of P. tetraurelia and the morphogenetic
processes involved in its division have been extensively de-
scribed (27). The most striking features of division concern
the reproduction of the organization of the cell cortex and
one of the key events lies in basal body duplication.

Wild-type P. tetraurelia was mutagenized with nitrosogua-
nidine and individual ex-autogamous (i.e., homozygous, see
Materials and Methods) clones were screened for abnormal
morphology expressed only at the nonpermissive tempera-
ture of 35°C. Mutant sm/9 was isolated on the basis of its re-
duced cell length and rounded shape at 35°C. Preliminary
cytological observations revealed that the small cells also
displayed a marked reduction in basal body number. In both
respects, sml9 resembled the mutants sm2 and sm3 previ-
ously described by Jones and Berger (26). This similarity led
us to analyze various aspects of the mutant sm2 in conjunc-
tion with our study of the mutant sm/9.
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Figure 1. Comparison of the lengths of wild-type and sm/9 cells at
28 and 35°C. The histograms represent the distribution of the
lengths of wild-type (WT) and smi9 cells in samples of 30 cells
taken from populations grown at 28 or 35°C. The upper histograms
correspond to exponentially growing wild-type cells at 28 or 35°C.
The lower histograms show the decrease in the lengths of sm/9 cells
maintained at 35°C, as compared with their lengths at 28°C. Wild-
type and mutant mean lengths were compared by calculation of the
error on the estimation of the mean at a 5% risk level. The means
are similar at 28°C (respectively, 146 + 4 and 141 + 4) while they
are significantly different at 35° C (respectively 160 + 6 for the
wild type and 115 + 6 after 20 h and 79 + 5 by 72 h for the mutant).

Genetic Analysis

The mutant clone sml9 was crossed with the wild-type strain.
All F1 clones were of wild-type phenotype, and after au-
togamy of the F1 clones, an F2 ratio of 48 sml9*/57 sml9
clones was obtained. sml9 was also crossed with a strain of
wild-type morphology and growth, carrying the trichocyst
nondischarge mutation nd7 (2, 40), yielding an F2 segrega-
tion of 17 sml9 nd7+/15 smi9 nd7/15 smI9*nd7/11 sml9*nd7*.
These results showed that sml9 phenotype corresponded to
a single nuclear recessive mutation, independent of nd7.

The mutant sml9 was then crossed with the mutants sm2
and sm3. In both crosses, the Fl clones displayed wild-type
phenotypes, and in the F2, the sml9 mutation segregated in-
dependently of the sm2 and sm3 mutations.

Double mutants recovered from the F2 of these crosses
were studied. While no interaction between the sm3 and
sml9 mutations were detected (their phenotypes being indis-
tinguishable from that of either parent), a synergy between
the mutations sml/9 and sm2 was observed. The double mu-
tants displayed more pronounced morphological abnormali-
ties at the nonpermissive temperature than either parent.

Phenotypic Analysis

Cell Size and Shape. Fig. 1 compares the distribution of cell
lengths in wild-type and sml9 populations at permissive
(28°C) and nonpermissive (35°C) temperatures. At 28°C,
the size distribution of both wild-type and mutant cells is
identical. After 20 h at 35°C, while the populations are still
in log phase, the size of wild-type cells slightly increases, as
previously described by Whitson (41); in contrast, the mean
length of sml9 cells is reduced (to 71% of the initial value)
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Figure 2. Comparison of the lengths of synchronized wild-type and
smli9 cells. Synchronized cells were either maintained at 28°C and
measured at the end of one cycle or transferred to 35°C and mea-
sured after exactly one or two complete cycles at the nonpermissive
temperature. The upper histogram compares the lengths of wild-
type cells at the two temperatures. The lower two histograms pre-
sent the results for two different experiments with the mutant. Mean
cell lengths (and the error on the estimation of the mean at a 5%
risk level) at 28°C and after one and two divisions at 35°C were,
respectively, 112 + 2, 117 + 4, and 120 + 2 for wild type; and 109
+ 2, 102 + 3, and 94 + 2 (middle histogram) and 119 + 2, 113
+ 2, and 100 + 3 (lower histogram) for smi/9.

and the distribution of lengths is more heterogeneous. This
phenomenon was studied more precisely using synchronous
populations (see Materials and Methods). Fig. 2 shows for
sml9 cells a progressive significant decrease in mean cell
length of 6-7 % by the first division and 14-16 % by the second
one. Fig. 3 illustrates the correlative change in cell shape af-
ter three to four divisions at 35°C; the cells are not only
shorter but much less tapered at the poles.

Generation Time. Pools of cells that have just divided re-
tain their synchrony over a few generations, and, as illus-
trated in Fig. 4, display sharp peaks of division that provide
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Figure 3. Evolution of the shape of sm/9 cells at 35°C. At 27°C, both wild-type and mutant cells display identical size and shape. Despite
a slight increase in length, the shape of wild-type cells grown at 35°C is identical to that of cells grown at 27°C. Populations of wild-type
(A-C) and sml9 cells (D-F) grown for 20 h at 35°C were prepared for scanning electron microscopy. A sample of cells taken from each
preparation is shown here. The reduced length and modified shape of the mutant cells are apparent. The extent of deciliation was variable

from cell to cell for both populations. Bar, 10 pum.

a good estimate of the generation time. However, for un-
known reasons, the absolute values measured for generation
time vary. For both wild-type and smli9 cells, the values were
found to range, in many different experiments, from 5to 7 h
at 28°C, from 4 to 4% h for the first division at 35°C, and
from 3% to 4 h for subsequent divisions at 35°C. Within
these limits of variation, Fig. 4 shows that sm/9 cells main-
tain the same generation time as wild-type cells upon transfer
to 35°C, as consistently observed in many other experiments
not followed beyond the second division at 35°C. In contrast,
in similar experiments, the mutant sm2 (whose growth rate
at 28°C is identical to that of wild-type cells) displayed a
generation time of 5 to 6.5 h for the first division at 35°C, and
the longer generation time was accompanied by a significant-
ly decreased synchrony.

Cortical Organization. The cortex of Paramecium is char-
acterized (a) by the alignment of paraliel rows (kineties) of
regularly spaced basal bodies (and cilia); (b) at the whole
cell level, by a precise asymmetrical arrangement of kineties
and (c) by the complex structure of the ingestatory apparatus,
the gullet, a funnel-shaped invagination where several hun-
dred basal bodies (and cilia) form three groups of four paral-
lel rows. During division, the reconstruction of this organi-
zation is accomplished on both sides of the equatorial fission
furrow by proliferation of new basal bodies. As described by
Dippell (12), each new basal body is precisely positioned
along the kinety axis, anteriorly with respect to the mother
basal body, thus ensuring the perpetuation of the kinety pat-
tern. The old gullet is transmitted in its entirety to the an-
terior fission product, while a new one, progressively assem-
bled from an anarchic field of proliferating kinetosomes (24)
on the right margin of the old gullet, migrates during division
into the posterior fission product.

Basal bodies were visualized by two techniques, classical
silver impregnation and decoration by an antitubulin antise-
rum (see Materials and Methods). While the first technique
only reveals basal bodies positioned at the surface, the sec-
ond can also reveal newly formed basal bodies still below the
plasma membrane. As shown in Figs. 5 and 6, respectively,
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Figure 4. Successive cell cycles of wild-type and sml9 cells over
three successive divisions at 35°C. Synchronized cells were either
maintained at 28°C or transferred to 35°C and periodically ob-
served in order to record the number of cells undergoing division.
This number is plotted against time. The peaks show that good syn-
chrony is retained and provide an estimate of the generation time
at 28°C as well as over the successive cycles at 35°C. For instance,
these generation times can be estimated to be, for the sml9 cells,
6 h at 28°C and, successively, 4%, 4, and 4 h at 35°C. (Dotted
lines) Divisions at 28°C; (solid lines) divisions at 35°C.
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Figures 5 and 6. Cortical disorders in sml9 cells after several divisions at 35°C. The rarefaction of basal bodies and the overall reduction
of cell size is apparent. (Fig. 5) Silver-impregnated wild-type (WT) and sml9 cells. Bar, 10 um. (Fig. 6) WT and sm/9 cells decorated
with the antitubulin antiserum, showing basal bodies and their posterior and transverse microtubule ribbons. Bar, 10 pm.

the two techniques demonstrate a reduction in the number of
basal bodies per cell and wider spacing between basal bodies
in sml9 cells grown at 35°C.

A reduction in the number of basal bodies is also detected
in the neoformed gullet by the first division at 35°C (Fig. 7).
Although not always conspicuous, such abnormalities de-
velop in all neoformed gullets. Among 61 cells examined af-
ter the first division at 35°C, 25 (presumably posterior
fission products) showed a clearly abnormal gullet, while 36
displayed an apparently normal one. The number of basal
bodies continues to decrease over the next division. This

Ruiz et al. A Mutation Affecting Basal Body Duplication

deficiency is accompanied by a progressive disorganization
of the gullet, which in turn impairs the feeding activity so
that sm/9 cells die of starvation after four to six divisions at
35°C.

That this rarefaction of basal bodies in the cortex and in
the gullet is indeed due to a defective duplication of the or-
ganelle is demonstrated by two observations. (a) Basal body
duplication, mostly achieved before cells enter division, fol-
lows a precise pattern, and at predivision or early division
stages newly formed basal bodies can be unambiguously
identified. In particular, on both sides of the fission furrow,
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each preexisting basal body generates two or three new ones,
yielding files of three or four basal bodies, easily visible
using either silver impregnation or antitubulin staining. With
both techniques, smi9 cells fixed during their first division
at 35°C (as well as during subsequent ones) display a sig-
nificantly reduced number of newly formed basal bodies. (b)
During sexual processes, autogamy, or conjugation, the gul-
let is resorbed and a new one generated by a proliferation of
basal bodies, which in this case is not accompanied by cell
growth or multiplication of cortical basal bodies. sml9 X
sml9 couples of conjugants, grown and crossed at 27°C and
transferred to 35°C, displayed, after separation of the conju-
gants and before any further division, the same abnormali-
ties and reduction of basal body number in their gullet as
those illustrated in Fig. 7.

The progressive reduction in basal body number was the
sole defect detected in cells decorated by the antitubulin an-
tiserum. Even after several divisions at 35°C, none of the
various transient (nuclear spindles, cytospindle), semiper-
manent (post oral fibers, intracytoplasmic network), or per-
manent microtubule arrays previously described by Cohen et
al. (9) were affected, except for an increased length, appar-
ently adjusted to the wider spacing of basal bodies, of the
transverse and post ciliary ribbons nucleated on each basal
body (Fig. 6). These observations suggest that tubulin avail-

Table I. Loss of Basal Bodies in sm19 Cells Grown at 35°C

Figure 7. Disorganization of
the gullet in smi9 cells after
one division at 35°C. In these
silver-impregnated cells, the
picture is focused on the cen-
ter of the gullet. In the mutant
sml9, basal bodies are sparser
along each row and the rows
are disorganized. Bar, 10 pm.

ability is probably not the limiting factor responsible for ba-
sal body loss.

Kinetics of Basal Body Loss. Counting basal bodies (on
silver nitrate or antitubulin-decorated preparations) raises
practical difficulties. As basal bodies can only be counted on
the flattened parts of the cells and not around the poles or
at the periphery, we did not attempt to determine their total
number and chose to limit counting to selected areas of the
cell surface. However, basal body density (i.e., number per
surface unit) varies from region to region, and, furthermore,
varies for a given region throughout the cell cycle, owing to
surface and volume increase during the interphasic period
and to profound shape remodeling during division when
basal bodies proliferate neither synchronously nor equally in
the different regions. Finally, basal bodies had to be counted
after exactly one, two, and three cycles at 35°C on syn-
chronized cells, so that only small samples of cells could be
prepared. Not all of the cells among these presented a favor-
able view of the selected regions.

An estimate of basal body loss in sm19 cells grown at 35°C
was obtained by comparing their number with that of the cor-
responding regions in wild-type cells intwo ways: (a) count-
ing the total number of basal bodies along the same middor-
sal kinety on preparations such as those illustrated in Fig. §;
and (b) counting the number of basal bodies within an ar-

WT 28°C sm19 28°C WT 35°C(1) sm19 35°C(1) sm19 35°C(2) sml9 35°C(3)
No. of Mean No. of Mean No. of Mean No. of Mean No. of Mean No. of Mean
cells bb No. cells bb No. cells bb No. cells bb No. cells bb No. cells bb No.
A 4 65 10 66 5 68 13 51 11 41 8 33
(64-66) (63-69) (67-70) (47-58) (34-42) (27-38)
B 15 35 22 32 14 23 14 24
(28-48) (21-40) (18-28) (19-29)
C 11 66 12 51 11 33
(59-72) (43-58) (26-31)
D 10 43 11 38 8 33
(35-55) (29-48) (26-40)
B+C+D 144 121 89

Loss of basal bodies (bb) in sm19 cells over the first three divisions at 35°C. Basal body number was counted on selected areas of sm/9 cells at 28°C and after
one, two, and three divisions at 35°C and compared with basal body number in similar areas of wild-type cells under similar conditions. Four types of counts
were carried out. (A) Total number of basal bodies along the same middorsal kinety. (B-D) Number of basal bodies within a 100-um? area respectively located
in the middle of the dorsal side (B), in the left (C), and right (D) sides of the posterior suture (ventral side), just below the posterior edge of the gullet opening.
In each case we indicate the number of cells examined, the mean basal body number, and, in parenthesis, the extreme observed values. All counts were made
on synchronous cells fixed at either 28°C or after exactly one division (sm/9{1]), two divisions (sm19f2]), or three (smi9(3]) divisions at 35°C.
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Figure 8. Cross sections tangential to the surface of wild-type (4) and sm/9 cells (B and C). Cells were fixed after four to five divisions
at 35°C. (4 and B) In the mutant, the rarefaction of basal bodies and correlative enlargement of cortical units and mispositioning of
trichocysts is apparent. (C) A more oblique tangential cross section through both cilium and basal body levels showing missing microtubules

in both cilia and basal bodies (arrows). (bb) Basal body; (¢) cilium; (kf) kinetodesmal fiber; (r) trichocyst tip. Bars (4 and B), 1 um;
(C) 0.5 pm.
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bitrary surface (100 pm?) in three regions: ventral posterior
right, ventral posterior left, and middorsal. The data, pre-
sented in Table I, call for the following remarks. Since all
cells present approximately the same number of basal bod-
ies, one can assume that before each division, basal body
number globally doubles and that each daughter cell inherits
half of this doubled number. The global probability (k) of
basal body duplication in the mutant can therefore be
deduced from the number (n) of basal bodies at 28°C and
the number (') after one division at 35°C: 20’ = n + nk.
However, depending on the regions of the cortex, basal body
density varies and basal bodies either do not duplicate or un-
dergo one, or, near the equator, two cycles of duplication.
While counts of basal bodies along a whole kinety integrate
these regional variations, counts over particular surfaces (Ta-
ble I, B-D) are more biased and need to be randomized in
order to calculate the overall loss of basal bodies. The data
show that, for the whole middorsal kinety (Table I, A) k =
0.6 for the first division and remains 0.6 for the next two divi-
sions. The same coefficient also accounts for the global loss
of basal bodies in different cell surface areas, summed up as
B + C + D in Table L.

Ultrastructural Features. The organization of sml9 cells
(after three to four divisions at 35°C) was examined by elec-
tron microscopy. Fig. 8, 4 and B shows thin sections tangen-
tial to the cell surface of wild-type and sml9 cells. The wider
spacing of basal bodies is apparent. Rare abnormalities of a
single type in the organization of basal bodies or cilia were
detected (Fig. 8 C): missing microtubules among the nine
outer doublets (or triplets, in the case of basal bodies). This
defect was observed in 35 out of 1,143 sections of cilia or
basal bodies from a total of 15 different cells. Strikingly, the
defect was most often located in the right posterior part of
the basal body or cilium. This was the case in 18 out of the
25 cases where the polarity of the basal body or cilium could
be ascertained. Fig. 9 shows that this region corresponds to
the site where, according to Dippell (12), the first tubule of
the initial ring of nine singlets that initiates the development
of a new basal body is nucleated.

Similar defects were also found in the double mutant sm2
sml9 (not shown) but not in the mutant sm2. In contrast, Fig.

A

A

10 shows that sm2 cells display distinctive ultrastructural ab-
normalities that are not shared by the mutant sm/9: an excess
of parasomal sacs (coated pits) and/or subcortical coated or
uncoated vesicles and dilation of rough endoplasmic reticu-
lum vesicles. An abnormal aspect of cortical membranes and
an excess of cortical units containing two basal bodies were
also observed (data not shown). The latter feature was con-
firmed by the fact that antitubulin-decorated sm2 cells dis-
played more basal bodies than silver-stained cells, suggesting
that the mutation sm2 affects basal body positioning at the
cell surface but not basal body duplication.

Determination of the Temperature-sensitive Period

As shown in Fig. 2, the mutation sm/9 is expressed by the
first division in cells that have accomplished a complete cycle
at 35°C, as judged by the 6-7% reduction in mean cell
length. To define at which particular stage of the cell cycle
the mutated gene exerts its phenotypic effect, synchronous
cells were transferred from 28 to 35°C at different ages along
their division cycle: 3 h, 4 h, etc., the latest time correspond-
ing to half an hour or less before division at 28°C. Later
shifts could not be carried out as the cells were not strictly
synchronous and entered division over a 15-20-min interval.
Cells completed their cycle at 35°C and were measured 1 h
after division. Fig. 11 presents a representative example of
several experiments and shows that in all cases the cells dis-
play a mean length characteristic of cells grown at 35°C for
a complete cycle. The thermosensitive step takes place dur-
ing the last 30 min of the cell cycle, which corresponds to
the period of duplication of basal bodies (5, 12, 27).

It must be pointed out that our results integrate the effect
of the nonpermissive temperature on both the last 20-30 min
of the cell cycle (when basal bodies duplicate) and the first
hour of the cell cycle (when cell length increases without fur-
ther significant basal body multiplication). However, this
protocol, chosen for experimental conveniency, does not im-
pair the validity of our conclusions. First, in other tempera-
ture shift experiments (data not shown), sml9 cells, exposed
to 35°C for exactly 1 h after division at 28°C, displayed the
same length as the control sml9 cells kept at 27°C. Second,
the observed length reduction is identical (~6-7 %) in the ex-

c Figure 9. Development of a
new basal body. As described
by Dippell (12), a new basal
body (nbb) develops from a
germinative disc (gd) of elec-
tron-dense material located
anterior to the old basal body
(obb) along the anteroposteri-
or cell axis. All basal bodies
display an anteroposterior (4-
P) and right-left (R-L) polar-
n bb ity defined, in particular, by
their kinetodesmal fiber, ema-

nating from the right side of

the basal body and running to-

wards the anterior of the cell.

A Microtubules are nucleated

within the germinative disc, and grow perpendicularly to the old basal body, away from it. (4) According to Dippell (loc cit), the first
microtubule is nucleated in the upper right of the germinative disc (dotted sector). (B) The new basal body elongates. (C) The new basal
body tilts up to reach the surface and becomes parallel to the old basal body, along the axis of the kinety. The scheme shows that the posterior
right part of a mature basal body corresponds to the upper right sector of its germinative disc.
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Figure 10. Thin sections through sml9 (A) and sm2 (B) cells. (4) The arrow shows another example of missing microtubules in a ciliary
axoneme. (B) Two types of ultrastructural abnormalities of sm2 cells are visible: excess of cortical or subcortical coated or uncoated vesicles

(double arrow); and enlargement of rough endoplasmic reticulum (rer) cisternae. Bar, 1 um.
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D Figure 1i. Determination of
the temperature-sensitive peri-
od. Pools of synchronous wild-
type and mutant cells grown at
28°C were transferred to 35°C
at different times along their
513 cycle at 28°C: 3 h, 4 h, etc.,
and divided (generally syn-
chronously) after an addition-
al time, as indicated on the
figure. Their time of division
at 35°C could be differently
delayed, from pool to pool, by
the heat shock. Nevertheless,
within each pool, the cells
139 generally retained their syn-

15 chrony, except in the case of
AR the mutant sm2, which often
displayed two well-separated

peaks of division, for instance

at 1% and 3 h after the temper-

ature shift in the experiment

reported here. Whatever their

behavior, cells were measured

sm 2

Cell cycle mean cell

length

15
124*5

1 h after the observed peak of division at 35°C. For a control, one pool was maintained at 28°C and cell lengths were also measured 1
h after division. The data on sml9 and sm2 were obtained in two different experiments. In each experiment the corresponding wild-type
control was studied in parallel with the mutant. Mean cell length (and the error on the estimation of the mean calculated at a 5% risk
level) is in micrometers. Thin line, time at 28°C; thick line, time at 35°C; n.m., not measured in these particular experiments.

periments reported in Fig. 2 (measurements made immedi-
ately after completion of division) and in those presented in
Fig. 11

In contrast, the results of the same temperature shift on
sm2 cells are more complex, since cell length may be greater
for longer exposures to 35°C. Using a different protocol,
Jones (25) demonstrated the existence of two sensitive
periods, one extending from 0.35 to 0.65 of the cell cycle of
sm2 cells, and another one at ~0.85. Our observations, al-
though they do not provide a simple explanation of sm2 cell
response to temperature shift, at least show that the two mu-
tants respond differently.

Physiological Analysis

Since sml9 cells maintain a normal generation time despite
decreasing cell length and reduced basal body number, it
seemed worthwhile to determine the protein content of sml9
cells at 35°C and their capacity to synthesize tubulin, a major
component of basal bodies. At least for the first two to three
cell generations, the protein content of sml9 cells was found
to be identical to that of wild-type cells grown at 35°C =
16 + 2 ng/cell. However, the protein content dropped to 9 +
2 ng/cell beyond the third cell cycle, i.e., when the feeding
capacity of the mutant cells began to decrease dramatically,
as shown by the number of food vacuoles per cell (see
Materials and Methods).

As for tubulin content and synthesis capacity, it was esti-
mated to be identical to that of wild-type cells as judged by
the speed and efficiency of reciliation of sml/9 cells deciliated
(36) during their second cycle at 35°C. Deciliation did not
reduce cell length in comparison with control undeciliated
sml9 cells.
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Recovery after Shift Down to
the Permissive Temperature

The progressive disorganization of the gullet results in the
irreversible loss of feeding capacity. By monitoring food
vacuole formation (see Materials and Methods), it was in-
deed observed that beyond four divisions at 35°C, a majority
of the cells did not form any food vacuoles and died even if
transferred back to 28°C. In contrast, all cells still capable
of feeding divided at the same rate as wild-type cells when
transferred to the permissive temperature. After the first di-
vision at 28°C, all these cells recovered a much more normal
morphology. Furthermore, basal body spacing along each
kinety was returned to normal (~1.5 pm) in most parts of
the cell, indicating a general recovery of the basal body
duplication pattern. However, most cells retained a smaller
length. For instance, the mean cell length among clones is-
sued from cells transferred to 28°C after four divisions at
35°C and measured after 7-8 fissions at 28°C could be as
small as 74-84 um. Six rescued clones were followed for
100-200 cell generations. Although some clones did not
differ much from the control ones and despite the intraclonal
variance, all six clones retained a statistically significant re-
duced length (data not shown).

These observations lead to several conclusions. (@) The
immediate reduction in basal body spacing suggests that the
basal bodies formed during previous divisions at 35°C were
not permanently impaired in their duplication capacity. (b)
In contrast, the long lasting reduced cell length (i.e., total
number of basal bodies) suggests that, in spite of some over-
all regulation, the absolute number of basal bodies at genera-
tion n is strongly dependent upon the number at generation
n-1, as can be expected from their conservative mode of
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Table II. Microinjection of Wild-type Cytoplasm
into sm19 Cells

No. of
clones Mean length
Cells Treatment tested 2125
sml19
Uninjected 23 0
Injected with oil 5 0
Injected with sm19 cytoplasm 8 0
Donor of cytoplasm 11 0
Injected with wild-type cytoplasm 25 8
WT
Uninjected 20 20
Injected with sm19 cytoplasm 2 2

sml9 cells grown at 28°C and injected with wild-type cytoplasm were placed
at 35°C. For each clone issued from the injected cells, cell length was mea-
sured after three to four divisions at the nonpermissive temperature. Various
controls were examined. The figures represent, for each series, the total num-
ber of clones studied and the number of clones whose mean length was superior
to 125 um, i.e., significantly larger than the mean length of untreated sm/9
cells.

duplication. This result provides a new example of cortical
inheritance (2). (¢) As a consequence, it appears that cell
length is partly dependent upon basal body number. (d) The
fast recovery of a normal shape, correlated with the reduc-
tion of basal body spacing, indicates that cell shape is depen-
dent upon the density of basal bodies rather than their abso-
lute number.

Restoration of the sm19 Mutational Defect by
Wild-type Cytoplasmic Diffusible Factors

As the mutation sml9 is recessive, it was of interest to exam-
ine whether the mutational defect could be at least transiently
repaired by wild-type cytoplasm. Two methods were em-
ployed: microinjection of wild-type cytoplasm into sml9
cells and cell contact during conjugation with a wild type
partner. The first technique had been successfully applied to
the study of trichocyst mutations (1). The second technique

Table III. Split-pair Experiment

(see Materials and Methods) had previously been used to
demonstrate the reparability, through membrane contact and
diffusion of cytoplasmic components, of the mutations pwA
(4) and nd9 (3) in P. tetraurelia and cnrC in Paramecium
caudatum (19).

In both types of experiments, sml9 cells grown at 28°C
were transferred to 35°C after microinjection or interrupted
pairing and the clones issued from the treated cells were
compared with those derived from control sml9 cells. De-
pending on the experiments, different parameters were used
to estimate the restoration of the sm/9 phenotype (mean cell
length or number of divisions and feeding activity after
48 h). Table II indicates that 8 out of 25 smi9 cells injected
with wild-type cytoplasm retained, after three to four divi-
sions at 35°C, a wild-type mean length. The data of Table
III show that, in split-pair experiments, the contact with a
wild-type partner induced a significant delay in expression
of the sml9 defect in more than half of the treated cells, since
after approximately nine divisions more than half of the cells
retained a normal morphology and feeding capacity. In con-
trast, no restoration by cell contact was observed for the sm2
mutation.

Efficient rescue of the sml9 phenotype was also obtained
by microinjection of a postmicrosomal supernatant prepared
from homogenates of wild-type cells and the (NH,)2SO,-
precipitated fraction of the postmicrosomal supernatant. In
the latter case, out of 39 injected smi9 cells (and 32 surviving
ones), 20 yielded transiently restored clones on the basis of
either cell mean length or the number of divisions and feed-
ing activity at 35°C. These preliminary results suggest that
the restoring factor is a soluble protein that most likely corre-
sponds to the product of the gene smil9*.

Discussion

Upon transfer to the nonpermissive temperature (35°C), the
mutant cells sm/9 undergo a progressive reduction in length
and basal body number, accompanied by a change in cell
shape that becomes less tapered at the poles. The same

No. of No. of Cell No. of Actively
Crosses split pairs clones studied shape cells feeding cells
%
sml9, mtVII X sm19, mtVIII 29 58 m 58 1-60 0
WT 0
WT, mtVII X sml19, mtVIII 30 60 m 12 1-60 0
WT 30 500 100
m+ WT 18 500 50
sm2, mtVII X WT, mtVIII 29 58 m 27 1-60 0
WT 31* 500 100

Each member of the split pairs (see Materials and Methods) was individually transferred to 35°C in depressions containing 1 ml of culture medium, where wild-type
cells can grow for approximately nine divisions before being starved. After 48 h, each clone was examined for the following traits: cell shape (either mutant {mt],
or wild type [WT], see Fig. 3), growth, and feeding activity determined after 30 min of India ink ingestion. Under these conditions, all wild-type cells contain
more than seven to eight large, strongly labeled food vacuoles, while mutant cells contain at most a few small and poorly labeled vacuoles. For each cross, we
indicate the number of clones of homogeneous m or WT shape or of mixed m + WT shapes, the approximative number of cells per clone, and the percentage
of cells actively feeding, i.e., containing more than seven to eight large food vacuoles.

* The fully wild-type phenotype of 31 clones issued from 29 split pairs can be explained by assuming that two of the pairs were actually WT X WT pairs, due
to the known occurrence of some spontaneous change in mating type among wild-type populations of mating type VIII, leading to some intraclonal mating or

selfing (38).
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defects are produced by another nonallelic mutation, sm2
(26). However, the physiological and ultrastructural effects
of the two mutations are different. Within the limits of our
observations, and in contrast to the sm2 mutation, the sml9
mutation bears on basal body duplication. This conclusion
is supported by the following converging arguments. sm/9
cells have the same generation time as wild-type cells at
35°C (which is not the case for sm2 cells). Protein synthesis
proceeds at a normal rate, at least for the first two to three
divisions, i.e., as long as the smI9 cells can feed. The organi-
zation of all other microtubule arrays is normal and the ultra-
structure of the cytoplasm (abnormal in sm2 cells) is not
affected, although parasomal sacs and trichocysts can be
found at erratic locations as a result of their excess with re-
spect to the number of basal bodies. The only ultrastructural
defect observed is a rare but most often precisely located ab-
sence of one or more microtubules among the triplets of
basal bodies or the outer doublets of cilia. That this particu-
lar abnormality is not a side effect of basal body underdupli-
cation is shown by the fact that it was never observed in a
comparable sample of thin sections of sm2 cells. In smi9
cells, the temperature-sensitive period precisely corresponds
to that of basal body duplication, which is not the case for
sm2 cells. Finally, the sm]9 mutational defect, but not that
caused by the sm2 mutation, can be transiently repaired by
wild-type cytoplasm and more precisely by a diffusible pro-
teinic component.

These observations lead to two conclusions. (a) The pri-
mary effect of the sm/9 mutation bears on an early step in
basal body duplication, while the sm2 mutation seems to
affect, directly or indirectly, membrane traffic and/or bio-
synthesis, leading secondarily to reduced possibilities of in-
sertion of newly formed basal bodies in the plasma mem-
brane, as also suggested by Jones and Berger (26). (b) The
other common properties of sml9 and sm2 cells, namely pro-
gressively reduced length and rounded shape, are the conse-
quences of the reduced basal body number.

Although our data only provide circumstantial evidence,
these conclusions open up interesting insights into the mech-
anism of basal body duplication and into the role of basal
bodies in the control of the cell cycle and in the determination
of cell shape in Paramecium.

Basal Body Duplication

The mutational defect in sml9 cells results in the fact that
daughter cells contain fewer basal bodies than their mother,
and in the rare (3 %) but significant occurrence of abnormal
basal bodies.

The similarity of the defect observed in basal bodies and
cilia indicates that the anomaly, when observed in cross sec-
tions of cilia, reflects a primary defect in their basal body.
In Paramecium, the polarity of basal bodies (marked by their
associated structures, kinetodesmal fibers, transverse and
post ciliary microtubules) can be unambiguously determined
in most thin sections. As previously pointed out, the missing
microtubule(s) most often correspond to the site where, ac-
cording to Dippell (12), the first tubule of the initial ring of
nine singlets appears (see Fig. 9). However, Dippell’s data
do not establish whether this site is an obligate or only a
preferential starting point. In the latter case, all the data can
be explained by the following assumption. The defective step
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lies in the initiation of basal body assembly and not in basal
body development, since the mutation either prevents the
duplication of a basal body or slightly disturbs the earliest
step in duplication without any further effect on develop-
ment, once it has been initiated.

Moreover, the properties of the mutant smI9 indicate that
basal bodies assembled at the nonpermissive temperature are
neither defective in their intrinsic capacity to duplicate nor
in their aptitude to nucleate associated structures. First, even
after several divisions at 35°C, all the basal bodies continue
to nucleate normal kinetodesmal fibers, and transverse and
postciliary microtubules and axonemes. Second, upon trans-
fer back to 28°C, all basal bodies duplicate, as demonstrated
by the fact that a normal spacing between basal bodies is re-
covered after the first division at the permissive temperature.
Third, the kinetics of loss of basal bodies over successive di-
visions at 35°C fits the hypothesis that all basal bodies,
whether previously formed at 28°C or developed at 35°C,
display the same probability (~60%) of duplication and
maintain it over successive divisions at 35°C. If basal bodies
formed at 35°C were unable to duplicate, their kinetics of
loss over the first three divisions would be much steeper; 51,
35, and 22 instead of the observed values of 51, 41, and 32
(Table I). Finally, we have shown that the mutational defect
can be repaired by microinjection of wild-type cytoplasm
and that this effect, although transient, lasts for at least three
to four cell generations. This renders unlikely the hypothesis
that the mutated factor is a structural component of the basal
body itself or of its associated pericentriolar-like material.

It is worth pointing out that the sm/9 mutation is the first
one known to affect the initiation of basal body duplication.
The earliest mutation so far reported is the bald 2 mutation
in Chlamydomonas (17), which blocks basal body develop-
ment beyond assembly of the initial ring of nine singlet mi-
crotubules. In view of the numerous mutations affecting
flagellar assembly obtained in Chlamydomonas (20-22, 32)
and in Physarum (34), and the various screening methods
used to isolate flagellar mutants in these organisms, it seems
surprising that no mutant unable to duplicate basal bodies
has been described. The absence of such mutants can be in-
terpreted in two ways: either such mutations are immediately
lethal or very few genes are involved in the process. Immedi-
ate lethality would indicate that these genes perform crucial
functions other than basal body duplication. This does not
seem to be the case for the sm/9 mutation.

Altogether, the data suggest that the gene sm/9* codes for
a product, specifically necessary for basal body duplication
and not required for the development and properties of the
structure itself. Kuriyama and Borisy (29) have also reported
evidence for a specific duplication signal in the centriole
cycle of Chinese hamster ovary cells. In Paramecium, the
restoration of the mutational defect by microinjection of
wild-type cytoplasm into sml9 cells opens up the possibility
of characterizing the duplication factor.

In any case, the original defect observed in the organiza-
tion of some sm/9 basal bodies provides new information on
basal body biogenesis. First, the assembly of the nine initial
microtubules is not interdependent. Second, the overall nine-
fold symmetry of the basal body is not disturbed by the ab-
sence of a triplet of microtubules, and therefore appears pre-
patterned in the germinative disc.
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Basal Bodies, Cell Cycle, Cell Size, and Cell Shape

The cycle of basal bodies, like that of centrioles (29) is
strictly coupled to the cell cycle. However, cells can divide
without centrioles, as shown in Drosophila (10), or divide
normally regardless of the number of their basal bodies, as
already observed in Chlamydomonas (42) and Euplotes (14).
The fact that sml9 cells continue to divide at a normal rate
while their basal body number decreases confirms that this
parameter is not involved in the control of the cell cycle.
Basal body duplication would therefore appear as a terminal
and dispensable process. However, in Paramecium, the re-
duction in the number of basal bodies results in a change in
cell shape (without notable change in cell mass, at least in
the short run, as long as the cells can feed). This change,
most easily measured in terms of cell length, leads first to
less tapered cells and then to ovoid ones. The simplest in-
terpretation of these observations is that the normal shape of
Paramecium is partly determined by the physical constraints
exerted over its cortex by the basal bodies and their asso-
ciated structures (kinetodesmal fibers, and transverse and
postciliary microtubules), which form a dense and rigid cor-
tical network. As the density of basal bodies decreases faster
than cell length, the shape of the cell becomes less con-
strained. It is interesting to note that, at least in the short run
(first two to three divisions), this change in the shape of the
cell does not affect its overall metabolism, since in particular
protein synthesis seems unaffected and cell length decreases
much less than basal body number, resulting in a wider basal
body spacing. However, by the third division, basal body
spacing ceases to decrease, while both basal body total num-
ber and cell length continue to do so (see Table I). These ob-
servations suggest, although they do not demonstrate, that
basal body number might be coupled to cell metabolism, in
agreement with results on Zetrahymena (35) showing that it
is the total number of basal bodies that is constant rather than
their arrangement.

Finally, it can be pointed out that, despite reduction in
basal body number, the secondary disorganization of cortical
units, and change in cell shape, the overall cortical pattern
is not notably modified, in agreement with other results
showing that, in Terrahymena (13), pattern and cell shape are
largely independent and that, in Pleurotrycha lanceolata (18)
and Paraurostyla weissei (23), pattern and assembly of basal
body-associated structures are not interdependent.

In the cortex of ciliates, basal bodies would therefore pri-
marily respond to diffusible or structural signals for duplica-
tion and patterning but would also in turn contribute to the
determination of cell shape and cortical pattern.
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