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ABSTRACT

Partial deciliation of Tetrahymena resulted in cells losing 75% of their cilia, with
the balance being paralyzed. The paralyzed cilia are resorbed in the first 20 min
after partial deciliation, and regeneration of cilia begins before resorption is
completed. Inhibition of protein synthesis with cycloheximide does not inhibit
ciliary resorption or regeneration, whereas vinblastine sulfate inhibits regeneration
but not resorption. Inhibition of regeneration occurs in completely deciliated cells
when they are treated with cyclohexmimide or vinblastine sulfate. It is concluded
that the resorbing cilia contribute materials which allow regeneration to occur in
the absence of protein synthesis.

The volume of cilia regenerated in the presence of cycloheximide in partially
deciliated cells is greater than the ciliary volume which is resorbed. This suggests
the Tetrahymena cells have a pool of ciliary precursors. This pool does not
contribute materials for regeneration in completely deciliated cells which are
treated with cycloheximide. It is concluded that resorbing cilia in partially
deciliated cells contribute materials which potentiate assembly of cilia from the

pool of precursors.

Cilia and flagella provide many desirable advan-
tages as model systems which can be exploited to
develop our understanding of the cellular mech-
anisms which control organellogenesis. Numerous
studies have been made on the ultrastructural and
biochemical nature of cilia and flagella, proving
invaluable to furthering our understanding of their
formation (for reviews see, 4, 6, 7, 8, 12, 13). The
process of ciliary regeneration in Tetrahymena has
been described by others (13), and it has been
shown that ciliary regeneration requires protein
synthesis and the assembly of microtubule pro-
tein(s). Other studies of flagellate systems have
yielded similar results. In the biflagellated orga-
nism Chlamydomonas, however, it has also been
shown that regeneration of flagella can occur in the
absence of protein synthesis. Resorbed flagellar
proteins are reutilized, and flagella are assembled
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from a cytoplasmic pool of flagellar proteins (3,
10). The striking similarity between ciliary and
flagellar ultrastructures may imply that an equal
similarity exists in the mechanisms controlling
their organellogenesis.

This report deals with an attempt to further
explore ciliogenesis in Tetrahymena. The results
obtained demonstrate that Tetrahymena, like
Chlamydomonas, can regenerate cilia in the ab-
sence of protein synthesis if deciliation is incom-
plete.

MATERIALS AND METHODS

Materials
Tetrahymena pyriformis, strain GL-C, was obtained
from a stock maintained by Dr. Norman Williams at the

University of lowa.
Solutions of 5 mM CaCl; and S mM EDTA in 50 mM
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sodium acetate buffer, pH 6.0, were used for the
deciliation of Tetrahymena. The cells recovered from
deciliation in 0.1 M potassium phosphate buffer, pH 7.0.

The reagents used for scanning electron microscopy of
Tetrahymena were 2% osmium tetroxide for fixation, an
ethyl alcohol series for dehydration, and an ethyl alcohol-
amylacetate series for critical point drying (performed in
a simplified apparatus developed by Ruffolo (11)).

A tritiated amino acid mixture, no. 3130-08, was
obtained from Schwarz/Mann, Div., Becton, Dickinson
and Co. Orangeburg, N. Y., cycloheximide from the
Sigma Chemical Co., St. Louis, Mo., and vinblastine
sulfate from the Eli Lilly and Co., Indianapolis, Ind.

Culture Methods

T. pyriformis (GL-C) were grown on bactotryptone
medium (5) at 28°C. Except where otherwise noted, all
experiments were performed on cultures growing loga-
rithmically at densities between I x 10* and 5 x 10*
cells/ml.

Methods of Ciliary Amputation

Complete removal of somatic cilia was carried out at
room temperature by the same technique used by Rosen-
baum and Carlson in their study of ciliary regeneration in
T. pyriformis, strain W (2, 13). Partial deciliation was
accomplished in the same manner except that the shear-
ing force applied as the final step in the total deciliation
technique was omitted. Rather than being subjected to
shearing forces, the cells were simply suspended in the
recovery buffer. Under these circumstances, approxi-
mately 70-75% of the cilia were shed and the remaining
25-30% were paralyzed.

Assay for Recovery of Motility

Cells that are either completely or partially deciliated
by these methods are nonmotile. Recovery from either of
these conditions is indicated when the cells begin to swim.
The degree of recovery can be gauged by counting the
numbers of cells in a culture sample which are and are
not swimming and by calculating percent motility. Two
methods were routinely used to determine the percent of
motile cells. The first technique, used by Rosenbaum and
Carlson (9), involved placing culture samples in capillary
tubes. These, in turn, were submerged in mineral oil for
observation under a dissecting microscope. In the second
method, cells were observed directly in their culture
flasks on an inverted microscope. In both methods motile
vs. nonmotile cells were scored and the percent motility
was calculated. The two methods were found to produce
concordant results.

Radioactive Assay of Normal and
Inhibited Protein Synthesis

For each experiment a mixture of (2 uCi/ml) tritiated
amino acids (1 mCi/ml) was added to three cultures of
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either deciliated or logarithmically growing, normal 7.
pyriformis. 30 min later, cycloheximide (1 or 5 ug/ml)
was added to these cultures to inhibit protein synthesis.
At intervals of 5, 30, 60, and 90, and 120 min, a 1-ml
aliquot of each culture was withdrawn and assayed for
incorporation of tritiated amino acids into total cell
protein. Each aliquot was run into 1 ml of 10% trichlora-
cetic acid, swirled, and heated in a water bath at 90°C for
30 min. The precipitated proteins were washed four times
with distilled water, dried, and solubilized with 0.5 N
NaOH at 50°C. The solubilized samples were diluted to
0.1 N NaOH with distilled water. An 0.2-ml aliquot of
each sample was mixed with 15 ml of scintillation fluid
consisting of 33% Triton X-100, 67% toluene, and 0.27%
PPO (vol/vol/wt). The samples were then counted in a
Beckman LS-133 scintillation counter (Beckman Instru-
ments, Inc., Fullerton, Calif.).

Determination of Ciliary Frequency,
Relative Lengths, and Volumes

Scanning electron micrographs of Tetrahymena were
photographically enlarged to magnify the cells to
x 4,000. The relative length and frequency data for cilia
were obtained by measuring the lengths of all somatic
cilia on at least six cells (always more than 500 cilia) with
a plastic rule. The mean frequency per cell of each ciliary
length class was determined by dividing the number in
each class by the number of cells from which data were
obtained. The sum of the lengths per cell was used as a
relative measure of ciliary volume. Cilia are cylindrical
and the cross-sectional areas are uniform. Ciliary vol-
ume, therefore, is directly proportional to length. All the
somatic cilia were measured on cells on which tangling of
cilia was minimal.

Although deviations in the angular orientation of cilia
produced consistent underestimation of total ciliary
length, randomness of orientation (assumed) results in
consistent error in all determinations. Deviations in
orientation can, therefore, be ignored.

The number of somatic cilia on untreated log cells is
less than previously reported for Tetrahymena. The
reason for this difference is unknown. It is possible that
the loss of a consistent proportion of cilia occurs as a
result of some step in preparation of specimens for
scanning electron microscopy. It is assumed that the
same proportional loss of cilia also occurs in the
preparation of partially deciliated cells for microscopy.

Inhibition of Ciliary Regeneration by
Vinblastine Sulfate

Cultures of partially deciliated T. pyriformis in “‘re-
covery buffer” were treated by adding 0.5, 1, 2.5, 10, 185,
20, or 25 ul of a 0.2% solution of vinblastine sulfate in
“recovery buffer.” 2 h later the cultures were examined
and scored for motility, and samples were prepared for
scanning electron microscopy.
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Scanning Electron Microscopy

Aliquots of culture were fixed for 2 min by adding an
equal volume of 2% osmium tetroxide and were then
washed with water by centrifugation. The fixed cells were
dehydrated in an ethyl-alcohol series and the alcohol was
subsequently replaced with 100% amylacetate. The fixed
cells were then critical point dried in the simplified
apparatus developed by Ruffolo (11), mounted on stubs,
and coated with a mixture of gold and palladium. The
scanning electron microscopy was done on a Cambridge
Stereoscan.

RESULTS

Recovery of Motility in Partially
Deciliated Tetrahymena

Partially deciliated Tetrahymena recovered mo-
tility with the same kinetic pattern as cells that had
been completely deciliated (Fig. 1). In each case a
30-min lag occurred before any signs of motility
could be seen. Approximately 30-35 min after the
onset of recovery, 90-95% of the cells in the culture
were fully motile. The number of cells motile in an
untreated log culture never exceeded 95%. There-
fore, according to the motility criterion, both
partially and completely deciliated cells were fully
recovered approximately 1 h after treatment.

Experiments were carried out to determine the
relationship of protein synthesis to recovery of
motility in both partially deciliated and completely
deciliated cells. Fig. 2 shows the effect of various
concentrations of cycloheximide on synthesis of
total cell protein. It was found that 5 pg/ml of
cycloheximide was sufficient to eliminate protein
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FIGURE 1 The kinetics of motility recovery in com-

pletely deciliated (M—M) and partially deciliated
(@—®) T. pyriformis (GL-C). No difference in the
kinetic pattern of motility recovery was observed.
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synthesis in deciliated cells. The effect of inhibition
of protein synthesis on the recovery of motility was
determined for both partially and completely de-
ciliated Tetrahymena. Fig. 3 shows a comparison
between the recoveries of partially deciliated cells
and of completely deciliated cells both treated with
an excess of cycloheximide. As previously shown
by Rosenbaum and Carlson (9), completely decil-
iated cells were unable to recover motility in the
presence of cycloheximide.

On the other hand, partially deciliated cells were

40

60 90 120

(MINUTES)

30
TIME

FIGURE 2 The effect of cycloheximide on the incopora-
tion of tritiated amino acids into total cell protein. Cells
were grown in bactotryptone media and labeled with
tritiated amino acids for 30 min. The culture was then
divided into three portions: no cycloheximide was added
to the first portion (O—O). The second and third
portions were treated with 1 ug/ml (O—0) and 5 ug/ml
(@—@®@) cycloheximide, respectively.
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Ficure 3 The effect of cycloheximide on the recovery
of motility in partially deciliated (@—@®) and completely
deciliated ((0—0J) Tetrahymena. Cycloheximide-treated,
partially deciliated cells recovered motility more slowly
than partially deciliated untreated cells (O—O).
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able to recover a significant level of motility. The
onset of recovery of motility was delayed by
approximately 10 min in partially deciliated cells
treated with 20 ug/ml of cycloheximide relative to
the onset in untreated, partially deciliated cells.
Not only was recovery of motility delayed, but the
maximum number of cells motile at any observa-
tion never exceeded 50%. A significant level of
recovery of motility can therefore occur in the
presence of cycloheximide in partially deciliated
Tetrahymena.

Recovery of motility in partially deciliated cells
could be due either to the replacement of paralyzed
cilia with functional cilia or the repair of paralyzed
cilia. Replacement requires assembly of mi-
crotubules, whereas repair need not. Partially
deciliated cells were, therefore, subjected to treat-
ment with vinblastine which has little effect on
protein synthesis, but is known to inhibit assembly
of microtubules (1). Fig. 4 shows the results of this
experiment. Partially deciliated cells treated with
as little as 10 pg/ml vinblastine are unable to
recover motility during 2 h. This suggests that
ciliary regeneration and, in particular, microtubule
assembly are involved in recovery of motility in
partially deciliated cells, as they are for fully
deciliated cells. Thus, the results in Fig. 3 suggest
that ciliary regeneration can occur without protein
synthesis in partially deciliated cells, but not in
fully deciliated cells.

Ciliary Regeneration in Partially
Deciliated Tetrahymena

Analysis of scanning electron micrographs
(SEM) (Figs. 5 and 6) demonstrates that partially

deciliated Tetrahymena resorb paralyzed cilia and
generate new cilia during recovery of motility. This

occurs even in the presence of an excess of
cycloheximide. Fig. 5 is a series of scanning
electron micrographs showing Tetrahymena in
various stages of recovery after partial deciliation.
Figs. S @ and 5 b, respectively, show cells before
and immediately after partial deciliation. 72% of
the normal number of cilia were lost by cells
during partial deciliation (Table I). Fig. 5 ¢ depicts
a partially deciliated cell after 20 min of recovery
in the presence of cycloheximide. At this stage (10
min before the first signs of motility), many more
cilia were present than immediately after partial
deciliation. Regenerated cilia in cells 2 h after
partial deciliation in the presence and absence of
an excess of cycloheximide are shown in Fig. 5 4
and 5 f, respectively, and little difference is noted
between them.
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FIGURE 4 The effect of vinblastine on motility recovery
in partially deciliated T. pyriformis (GL-C). At the time
of partial deciliation, vinblastine, in varying concentra-
tions, was added to samples of cells recovering in
phosphate buffer. Recovery of motility was determined
at 120 min post-deciliation.

FIGURE 5 Partial deciliation in T pyriformis demonstrated with the scanning electron microscope. Fig. 5
a: a ciliated cell before partial deciliation. Fig. 5 b a partially deciliated cell immediately after treatment.
75% of the somatic cilia were amputated; the remaining 25% were paralyzed. Fig. 5 ¢ a cell which was
recovering in phosphate buffer containing 20 ug/ml cycloheximide and fixed 20 min after partial
deciliation. The cells in this sample were not motile, and the micrograph shows that essentially all cilia are
short. Fig. 5 d: a cell fixed 2 h after partial deciliation. The cells were recovering in phosphate buffer
containing 20 ug/ml cycloheximide. The cells were motile in this sample, and the micrograph shows that
many relatively long cilia are present. Fig. 5 e: a cell 2 h after partial deciliation, which immediately after
partial deciliation, was placed in phosphate buffer containing 20 xg/ml vinblastine. The remaining cilia
were resorbed and no regeneration occurred. Fig. 5 f a partially deciliated cell untreated with drugs at 2 h
postdeciliation. After 2 h 90% of the normal ciliary volume is present. For calculation of ciliary volume, see

Table II and text.
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The histograms in Fig. 6 show the relative
lengths and numbers of cilia per cell for cells in the
presence of cycloheximide over a period of 120 min
after partial deciliation. Ciliary lengths shifted
progressively toward the shorter classes through
the first 20 min. This shows that the old cilia were
resorbed. From 30 min through 120 min, ciliary
lengths shifted progressively to longer classes. At
12 min the distribution of lengths was marginally
bimodal. Table I shows, by relative measure,
changes in the absolute numbers of cilia per cell
over the course of the experiment. The numbers of
cilia decreased from 0 min to 6 min as the
frequencies of ciliary lengths (Fig. 6) shifted to-
ward the shorter classes. The earliest indication of
increase in the number of cilia per cell occurred at
12 min. By 20 min, however, the numbers of cilia
again decreased, probably a result of ongoing
resorption. This second decrease was followed by a
steady increase in numbers of cilia throughout the
remainder of the experiment.

Ciliary volumes of cells undergoing regeneration
in the presence and absence of cycloheximide are
compared in Table II. Immediately after partial
deciliation, the ciliary volume is 24% of the normal
ciliary volume. By 2 h, cells regenerating in the
presence of cycloheximide have a ciliary volume
38% of the normal, and untreated cells a ciliary
volume of 92% of the normal. Partially deciliated
cells treated with cycloheximide regenerate more
cilia to short lengths, rather than fewer cilia to
normal lengths. This is indicated by the observa-
tion that partially deciliated cells treated with
cycloheximide regenerate 84% of the normal num-
ber of cilia (Table I) and only 38% of the normal
ciliary volume (Table II).

After treatment of partially deciliated cells with
vinblastine, resorption of cilia occurred but regen-
eration was prevented. By 2 h the cells were devoid
of cilia (Fig. 5 e). At 4 h cilia were still absent, but
when vinblastine was removed from the culture a
recovery of motility began 30 min later and the
normal pattern for recovery of motility followed.

DISCUSSION

Tetrahymena can regenerate cilia in the presence
of cycloheximide when old cilia are available for
resorption. This result is in contrast to that
reported for completely decilitated cells where cy-
cloheximide prevents ciliary regeneration (9). The
coupling of ciliary resorption with ciliary regenera-
tion when cycloheximide is present suggests that
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resorbing cilia may provide materials which are
reused by the cell in the development of replace-
ment cilia.

In Tetrahymena that are partially deciliated and
treated with cycloheximide the volume of the
somatic ciliature immediately after partial decilia-
tion is 24% of the normal, and the volume which is
regenerated is 38% of normal (Table II). This
difference (representing a 58% increase in ciliary
volume over the starting volume) raises questions
concerning the source of the ciliary components
from which excess ciliary volume is formed. There
are several possible explanations for these results.
First, the excess ciliary volume may be developed
from ciliary subunits provided by the resorption of
that portion of the oral ciliature which remains
after partial deciliation. Rosenbaum and Carlson
have observed that the oral ciliature which remains
after total deciliation is sloughed rather than
resorbed (9). Partially deciliated Tetrahymena in
this present study behaved in the same manner.
Second, the excess ciliary volume may be illusory
due to the differential fragility of the cilia at
various times after partial deciliation, i.e., early
culture samples of partially deciliated cells may be
more sensitive to the manipulations required for
preparation for the scanning electron microscope
than later samples, resulting in proportionally
more cilia being lost from the early samples.
However, to minimize this problem, samples were
removed from regenerating cultures by gentle
pouring to limit shearing forces which might strip
off cilia. Once cells are fixed, the differential
fragility may not be a significant problem since the
process of fixation is likely to strengthen the
weakened linkage of cilia to the cell by the
cross-linking of proteins. Nevertheless, the prob-
lem of differential fragility has not been entirely
eliminated. Third, the excess ciliary volume may
represent a contribution of components from a
pool of ciliary precursors within the cytoplasm of
the cell. The possibility that the excess ciliary
volume is derived from a pool of ciliary precursors
is of importance as a hypothesis, because it raises
questions concerning the nature of precursor pools
of proteins in relation to the control of ciliary
regeneration in Tetrahymena.

Rosenbaum (9, 10) in several studies has as-
sumed that the amount of regeneration which
exceeds the amount of resorption without the
synthesis of proteins is a measure of the size of the
precursor pool. The data for partially and com-
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FIGURE 6 A series of histograms visualizing the frequency of cilia and their relative lengths per cell at
various times after partial deciliation. Histograms labeled *“0 min”’ through ““120 min” show changes in the
number and length of cilia observed in cells recovering in 20 ug/mi cycloheximide. The length and
frequency of cilia formed by 2 h, in partially deciliated cells untreated with cycloheximide, are shown in the
histogram labeled **120 min control.” The frequency distribution of relative ciliary length for logarithmi-
cally growing cells is shown in the histogram labeled “‘untreated cells.”

1015



pletely deciliated Tetrahymena taken together are
in conflict with this assumption, since it appears
unlikely that a pool would exist in the former case
and not the latter.

The correlation of utilization of the pool of
ciliary precursors with the resorption of a portion
of the old ciliature indicates that the old ciliature
may provide some factor(s) which functions to
potentiate assembly of cilia from the pool of
precursors. The term potentiation is suggested by
the observation that the volume of cilia regener-
ated by partially deciliated cells treated with
cycloheximide is greater than that which was

TasBLE 1
Number of Cilia Per Cell During the Course of
Ciliary Regeneration in Partially Deciliated Tet-
rahymena Treated with Cycloheximide®

Number of cilia  Percent of
Time} per cell normal
min %
0 49 =+ 59 28
3 48 + 6.3 27
6 46.8 + 648 26
12 122.3 + 11.8§ 70
20 87.5 + 8.7§ 50
60 147.5 £ 259 84
120 148.3 +£23.5 84
120, no cycloheximide  168.5 +22.6 96

Log cells 176.9 + 26.38 100

* ug/ml cycloheximide.

1 The lapse of time after partial deciliation.

§ The difference is significant at the 0.05 level but not at
the 0.025 level using the t-distribution.

resorbed. This implies that the ratio of potentiat-
ing factor(s) to other ciliary components is less in
the regenerated cilia than in the cilia which were
resorbed. The nature of the potentiating factor(s)
suggested by this study is unknown. The factor(s)
may exist, as such, in mature cilia. It is also
unknown if the potentiating factor(s) has any role
in the function of mature cilia.

Ciliary components from resorbing cilia, includ-
ing potentiating factor(s), may be reassembled into
the structure of regenerated cilia in the presence of
cycloheximide. However, the components of re-
sorbed cilia need not be reincorporated into regen-
erated structures to explain regeneration in the
presence of cycloheximide. All that the cell needs is
a pool of ciliary precursors and some source of
potentiating factor(s). There is information availa-
ble suggesting that organelle components in
Tetrahymena may be reused in the regeneration of
replacement structures, but the evidence is not
strong enough to preclude other hypotheses such as
utilization of pooled organelle components never
before assembled into organellar structure. Wil-
liams and Nelson, in their study of the replacement
of oral structures in Tetrahymena, provide evi-
dence which can be explained by either the pool
hypothesis or the reutilization hypothesis (14).
They have studied synchronous oral replacement
under experimental conditions where net protein
synthesis was prevented; the only label available
for protein synthesis was from turnover of cell
proteins and reincorporation of labeled turnover
amino acids was minimized by an amino acid
chase. They found that under these conditions new

TaBLE II

Relative Ciliary Volumes at Various Times during the Course of Ciliary Regeneration in Partially Deciliated
Tetrahymena

Percent of normal relative

Time* Relative ciliary volumes} ciliary volume
ntin units/cell %
0 390.77 +49.17 24
120, 20 pug/ml 616.8 + 87.48 38 P = 0001
120, cycloheximide 1470.38 + 173.52 92

Normal log cells

1606.3 + 210.20

100

* The lapse of time after partial deciliation.

1 Total ciliary volume for each sample is calculated from the data presented in Fig. 6 by multiplying the frequency in
each length class by the length, and summing all length classes. For each sample all the somatic cilia were measured on
no less than six cells and at least 500 cilia were measured. Ciliary length is directly proportional to volume; cilia are

cylindrical and uniform in diameter.
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oral structures formed during synchronous oral
replacement were only slightly less heavily labeled
than those they replaced. These authors indicate
that reutilization of oral apparatus components is
a possibility in oral replacement, but suggest that
there may be other sources for oral apparatus
subunits as well. In both the replacement study by
Williams and Nelson (14) and this ciliary regenera-
tion study, it is difficult to determine whether or
not there is any reutilization of organelle compo-
nents from resorbed structures in the development
of regenerated structures. A decision regarding
this question may be possible if some direct means
is developed for measuring the actual quantity of
organelle components in regenerated structures
which have been derived from resorbed organelles.

The process of ciliary regeneration and resorp-
tion can occur simultaneously in Tetrahymena.
This conclusion is supported by the partial bimo-
dality shown in the histogram plot in Fig. 6 of the
relative ciliary lengths at 12 min. Data on the
numbers of cilia present at various times through-
out regeneration in the presence of cycloheximide
which are presented in Table I further support this
conclusion by showing, first, an increase, and then,
a decrease in the number of cilia between 6 and 20
min. These data suggest that a resorbing popula-
tion and a regenerating population of cilia are
present between these two points of time. Further
evidence supporting this conclusion is the observa-
tion that both partially and completely deciliated
cells begin recovery of motility at the same time. If
initiation of regeneration in partially deciliated
cells required the completeion of resorption, then
regeneration would be delayed for a period at least
as long as the period required for resorption. This
was not observed.

It is likely that resorption is completed for most
individual cilia before regeneration is initiated at
the same site. This is suggested by the decrease in
the number of cilia between 12 and 20 min and is
probably due to the resorbing population, which
existed at 12 min, having been resorbed, or nearly
so, by 20 min. Two distinct and separate mech-
anisms may control regeneration and resorption of
cilia. It is common in biochemical systems for
synthesis and degradation to occur as separate
processes rather than one being simply the reverse
of each other. Similarly, assembly and disassembly
may not be the reverse of each other.

The author expresses his thanks to Dr. Norman E.

JOHN RANNESTAD Regeneration of Cilia in Partially Deciliated Tetrahymena

Williams and Dr. Stuart W. Smith for helpful discussions
and critical reading of the manuscript.

This investigation was supported by grant RR-05357
of the U.S. Public Health Service to the author and grant
GB-24901 of the National Science Foundation to Dr.
Norman E. Williams.

Received for publication 17 December 1973, and in
revised form 26 August 1974.

REFERENCES

1. BieBer, W. 1972. Protein synthesis in vinblastine
synchronized Tetrahymena. Ph.D. Thesis, Univer-
sity of Colorado, Boulder, Colorado.

2. CHiLb, F. M. 1965. Mechanisms controlling the
regeneration of cilia in Tetrahymena. J. Cell Biol.
27:18 A.

3. CoYNE, B,, and J. L. RosenBauM. Flagellar elonga-
tion and shortening in Chlamydomonas. 11. Re-utili-
zation of flagellar proteins. J. Cell Biol. 47:777-781.

4. FAwcerT, D. 1961. Cilia and flagella. In The Cell:
Biochemistry, Physiology, Morphology. J. Brachet
and A. E. Mirsky, editors. Academic Press, Inc.,
New York. 2:217-297.

5. FRANKEL, J. 1965. The effect of nucleic acid antago-
nists on cell division and oral organelle development
in Tetrahymena pyriformis. J. Exp. Zool.
159:113-147.

6. GiBBONS, I. R. 1965. Chemical dissection of cilia.
Arch. Biol. (Liege). 76:317-352.

7. PiTELKA, D. R. 1963. Electron Microscopic Studies
of Protozoa. Macmillan Company, New York.

8. PiTeLkA, D. R, and F. M. CHiLD. 1964. The
locomotor apparatus of ciliates and flagellates: rela-
tions between structure and function. Biochemistry
and Physiology of Protozoa. Academic Press, Inc.,
New York. 3:131-198.

9. RosenBaum, J. L, and K. CarLson. 1969. Cilia
regeneration in Tetrahymena and its inhibition by
colchicine. J. Cell Biol. 40:415-425,

10. RosenBaum, J. L., J. E. MOULDER, and D. L.
RINGO. 1969. Flagellar elongation and shortening in
Chlamydomonas. J. Cell Biol. 41:600-619.

11. RUFFOLO, J. 1972. Fine structure of cell develop-
ment in Euplotes. Ph.D. Thesis, University of Iowa,
Towa City, Iowa.

12. SATIR, P. 1965. Structure and function in cilia and
flagella-facts and problems. Protoplasmatologia.
3:1-52.

13. SLEIGH, M. A. 1962. The Biology of Cilia and
Flagella. Pergamon Press, Oxford.

14. WiLLiams, N. E., and E. M. NELSON. 1973. Regula-
tion of microtubules in Tetrahymena. 11. Relation
between turnover of microtubule proteins and mi-
crotubule dissociation and assembly during oral
replacement. J. Cell Biol. 56:458-465.

1017



