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ABSTRACT 

Utilization of temperature-sensit ive mutants of Tetrahymena pyriformis affected 
in cell division or developmental  pathway selection has permit ted elucidation of 
causal dependencies interrelating micronuclear and macronuclear  replication 
and division, oral development ,  and cytokinesis. In those mutants in which cell 
division is specifically blocked at restrictive temperatures ,  micronuclear division 
proceeds with somewhat  accelerated periodicity but maintains normal  coupling 
to predivision oral development .  Macronuclear division is almost totally sup- 
pressed in an early acting mutant  (mol  a) that prevents formation of the fission 
zone, and is variably affected in other mutants (such as mo3) that allow the 
fission zone to form but arrest constriction. However ,  macronuclear  D N A  
synthesis can proceed for about  four cycles in the nondividing mutant  cells. A 
second class of mutants (psm) undergoes a switch of developmental  pathway 
such that cells fail to enter  division but instead repeatedly carry out an unusual 
type of oral replacement  while growing in nutrient medium at the restrictive 
temperature .  Under  these circumstances no nuclei divide, yet macronuclear  
D N A  accumulation continues. These results suggest that (a) macronuclear  
division is stringently affected by restriction of cell division, (b) micronuclear 
division and replication can continue in cells that are undergoing the type of oral 
development  that is characteristic of division cycles, and (c) macronuclear  D N A  
synthesis can continue in growing cells regardless of their developmental  status. 
The observed relationships among events are consistent with the further sugges- 
tion that the cell cycle in this organism may consist of separate clusters of events, 
with a varying degree of coupling among clusters. A minimal model of the 
Tetrahymena cell cycle that takes these phenomena  into account is suggested. 

One way to uncover causal relations between 
successive or simultaneous cellular develop- 
mental processes is to interfere selectively with 
one process and then observe the effects on the 
others. Microsurgical dissection provides a para- 
digm for this experimental logic: for example, 
Tartar (61) was able to demonstrate conclusively 

that the oral development of a ciliate is not nec- 
essary for the cell division that follows it, by 
simply cutting out the developing oral apparatus 
of Stentor and then observing that fission pro- 
ceeds nonetheless. However, where cells are 
small and not readily operable, and/or the pro- 
cesses under study are pervasive physiological 
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events ,  o the r  m e t h o d s  mus t  be resor ted  to.  One  
such m e t h o d  is to use physiological  agents  such as 
sub le tha l  t e m p e r a t u r e s  or  chemica l  inh ib i to rs  
(e.g. ,  re ference  69) .  A l t h o u g h  these  do  affect 
cellular d e v e l o p m e n t  differential ly,  the i r  effects 
are b road  ranging and  somet imes  difficult to in- 
te rpre t .  

This study is devo ted  to the applicat ion of a 
third me thod ,  genetic dissection through the use 
of temperature-sensi t ive  mutat ions.  Most  such 
muta t ions  in bacter iophage (15) and probably  also 
in eukaryotic cells (58) represent  amino  acid sub- 
sti tutions in part icular  prote ins  brought  abou t  by 
missense base subst i tut ions in D N A .  In this way, 
their  effects are highly specific. However ,  if the 
affected gene product  and  its function are un- 
known,  then one cannot  be certain of the specific- 
ity of the mutan t  at the level of gross cellular 
processes, as pleiotropic effects are often hard to 
rule out.  This l imitation can be overcome at least 
partly by setting up a screening system to select 
muta t ions  affected in part icular  cellular processes. 
This strategy has been  successfully employed in 
budding yeast to dissect causal relations in the cell 
cycle (33). We apply here essentially the same 
strategy to the ciliated pro tozoan Tetrahymena 
pyriformis. Mutan t s  that  were blocked in cell divi- 
sion were selected and genetically analyzed (27);  
o ther  mutants  were obta ined  that  b rought  about  a 
switch in deve lopmenta l  pathways.  The first set of 
mutants  was found to permit  a substantial  n u m b e r  
of cell-cycle processes to cont inue despite the 
block in cell division, while the second was more  
restrictive. In format ion  was obta ined  on the 
course of nuclear  and  cortical events  in mu tan t  
cells shifted to nonpermiss ive  t empera tu re .  Such 
information can be combined  with the extensive 
body of per t inent  existing data  derived from use of 
o ther  methods  to provide a reasonably  detai led 
picture of the causal interrela t ions of the grosser 
aspects of the cell cycle. The  exper imenta l  out- 
come shows that  some very simple models  of the 
cell cycle are inapplicable to ciliates, and  makes  
possible the construct ion of a minimal  plausible 
model  of the in terre la t ion of cell cycle events  in 
Tetrahymena. 

M A T E R I A L S  A N D  M E T H O D S  

Strains 

Inbred strains of T. pyriformis, syngen 1, were used in 
this study. Strains B and D, both in the 18th generation 
of inbreeding, were received from Dr. David L. Nanney. 

The mol ,  mo3, mo6, and psm mutants were obtained by 
selection and inbreeding after nitrosoguanidine muta- 
genesis, as described in detail elsewhere (27). The "psm- 
like" line is a nitrosoguanidine-induced strain B var- 
iant, originally designated 10-1-42, selected by Dr. Peter 
Bruns who kindly donated it to us. 

Media and Cultivation 

Long-term stock cultures were maintained at 18 ~ 
200C in 1% proteose peptone, initially without and later 
with 0.1% yeast extract, in culture tubes with transfer 
every 2nd wk. Stocks undergoing current experimenta- 
tion were maintained in slanted tube cultures, trans- 
ferred daily or every other day in a 1% proteose pep- 
tone-0.1% yeast extract medium. Experiments were 
conducted in a 2% proteose peptone-0.5% yeast extract 
medium (PPY). A few early experiments were carried 
out in a tryptone-glucose-vitamins-salts (TGVS) medium 
(22). 

Experimental Protocols 

500-ml Fernbach flasks (Jena Glaswerk) containing 
150 ml of TGVS or PPY medium were inoculated from a 
1-day old tube culture and then incubated at 23~ or 
28~ without shaking or aeration for 16-18 h (five to six 
cell generations). Experimental flask cultures were then 
transferred to a water bath set at 40 ~ - 0.2~ still 
without shaking or aeration. Cell density ranged from 
700 to 30,000 cells per milliliter at the time of the 
temperature shift. With few exceptions, each experiment 
involved two cultures of wild-type cells and two of mu- 
tant cells, with one of each pair remaining at 23~ or 
28~ and the other shifted to the 40~ bath. The actual 
temperature inside the flask was probably somewhat 
below 40~ (in one experiment it was measured at 
39.6~ Samples were taken from both control and 
experimental cultures at the time of the temperature shift 
of the experimental cultures and at intervals thereafter. 
These were prepared for cell counting, silver impregna- 
tion, and Feulgen staining. Samples were prepared for 
counting as described earlier (22) and counted in a 
model A Coulter Counter (Coulter Electronics, Hialeah, 
Fla.). 

Cytological and Cytophotometric 

Procedures 

Feulgen staining and fluorescence cytophotometry 
were performed by the methods of Bohm and Sprenger 
(2) as described by Doerder and DeBault (12). Hydroly- 
sis in 1 N HCI at 40~ was performed for 25 rain in 
experiments involving mol a, and for 20 rain in experi- 
ments involving psm. All other general procedures for 
handling and measurement of slides were performed as 
in Doerder and DeBault (12). 

Measurements of DNA content of maeronuclei of 
tool a cells cultured at 40~ posed a special problem 
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because the macronucleus was generally over- and un- 
derlain by several micronuclei. What could be measured, 
therefore, was the DNA content of the macronucleus 
plus that of the superimposed micronuclei. To obtain an 
estimate of DNA content of the macronucleus alone, 
cells were chosen for measurement in which some of the 
micronuclei were not superimposed on the macronucleus 
(this condition was fulfilled by most cells). The DNA 
content of two or three such free-lying micronuclei was 
measured, the cytoplasmic background value (measured 
in the same cell) subtracted, and the corrected values 
were averaged. The macronucleus plus superimposed 
micronuclei were then measured, the number of super- 
imposed micronuclei counted, and this number was mul- 
tiplied by the corrected estimate of DNA content per 
micronucleus derived from the free-lying micronuclei of 
the same cell. This "micronuclear correction" was then 
subtracted from the measured value of macronucleus 
plus superimposed micronuclei to give an estimate of the 
DNA content of the macronucleus alone. 

In experiments designed for simple enumeration of 
nuclei, a conventional Feulgen procedure was used, with 
6-min hydrolysis in 1 N HCI at 60~ and counterstaining 
with 0.1% fast green in 95% ethyl alcohol. Numbers of 
micronuclei and macronuclei were counted in 200 cells in 
each sample prepared in this manner. 

Silver impregnation was performed by the directions 
of Frankel and Heckmann (26) with slight modifications 
that will be reported in detail elsewhere/ Tallies of 
stages of cortical development were accomplished by 
bright field microscopy, with 200 cells tallied per sample. 
In some silver-impregnated series all nuclei are clearly 
visible, and these were used for a combined enumeration 
of nuclei and assessment of cortical development. This 
was performed by phase-contrast microscopy, with 100 
cells analyzed from each sample. 

R E S U L T S  

Cell Cycle of  Wild-Type T. pyriformis 
The nuclear and cortical events of the cell cycle 

of T. pyriformis have been reviewed elsewhere (6, 
28, 44) and will be recapitulated only briefly here. 
The major  cytological events are diagrammatically 
illustrated in Fig. 1 (top). A new oral primordium 
develops on the cell surface during the latter half 
of the cell cycle at a site just posterior to the cell 
equator.  At  a late stage of this process an equato- 
rial fission zone develops just anterior to the oral 
primordium, and the cell then cleaves along this 
zone. The two nuclei divide at different times. The 
micronucleus migrates to a peripheral position 
during a very early stage of oral development  and 
then divides mitotically 2 before the onset of cell 

E. M. Nelsen, manuscript in preparation. 
2 N. E. Williams, personal communication. 

division (31, 35; see also Fig. 3). Division of the 
macronucleus takes place after the completion of 
micronuclear division and at the same time that 
the cell itself is dividing; the macronucleus elon- 
gates while the fission zone is developing on the 
surface, and divides during the early part of cyto- 
kinesis while maintaining a central position in the 
cell (35, 65). The S periods of the two types of 
nuclei also differ, the micronucleus replicating its 
D N A  just after its own division while the macro- 
nucleus normally replicates in the middle of the 
cell cycle (44). 

Wild-type T. pyriformis also can undergo an 
alternative mode of oral development  known as 
oral replacement (23, 28). This involves develop- 
ment of an oral primordium just posterior to old 
oral structures, which are then resorbed and re- 
placed by the newly developed ones. This process 
is rare in exponentially growing cells, but occurs 
commonly in stationary phase cells (23, 42) and in 
cells maintained in non-nutrient medium (23, 50). 
It also takes place occasionally in cell division 
mutants that have undergone division arrest at 
40~ It is important to add here that oral replace- 
ment primordia can be distinguished unambigu- 
ously from oral primordia of the predivision type 
even in highly distorted cells, because in the oral 
replacement process a substantial part of the pre- 
existing oral structure (the undulating membrane)  
disaggregates and contributes to the new oral pri- 
mordium (23, 42). 

Cell Division and Developmental 
Pathway Mutants 

Recessive temperature-sensitive mutations that 
specifically block cell division are described in 
detail elsewhere (reference 27). 3 Six relevant loci 
have been identified, only two of which (mol  and 
mo3) will specifically be dealt with in this report.  
The cortical phenotypes brought about at restric- 
tive temperatures in cells homozygous for the 
more strongly expressed allele of mo l  (mol  a) and 
for all alleles of mo3 are schematically illustrated 
in Fig. 1 (with nuclei omitted for clarity). Cells 
homozygous for mo l  a develop oral primordia at 
the normal subequatorial position after a shift 
from 28~ (permissive temperature) to 40~ (re- 
strictive temperature).  However ,  a fission zone 
does not develop and the cells do not furrow; they 
instead develop irregular projections in the equa- 

a Also J. Frankel, E. M. Nelsen, and L. M. Jenkins, 
manuscript in preparation. 
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cycles at 
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0 
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FmUI~E 1 Schematic diagrams of the development of wild-type and mutant cells throu ;h two cell cycles 

( 

at 40~ Cell outlines, oral structures, and developing oral primordia are shown in all four series of di- 
agrams. In addition, the course of division of micronuclei and macronuclei is shown in wild-type cells; 
nuclei are omitted from diagrams of the mutants. For further explanation, see the text. 

torial region in which furrowing would normally 
have occurred. Despite the prevention of normal 
cell division, second generation oral primordia are 
later initiated at sites anterior and/or posterior to 
the now completed oral primordium of the first 
arrested cell generation. At the same time, cells 
become larger and increasingly more irregular in 
form. The continuation of growth and of periodic 
cycles of oral development in cells that cannot 
even begin to divide brings about the eventual 
formation of large, misshapen monsters. 

Cells homozygous for the mo3 mutations (Fig. 
1) undergo normal oral development after the 
temperature shift from 28~ to 40~ and further- 
more are capable of developing a fission zone and 

of initiating division constriction. However, con- 
striction is arrested and the cells then undergo the 
elongation that in normal cells takes place after 
cell separation. Second generation oral primordia 
then form in each of the two still-connected cell 
units, and a new attempt at cell division then 
brings about a chain of four cells. This simple 
developmental progression is somewhat compli- 
cated by a tendency of cell units to pull apart 
secondarily after several hours of growth, or alter- 
natively for diverse geometric distortions to occur 
that result in a loss of the simple linear configura- 
tion which is shown in Fig. 1. The former process 
occurs readily in cells homozygous for some of the 
more weakly expressed mo3 alleles (such as 
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mo3a), while the latter complication is prevalent 
in homozygotes of more highly expressed alleles 
(such as mo3b). 

An altogether different abnormality is mani- 
fested in the "pseudomacrostome" (psm) mutant  
(Fig. 1, bottom). This recessive nitrosoguanidine- 
induced mutant ,  as well as an independent  but 
phenotypically very similar variant ("psm-like"), 
differs from wild-type cells in cell shape at room 
temperature,  with a more tapered midregion and 
posterior end. On transfer to 40~ psm cells 
switch to the oral replacement mode of develop- 
ment. This switch is unusual in that it takes place 
in cells that are continuing to feed and are increas- 
ing dramatically in cell size. Further,  the oral re- 
placement primordia are not of the usual "micro- 
stome" type characteristic of T. pyriformis, but 
instead are extremely long and tend to produce 
unusually large oral apparatuses even in starved 
cells, reminiscent in some ways of the macrostome 
oral apparatuses of T. patula (57, 62) and T. vorax 
(4, 5); hence the descriptive name "pseudoma- 
crostome." The morphogenetic features of psm 
will be described in detail elsewhere. 

Nuclear Division in Cell 

Division Mutants 

Nuclei were enumerated in mol  a and too3 b cells 
shifted from 28~ to 40~ (Table I). There was 
little increase in cell number  in the mutants after 
the temperature shift (Fig. 2a,  c), indicating total 
blockage of cell division at 40~ (with some sec- 
Ondary pulling apart in mo3 b between 8 and 12 h). 
Nonetheless, micronuclei kept on dividing. Fur- 
ther, this division was synchronous, as evidenced 
by (a) the predominance of micronuclear numbers 
in the progression 2" (italicized in Table I), and 
(b) synchrony of mitosis in cells with two or more 
micronuclei, in which exceptions to full synchrony 
(i.e. all micronuclei within a cell simultaneously in 
mitosis) were unusual (17 out of 605 cases). Ma- 
cronuclei, on the other hand, divided rarely in 
tool a cells at 40~ and to a variable degree in 
mo3 b cells. Further, where divisions did occur 
they were mostly uncoordinated; in mo3 cells it 
often happened that after a first successful division 
one daughter macronucleus later succeeded in di- 
viding a second time while the other did not, 
which resulted in a substantial class of cells with 
three macronuclei (Tables I and II). The resulting 
appearance after long periods at 40~ was of large 
ceils with many micronuclei and typically one or 

two (mol  a, Figs. 5 and 6) or two to four (mo3, 
Fig. 4) macronuclei. 4 Other mutants blocked in 
cytokinesis (mol b, mo6, too8, mo12; see refer- 
ence 27 for general characterization) manifested 
the same basic phenomenon;  micronuclear num- 
ber increased rapidly in all of them, while macron- 
uclear division was variably affected. The degree 
to which macronuclei could divide appeared to be 
systematically correlated with the stage of division 
arrest, with little macronuclear division in a mu- 
tant that fails to form a fission zone (mola) ,  more 
in an allele (mol  b) that forms a partial fission zone 
(27), and the most in the mo3 mutants that furrow 
and form tandem chains. 

The simplest explanation of the dramatic in- 
crease in number  of micronuclei is that this repre- 
sents a normal continuation of micronuclear cy- 
cling despite the absence of consummated cell 
divisions. This working hypothesis was tested in 
three different ways. The first was to compare the 
rate of increase in number  of micronuclei at 40~ 
in wild-type and mutant  cells. Wild-type cells un- 
derwent rapid cell multiplication at 40~ after a 
short initial lag, while the mol  a and mo3 h mutants 
displayed very little increase in cell number  (Fig. 
2a, c). Such differential cell multiplication has to 
be taken into account before a meaningful com- 
parison of nuclear multiplication can be made. 
This was accomplished by standardizing the data 
on the basis of number  of nuclei per milliliter of 
culture at 40~ and then expressing these data in 
terms of increase in nuclear number  after the time 
of the temperature shift. The striking result that is 
made evident by comparing nuclear multiplication 

4 While micronuclear division always followed the same 
basic time course, the extent of macronuclear division 
varied somewhat according to the medium and, in 
mo3 b, also according to the experiment. In cells of 
tool a, in both B- and D-strain genetic background, 
fewer than 20% of the macronuclei divided once in 
PPY medium at 40~ (three experiments), whereas in 
TGVS medium at 40~ (one experiment) nearly half of 
the macronuclei divided once, and a few cells attained 
three macronuclei. In too3 b, fewer macronuclei were 
observed in an experiment in PPY medium (Table I) 
than in another experiment in TGVS (Table II). A 
second experiment in PPY was not tallied in detail, but 
cells with three and four macronuclei appeared to be 
more frequent than in the experiment shown in Table I. 
The variations in too3 b are probably due to small differ- 
ences in the degree and duration in which a tandem 
orientation is maintained during successive cycles of 
division-arrest. 
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mutant  cells maintained in PPY medium. Frames a and c show increase in cell number  at 28 ~ and 40~ 
frames b and d increase in number  of nuclei at 40~ only. The abscissae represent number  of hours of 
maintenance at 40~ after a shift from 28 ~ to 40~ (all frames),  or of growth of control cultures at 28~ 
(frames a and c). The ordinates indicate doublings of number  of cells (frames a and c) or nuclei (frames 
b and d) per milliliter of culture after the temperature shift. Number  of nuclei was calculated by multiply- 
ing the number  of cells per milliliter by the average number  of nuclei per cell. Each interval on the 
ordinate represents a doubling. The left ordinates are unlabeled because growth curves for wild-type and 
mutant  cultures are displayed with a vertical offset of one doubling in order to increase clarity. Frames 
a and b represent an experiment with mol% frames c and d an experiment with mo3 b. Explanations of 
symbols: for frames a and c -  I ,  wild-type cells at 28~ O, wild-type cells at 40~ 0 ,  mutant  cells at 
28~ O, mutant  cells at 40~ for frames b and d - E ] ,  wild-type micronuclei at 40~ B,  wild-type 
macronuclei at 40~ Q,  mutant  micronuclei at 40~ @, mutant  macronuclei at 40~ The actual initial 
(0 h) cell numbers  in these experiments were: for frames a and b -wi ld - type  28~ 6,925 cells per 
milliliter; wild-type 40~ 7,595 cells per milliliter; mo l  ~ 28~ 9,945 cells per milliliter; mol  ~ 40~ 
8,155 cells per milliliter; for frames c and d -wi ld - type  28~ 11,910 cells per milliliter; wild-type 40~ 
11,360 cells per milliliter; mo3 b 28~ 8,045 cells per milliliter; too3 b 40~ 7,810 cells per milliliter. For 
further explanation, see the text. 
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FIGURES 3-6  Wild-type and cell division mutan ts  of Tetrahymena pyriformis, syngen 1. Photomicro- 
graphs of cells stained with fluorescent Feulgen 's  (see Materials and Methods  for details) before and 
after transfer from 28~ to 40~ All figures are printed at the same magnification (x  540). 

FIGURE 3 Two mo3 b cells grown at the permissive temperature ,  28~ The orientation of the nuclei in 
the lower cell is characteristic of  interphase,  while the configuration in the upper  cell is characteristic of 
cells just  before the onset  of  cell division, at which time the micronucleus has  divided but  the 
macronucleus has not.  

FIGUgE 4 An mo3 b cell after 4 h of  exposure to 40~ Four macronuclei  and six micronuclei are visible 
on this photograph,  with two additional micronuclei most  probably superimposed on the macronuclei. 
This cell has  thus gone through two macronuclear  divisions and three micronuclear  divisions. 

FIGUaES 5 and 6 Two m o l  a cells after 8 h of  exposure to 40~ Each of these cells has one very large 
undivided macronucleus.  The micronuclei have divided many times; in the cell shown in Fig. 5 there are 
(probably) 16 micronuclei dividing synchronously, whereas in the cell shown in Fig. 6 there are (probably) 
32 micronuclei not dividing. 



(Fig. 2b, d) is that whereas macronuclei multi- 
plied far less in the mutants at 40~ than in wild- 
type cells, micronuclei multiplied with greater fre- 
quency in the mutants during the first 4-6 h at 
40~ This unexpected result was obtained con- 
sistently in other experiments as well. Later, the 
curves for wild-type and mutant micronuclei be- 
came roughly parallel. The nonlinearity of both 
curves probably was primarily due to the slight 
synchronization of cell cycles that was a nonspe- 
cific effect of the temperature shift, as can readily 
be detected by comparing the cell population 
growth curves of wild-type cultures shifted from 
28 ~ to 40~ with those of cultures maintained 
continuously at 28~ (Fig. 2a, c). The general 
parallelism of the micronuclear multiplication 
curves in wild-type and mutant cells suggests that 
micronuclei in the mutants are cycling normally 
but with some initial acceleration. 

A second approach to the analysis of cell cycles 
in division-blocked mutants was to study nuclear 
and cortical events in the same cells. This was 
possible in some silver-impregnated preparations 
in which nuclei were clearly visible (see Materials 
and Methods). 297 out of 299 cells observed with 
dividing micronuclei also possessed developing 
oral primordia; conversely, all cells with predivi- 
sion oral primordia at the stages invariably associ- 
ated with micronuclear division in normally divid- 
ing cells (stages 3 and 4; see reference 28) were 
undergoing micronuclear division in division- 
blocked cells. On the other hand, virtually all (28 
out of 29) of the relatively few cells that mani- 
fested oral replacement primordia at appropriate 
stages were not undergoing micronuclear division. 
Macronuclei in mo3 cells arrested in cytokinesis 
underwent partial or complete division at the same 
time that the cells were attempting to constrict. 

A third way to assess quantitatively the relation- 
ship of nuclear and cortical events in division- 
blocked cells is to determine, in each silver-im- 
pregnated cell, the number of cycles of oral devel- 
opment that have been completed after the tem- 
perature shift and then count the number of mi- 
cro- and macronuclei in that same cell. Unambigu- 
ous assessment of the number of oral develop- 
mental cycles is possible for two cycles after the 
shift to 40~ (after that such assessment becomes 
more difficult because frequent resorption of oral 
apparatuses accompanied by extensive distortion 
of cell contours occurs). The results presented in 
Table II indicate that micronuclear and oral devel- 
opment cycles remained in register in most cells; 

by contrast, macronuclear cycles lagged behind 
oral cycles to varying degrees, with the greatest lag 
in mol  a, the least in mo3 a (chains of cellular units 
tend to be more extended in mo3 a than in mo3 b, 
with more pulling apart and less tendency to tele- 
scope and become distorted, which probably ac- 
counts for the more successful macronuclear divi- 
sion in mo3~). 

A precise estimate of the time between the first 
and second oral-micronuclear cycle at 40~ was 
made for mol  ~ in an experiment in which sam- 
pling was very frequent: this estimate was between 
90 and 95 min. This extremely short cycle con- 
trasts with a generation time of roughly 120 min, 
estimated for wild-type cells in the same medium 
(PPY) during the corresponding period (2-4 h 
after the 28~176 temperature shift). 

Several lines of evidence thus indicate that when 
cell division is mutationally blocked, cell cycles 
consisting of a periodic and integrated execution 
of micronuclear division and oral morphogenesis 
continue at an initially somewhat accelerated 
pace. Macronuclear division, by contrast, is 
impeded virtually from the start in division- 
blocked cells, and eventually ceases as cells be- 
come larger and more distorted; even in tandem 
too3 chains it is rare to see more than four ma- 
cronuclei in cells that commonly have 8 or 16 
micronuclei (e.g., Fig. 4). Macronuclear division 
thus need not be closely integrated with the cy- 
cling of oral development and micronuclear divi- 
sion. 

Nuclear DNA Accumulation in Cell 

Division Mutants 
The mol  a mutant was subjected to a micro- 

fluorimetric analysis of changes in nuclear DNA 
content after a temperature shift from 28 ~ to 40~ 
The salient results are presented in Table III. The 
wild type was analyzed only at 0 and 8 h after the 
temperature shift, during which interval the aver- 
age macronuclear DNA content per cell increased 
nearly twofold, while the micronuclear DNA con- 
tent increased by about 50%. In the mol  a homo- 
zygote, cell division was totally arrested after the 
shift to 40~ and, as described earlier, the num- 
ber of micronuclei increased rapidly while most 
cells continued to possess only a single macronu- 
cleus. The DNA content per micronucleus in- 
creased gradually and by 12 h attained an average 
value about twice that at 28~ The DNA content 
of the single undivided macronucleus increased, 
on the average, 18-fold during 12 h at 40~ 
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TABLE II 

Association between Completion o f  Cortical Developmental Cycles and Divisions of  Micronuclei and Macronuclei 
in Cytokinesis Mulants at 40~ 

Number of Cortical cycles completed at 400C 

0 1 2 

No. of nuclei mol" too3 ~' mo3 a mol a too3 b too3" tool" too3 k' too3" 

Micronuclei 
1 346 121 139 28 2 3 2 
2 20 30* 12 168 63 93 13 
3 4 3 3 8 4 3 
4 20 11 7 64 49 31 
5 1 1 5 4 1 
6 4 1 
7 1 
8 1 1 6 4 

12 1 

Macronuelei 
1 366 151 151 210 27 7 84 3 
2 10 53 100 9 20 4 
3 1 39 13 
4 6 24 

Data from silver-impregnated slides. The mol a mutant was grown in PPY medium and sampled at 0.5-h intervals 
from 0.5-4 h after the shift from 28~ to 40~ the too3 b and mo3" mutants were grown in TGVS medium and 
sampled at 1.5, 3, and 6 h after the shift from 28~ to 40~ The number of cortical cycles completed was gauged 
according to the number of completed oral apparatuses plus clearly delineated resorption sites (cf. Fig. 1). During the 
interval of investigation oral replacement was negligible, so that virtually all oral apparatuses developed at 40~ were 
of the type that, in the absence of the cytokinesis block, would have been accompanied by cell division. 
Italicized numerals indicate cases of precise correspondence of number of nuclear and cortical cycles. The proportion 
of such cases is underestimated for micronuclei because they divide before the completion of oral development. 
* About half of these represent bimicronucleate cells, i.e. cells that had two micronuclei while in the nondeveloping 
state before the temperature shift. 

Virtually all cells showed this dramat ic  increase in 
macronuclear  D N A  content .  A l though  the abso- 
lute spread in D N A  values became eno rmous  
af ter  long periods at 40~ the relative variat ion 

showed ra ther  little systematic increase,  especially 
if five cells with exceptionally low macronuc lear  
D N A  contents  are excluded from the analysis of 
the 8-, 12-, and  24-h samples  (Table III) .  Hence ,  
despite the failure of  macronuclear  division in 
m o l  a cells placed at a nonpermiss ive  t empera tu re ,  
extensive macronuc lear  D N A  replication contin- 
ued in the great  major i ty  of the  cells. 

A quant i ta t ive  compar ison  of micronuclear  divi- 
sion with macronuc lea r  D N A  synthesis at 40~ 

within the same wild-type and m o l  a cells is pre- 
sented in Fig. 7. All data  were reduced,  as in Fig. 
2, to a value per  milliliter of  culture s tandarized 
relative to that  observed  at the t ime of the shift 
f rom 28 ~ to 40~ A compar ison  of m o l  a to wild- 

type cells was made  only at the 8-h point ,  at which 
time the mutant  and wild-tvpe were ra ther  similar, 
suggesting that  the dis turbance in macronuclear  
D N A  synthesis as well as in micronuclear  division 
resulting from blockage of cell division is s l ight?  
The t ime course of  increase of  macronuclear  D N A  
in mo 1 a paralleled that  ot micronuclear  accumula- 
t ion,  with one difference in detail: micronuclear  

s Figs. 7 and 8 underestimate the total increase in 
macronuclear DNA content in dividing wild-type cells, 
as the DNA that enters the macronuclear extrusion 
bodies formed during macronuclear division is not rep- 
resented. However, extrusion bodies make up a small 
portion of the total macronuelear DNA in exponen- 
tially dividing amicronucleate tetrahymenas (8, 66), 
and observations by Doerder and DeBault, and by 
Nanney (see reference 12, p. 486), indicate that DNA 
extrusion occurs infrequently during macronuclear di- 
vision in exponential phase syngen 1 cells. 
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TABLE III 

Nuclear DNA Measurements in Wild-Type (wO and tool a Mutant Cells Maintained in PPY Medium at 40~ 

Macronuclear DNA content Mieronuelear values 

Time No. of DNA content 
at Relative cells ana- Mean no. per 

Strain 40~ cell no.* lyzed )~ -+ 95% CI s/X cell X _+ 95% CI (n) 

wt 

mol  a 

h 

0 1 30 433 ----- 63 0.39 1.17 19.3 +-- 2.1 (35) 
8 9.90 50 845 --+ 84 0.35 1.08 30.5 --+ 2.6 (54) 

0 1 40 637 +-- 66 0.31 1.10 27.7 --- 3.1 (45) 
2 0.97 20 1,171 - 184 0.34 1.30 39.1 +-- 6.5 (22) 
4 0.88 20 2,787 +-- 632 0.49 3.45 37.6 --- 2.1 (35) 
6 0.94 30 7,696 --- 1,140 0.40 9.20 48.8 -+ 3.7 (61) 
8 1.00 26 7,609 _-. 1,263 0.41 16.34 45.2 +-- 6.5 (52) 

(24) (8,081 _-. 1,159) (0.34):~ (17.50) [41.6 --- 4.2 (50)]w 
12 1.55 31 11,289 -+ 1,593 0.39 24.55 55.3 --+ 3.9 (62) 

(30) (11,649 _ 1,462) (0.34)~: (25.33) 
24 - 20 15,744 _ 3,810 0.52 28.20 61.5 +- 12.1 (47) 

(19) (17,319 - 3,337) (0.40)r (29.63) 

Y( = mean DNA content (arbitrary values); 95% CI = 95% confidence interval of the mean, i.e. --- t0.05 s/,,/-ff 
(reference 55, p. 61); s/X = standard deviation divided by the mean. The number of macronuclei measured is equal 
to the number of cells analyzed, with each cell possessing a single macronucleus (with one exception, a mol  a 4-h 
cell with two macronuclei, both measured, and the sum of the two used in the computations). Micronuclei were 
measured in each of the cells: all visible micronuclei were measured in the wt samples and in the mol  a 0-h sample, 
whereas one to three (generally two) randomly chosen free-lying micronuclei were measured within cells in later 
mol  a samples; n gives the total number of micronuclei measured, and the averages give the mean DNA content per 
micronucleus. 
* Computed as in Table I. The actual cell density at the time of the 28~176 temperature shift (0 h at 40~ was 
1,720 cells per milliliter in the wild-type culture and 2,255 cells per milliliter in the main mol  a culture. The 12-h 
value in the latter is probably spurious owing to the very low culture volume remaining at that time. The 24-hour 
mol  a sample was derived from a separate culture flask that received a low initial inoculum; cell density was 760 
ceils per milliliter at the time that the 24-h sample was taken. 
~: Results obtained when a few exceptional cells with extremely low macronuclear DNA values are excluded from 
the analysis. 
w Results obtained when two micronuclei (in a single cell) with exceptionally high DNA values are excluded from 
the analysis. 

n u m b e r  inc reased  very  little dur ing  the  first  2 h 
af ter  the  t e m p e r a t u r e  shif t ,  while  m a c r o n u c l e a r  
D N A  c o n t e n t  inc reased  rapidly f rom the  s tar t .  
T h e  early lag in mic ronuc lea r  division was  par t  o f  
the  genera l  t r ans ien t  ar res t  o f  cellular deve lop-  
m e n t  that  is a nonspec i f ic  r e sponse  to the  t e m p e r a -  

ture  shift ,  o b s e r v e d  even  in wi ld- type cells ( seen 
clearly in Fig.  2a  and c) .  The  mach ine ry  of  mac-  
ronuc lea r  D N A  synthes is  was ,  h o w e v e r ,  unaf-  

f ec ted  by the  cel lular  cond i t ions  that  b r o u g h t  
abou t  this ar res t .  

Limits o f  Nuclear Division and D N A  

Synthesis in Nondividing Cells 

The  24-h t ime  po in t s  in the  e x p e r i m e n t  s h o w n  
in Table  III  and  Fig.  7 r e p r e s e n t  an a t t e m p t  to 

ascer ta in  the  intr insic cellular limit o f  mic ronu-  
c lear  n u m b e r  and  m a c r o n u c l e a r  D N A  con t en t .  
B e fo re  descr ib ing  the  resul t ,  a crucial d is t inct ion 
mus t  be  m a d e .  As  cells b locked  in divis ion con-  
t inue  to g row,  they  may  reach  a limit i m p o s e d  by 
cul ture  cond i t ions  and  e n t e r  s ta t ionary  phase  at a 

level o f  cell n u m b e r  tha t  is far  lower  than  tha t  in 
o rd inary  s ta t ionary  phase  cul tures .  H e n c e ,  if one  
wishes  to ascer ta in  an intrinsic cellular l imit o f  
g rowth ,  one  m u s t  initially a r res t  cell divis ion at an 
ex t r eme ly  low cell dens i ty ,  to m a k e  it poss ib le  for  
cells to r each  the i r  intr insic cellular l imits be fo r e  
runn ing  ou t  o f  the  ex te rna l  pe rqu is i t es  of  cul ture  
g rowth .  Fo r  this r ea son ,  the  24-h sample  in the  
e x p e r i m e n t  s h o w n  in Table  III  was  t aken  f rom a 
sepa ra te  f lask that  was shi f ted  f rom 28 ~ to 40~ at 
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FIOURE 7 Increase in number of micronuclei and of 
macronuclear DNA content in wild-type and mo la mu- 
tant cells maintained at 40~ in PPY medium. The 
abscissa gives the number of hours of maintenance at 
40~ after a shift of exponentially growing cells from 28 ~ 
to 40~ while the ordinate represents the number of 
doublings per milliliter of micronuclear number (l-q, (3) 
and of macronuclear DNA content (l~, (l)). Explana- 
tion of symbols: Iq, number of wild-type micronuclei; 
~, wild-type macronuclear DNA content; (3, number 
of mol a micronuclei; (]), mol a macronuclear DNA 
content. Vertical bars represent 95% confidence inter- 
vals. The initial (0 h) cell numbers in these experiments 
are given in the footnote of Table III. In computing the 
nuclear parameters for mol a, it was assumed that cell 
density remained at the initial value (cf. Table I). As 
each measured mol a cell had only one macronucleus, 
the plotted values for tool a macronuclear DNA dou- 
blings are the same whether expressed on a per milli- 
liter, per cell, or per macronucleus basis. For further 
explanation, see text. 

a very low cell density and was not opened until 
the 24-h sample was taken (hence this sample is 
not strictly comparable to all earlier samples which 
were taken from another flask shifted to 40~ at a 
higher density). The final cell density of 760 cells 
per milliliter is probably only slightly if at all 
higher than the initial density at the time of tem- 
perature shift, as mol a cultures on the average 
show only a slight increase in cell number at 40~ 
(cf. Fig. 2a). The cells thus could have undergone 
about eight doublings of cell mass at 40~ before 
reaching a level of total protoplasmic mass equiva- 
lent to early stationary phase (about 200,000 nor- 
mal cells per milliliter). However, both micronu- 
clear number and macronuclear DNA content un- 

derwent an average of somewhat less than five 
doublings, at most six in any individual cell. Fur- 
ther, a large proportion of cells in the 24-h sample 
had irregular numbers of micronuclei, differing 
from those expected on the basis of division of all 
micronuclei, and many had two obvious size 
classes of micronuclei, which rarely occurred in 
earlier samples. Hence there appears to be an 
intrinsic cellular limit of about five nuclear cycles 
that can be carried out normally within an individ- 
ual Tetrahymena cell. 

Micronuclear Division and Macronuclear 

D N A  Synthesis in the psm Mutant 

The two independent "pseudomacrostome" 
(psm) isolates increase dramatically in cell size 
when shifted to nonpermissive temperature, yet 
proceed through repeated oral replacement cycles 
instead of dividing (see above). They therefore 
offer a unique opportunity to assess nuclear be- 
havior in developmentally active cells that are 
growing but are not going through division cycles. 
Both psm isolates, however, manifest properties 
that somewhat hinder analysis: the sterile psm-like 
variant is normal at 28~ but shows slow and 
incomplete expression of the developmental path- 
way switch at 40~ the psm mutant, on the other 
hand, is rapidly and completely penetrant at 40~ 
but is also variably expressed at 28~ Nonethe- 
less, studies of number and DNA content of nuclei 
after a shift to high temperature were conducted 
with both psm-like and psm. In the experiment 
with psm, the "permissive" temperature was 23~ 
instead of 28~ as the morphogenetic abnormal- 
ity was expressed in only about 10% of the cells 
during exponential growth at 23~ 

In both psm-like and psm, the number of nuclei 
did not increase after cells were switched from the 
cell division to the oral replacement pathway, and 
the oral replacement process was not accompanied 
by any nuclear division. Yet in both mutants there 
was a clear-cut increase in average DNA content 
of macronuclei. The results with psm will be pre- 
sented in detail below; those with psm-like were 
similar for macronuclei (the micronuclei of psm- 
like cells have too little DNA for reliable measure- 
ment). 

In the wild-type controls, all parameters mea- 
sured remained approximately constant on a per 
cell basis at 40~ with an increase of only about 
20% in mean micronuclear DNA content and no 
increase in average macronuclear DNA content 
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(Table IV).  This result  is discrepant  with tha t  in 
the earlier exper iment  (Table I I I )  in which aver- 
age micronuclear  D N A  conten t  increased by 50% 
and macronuclear  D N A  content  doubled  over  an 
8-h t ime span at 40~ This discrepancy is difficult 
to evaluate because of differences in cells (a new 
inbred sexual genera t ion  of the B strain) and in 
exper imenta l  condi t ions (a more  radical t empera-  
ture shift and considerably higher  cell densities in 
the second exper iment  than  in the first). 

In the psm mutan t ,  the n u m b e r  of micronuclei  
r emained  approximately  constant  on bo th  a per  
cell (Table IV)  and  a per  milliliter of culture (Fig. 
8) basis, while mean  D N A  content  per  micronu-  
cleus increased by about  3 0 % .  Virtually all cells 
re ta ined  single macronucle i  (only 1% or 2 %  of 
any sample had  two macronuclei) ,  and the mean  
macronuclear  D N A  conten t  increased 2.3-fold 
during the 12-h exper imenta l  per iod (Table IV).  
This value is probably  an underes t imate  due to 
some expression of the abnormal  condit ion even 
at 23~ the increase becomes  2.5-fold if com- 
pared  to the 23~ psm averages f rom which two 
cells with abnormal ly  high macronuclear  D N A  
contents  were subt rac ted  (Table IV, in pa ren the-  

ses), and  3.7-fold if compared  to the macronuclear  
D N A  values of the parallel sample f rom the wild- 
type culture.  In wha tever  way these data  are re- 
garded,  they do establish tha t  a substantial  in- 
crease in macronuclear  D N A  content  does  take 
place during oral rep lacement  sequences in psm 
cells main ta ined  in nu t r ien t  medium.  This  in- 
crease,  however ,  is considerably less than  had  
been  observed in m o l  a cells at 40~ (compare 
Tables  III  and IV),  and  does not  keep pace with 
the increase in macronuclear  D N A  conten t  of the 
parallel controls if expressed on  a per  milliliter of 
culture ra ther  than  a pe r  cell basis (Fig. 8). No 
compar isons  have yet been  made  with o ther  mac- 
romolecular  pa ramete r s  to assess the meaning  of 
this difference in extent  of excess D N A  accumula- 
t ion.  

D I S C U S S I O N  

Cell-Cycle Events  in Mutants with 

Al tered Cell Division and 

Deve lopmenta l  Pathways  

Invest igat ion of aspects of the cell cycle of  T. 
pyriformis in temperature-sensi t ive  mutan t s  

TABLE IV 

Nuclear DNA Measurements in Wild-Type (wO and psm Mutant Cells Maintained in PPY Medium at 40~ 

Macronuclear  D N A  content Micronuclear values 

Time at Relative cell Mean no. per 
Strain 40~ no.* X • 95% CI s/X cell )( --- 95% CI 

w t  

psm 

h (n) 

0 1 362 • 28 0.27 1.13 10.3 • 1.1 (28) 
2 1.15 454 --+ 42 0.33 1.12 12.3 • 1.6 (18) 
4 2.52 364 -- 36 0.34 1.17 11.7 • 1.6 (17) 
6 4.38 356 +--- 32 0.31 1.12 11.7 • 0.7 (27) 
8 6.66 399 +-- 36 0.32 1.11 13.6 +-- 1.5 (21) 

12 11.14 327 • 36 0.39 1.10 12.6 • 1.1 (33) 

0 1 533 -- 88 0.58 1.12 13.7 • 1.7 (15) 
(486 -- 56) (0.41)r 

2 0.96 687 • 74 0.38 1.17 14.2 • 3.9 (6) 
4 0.97 761 • 124 0.58 1.14 15,4 ----- 2.6 (10) 
6 1.12 1055 ----- 140 0.47 1.08 16,1 • 1.7 (19) 
8 1.10 1019 ----- 126 0.44 1.09 17.0 ~- 1.5 (21) 

12 1.09 1222 • 154 0.45 1.06 17.8 • 3.2 (5) 

All symbols have the same meaning as in Table III. Macronuclear values are based on measurements within 50 
cells, each with a single macronucleus, in each sample. Micronuclei were measured in only some of these cells, and 
also in some additional cells not included in the sample of macronuclear measurements; one, or rarely two 
micronuclei were measured per cell; n gives the total number of micronuclei measured. 
* Computed as in Table I. The actual cell density at the time of 23~176 temperature shift (0 h at 40~ was 8,270 
cells per ml in the wild-type culture and 7,163 cells per milliliter in the psm culture. 
~: Results obtained when two cells with exceptionally high macronuclear DNA content were excluded from 
analysis. 
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FIGURE 8 Increase in number of micronuclei and of 
macronuclear DNA content in wild-type and psm mu- 
tant cells maintained at 40~ in PPY medium. Ordi- 
nates and abscissae as in Fig. 7. Explanation of sym- 
bols: IS], number of wild-type micronuclei; m, wild-type 
macronuclear DNA content; O, number of psm mi- 
cronuclei; (I), psm macronuclear DNA content. The 
initial (0 h) cell numbers in these experiments are given 
in the footnote of Table IV. Each measured cell had 
only one macronucleus. 

blocked in cell division, and in a mutant that 
brings about a developmental pathway switch, re- 
vealed certain clear-cut dissociations and other 
patterns of a striking association of events. The 
major findings may be summarized in the form of 
six conclusions: (a) the micronucleus continues to 
divide periodically and synchronously in mutants 
in which cell division is blocked at the nonpermis- 
sive temperature (40~ (b) the temporal coordi- 
nation of micronuclear division with predivision 
oral development is retained in an apparently un- 
altered form in these nondividing cells; (c) cycles 
of coordinated micronuclear division and oral de- 
velopment are accelerated in mutants relative to 
wild-type controls, at least during the first two 
cycles after onset of cell division blockage at the 
restrictive temperature; (d) division of the mac- 
ronucleus is inhibited to a varying extent in cell 
division mutants at 40~ This inhibition is more 
severe the earlier the stage in the cell division 
process at which the mutationally imposed block- 
age occurs; (e) when cells go through develop- 
ment of the oral replacement type, neither the 
micronucleus nor the macronucleus divides; (.O 
cells growing in nutrient medium accumulate mac- 
ronuclear DNA,  regardless of whether they are 
in the cell division or oral replacement pathway. 

The above conclusions may be divided into 
those of a positive (a, b, c, f)  and others of a 
negative (d, e) type. The positive demonstrations 
are unambiguous, while the negative ones are 
somewhat more problematical, as they may reveal 
either intrinsic causal connections between differ- 
ent events or, alternatively, may just reflect pleio- 
tropic effects that uniquely characterize particular 
mutants. The pleiotropic hypothesis is insufficient 
to explain the absence of micronuclear division 
during oral replacement, because failure of mi- 
cronuclear division is observed not only in psm 
cells that are capable only of undergoing an unu- 
sual form of oral replacement, but also in the cell 
division mutants at the sporadic occasions when 
they go through oral replacement instead of the 
more usual predivision oral development. The oc- 
currence of micronuclear division is thus almost 
certainly a function of the type of development 
rather than of the nature, of the mutation. An 
analogous but somewhat weaker argument can be 
made for the relation of the division of the mac- 
ronucleus to cytokinesis, as not only was there a 
clear association between the failure of macronu- 
clear division and the stage of onset of fission 
arrest in the cell division mutants, but some evi- 
dence is also available of a possible similar effect 
in nonmutant amicronucleate tetrahymenas in 
which division blockage was imposed by a suble- 
thal high temperature shock (21); in the earlier 
study the number of macronuclei was shown to be 
correlated with success of the cell division that 
followed the temperature shock (see Table II in 
reference 21). 

The temporal coordination of micronuclear di- 
vision and oral development cycles within cells 
blocked in cell division is not surprising in view of 
the many prior observations of nuclear synchrony 
in natural and artificially created multinucleate 
systems (41) and of nuclear-cortical coordination 
revealed by microsurgical manipulation of larger 
ciliates (11, 40, 53, 60). What is somewhat more 
surprising is the acceleration of these coordinated 
cycles in mutant cells blocked in cell division com- 
pared to identically treated nonmutant cells. This 
observation is, however, not without precedent. 
Fournier and Pardee (16) have recently reported 
acceleration of cell cycles in Syrian hamster fibro- 
blasts rendered binucleate by cytochalasin-in- 
duced division blockage. Our parallel observation 
made on a very different cell type placed under 
comparable circumstances suggests that the phe- 
nomenon may be general. 

There is a gradual increase in micronuclear 
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DNA content in both tool a and psm cells at 40~ 
The micronuclear increase is very much less pro- 
nounced than the macronuclear accumulation in 
both mutant lines, but is nonetheless surprising 
in view of the diploid nature of micronuclei. Such 
systematic variation of measured micronuclear 
DNA content has been observed before: Schwartz 
and Meister (54) noted a variation over a fourfold 
range in the mean micronuclear DNA content, 
measured by Feulgen microspectrophotometry, 
during the entire clonal life cycle of Paramecium 
bursaria. The limitations of the measurement 
techniques do not allow us to distinguish whether 
the increase is due to total or partial replications of 
micronuclear genomes, or some of each. Another 
possibility that cannot be excluded is that cells may 
change in some characteristic that affects the up- 
take of the Feulgen dye, and that the differences 
in measured micronuclear DNA content may be 
artifactual. If we were to assume that the average 
micronuclear DNA content remained the same at 
all times, then the micronuclear measurements 
could be used as an internal standard to assess the 
extent of increase in macronuclear DNA content. 
Computed in this way, the increase would be 8.9- 
fold over a 12-h period at 40~ in mol  a, and 1.8- 
fold over the same period in psm- le s se r  increases 
than shown in Tables III and IV, but still substan- 
tial. 

The continuation of cycles of micronuclear divi- 
sion in temperature-sensitive cell division mutants 
parallels the continued mitoses observed by Hart- 
well in cytokinesis mutants of budding yeast. 
However, the yeast mutants are more limited than 
Tetrahymena in this regard as they go through only 
two or three mitotic cycles under nonpermissive 
conditions before terminating both nuclear divi- 
sion and DNA synthesis, often with accompanying 
lysis (32). 

Relationships of  Clusters of  Cell-Cycle 

Processes: a Minimal Model of  the 

Cell Cycle in Tetrahymena 

Patterns of association of cell cycle events must 
be interpreted more cautiously than patterns of 
dissociation, as new mutants may disconnect 
events hitherto thought to be invariably con- 
nected. Nonetheless, the combined mutational, 
physiological, and microsurgical evidence provides 
some basis for proposing the existence of three 
clusters of events in the Tetrahymena cell cycle. 
These three clusters comprise: (a) micronuclear 

division plus the oral development that precedes 
cell division; (b) constriction of the cell and divi- 
sion of the macronucleus; and (c) macronuclear 
DNA replication and some process or event asso- 
ciated with cell growth. The close association of 
micronuclear division and predivision oral devel- 
opment has been demonstrated positively in this 
study and negatively in studies on heat-synchro- 
nized cells (31, 36) in which both processes are 
coordinately arrested; a comparably tight associa- 
tion has been demonstrated by microsurgical ma- 
nipulation of another ciliate species (40). An asso- 
ciation between cell constriction and macronuclear 
division was observed not only in this study but 
also in an earlier study on physiologically imposed 
division arrest (21). It should, however, be cau- 
tioned that, unlike the probable situation in Sten- 
tot (10), macronuclear division in T. pyriformis is 
not simply achieved by mechanical bisection of the 
macronucleus by the constricting cell: the division 
of the macronucleus is normally completed by the 
middle of cytokinesis, can be differentially af- 
fected by colchicine (59, 65), and can occur at a 
site that does not correspond to that of the cell 
division furrow (13). Thus, any possible causal 
link between macronuclear and cell division must 
be mediated by physiological signals of some kind. 
Finally, little can be said about the control of 
macronuclear DNA synthesis except that it is 
readily dissociable from other cell cycle events 
(see below) and that it is in some way systemati- 
cally associated with conditions that promote cell 
growth. In all conditions thus far investigated in 
which T. pyriformis cells are growing in nutrient 
medium-regardless  of their developmental sta- 
t u s -  macronuclear DNA accumulation takes 
place, whereas in all nongrowing situations it does 
not (e.g., reference 24). This relationship also 
holds in a dramatic way in polymorphic Tetrahy- 
mena species (14, 30). The relationship between 
cell growth and macronuclear DNA synthesis 
may, however, be highly indirect. 

In the remainder of this discussion we will make 
the assumption that at least the first two of the 
three clusters postulated above represent reasona- 
bly tightly associated sets of events, and consider 
the relationship between clusters. Several such 
possible relationships are presented, in the form of 
cell cycle models, in Fig. 9 (derived, with modifi- 
cation, from Fig. 1 of reference 46); the capital 
letters within the diagrams represent the above- 
delineated event clusters (C being macronuclear 
DNA synthesis by itself). We will argue that 
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FIGURE 9 Four models for relations of sequential events in the cell cycle of T. pyriformis. The capital 
letters indicate event clusters described in the text: A, micronuclear division and oral development; B, 
macronuclear division and cytokinesis; C, macronuclear DNA synthesis. Model I, single dependent se- 
quence; model II, independent, single-timer sequence; model III, two parallel independent timer se- 
quences with "check points" (dashed line) affecting phase relations; model IV, three (or multiple) 
parallel independent timer sequences with check points. Terminology and basic concepts derived from 
Mitchison (reference 46). 

model I is ruled out, model II is unlikely, and 
model III is the simplest model that is easily recon- 
ciled with available data. 

We consider first the relationships between clus- 
ters A (predivision oral development and micro- 
nuclear division) and B (cytokinesis and macronu- 
clear division). Results of'this study have shown 
that A can continue repeatedly while B is blocked, 
hence A is not sufficient for B. Numerous other 
observations have shown that normal completion 
of oral development is not necessary for cytokine- 
sis in T. pyriformis (20, 48, 49, 51) or in other 
ciliates (17, 61)6; this strongly suggests that con- 
summation of A is not a prerequisite for B. Hence 
the direct dependent sequence postulated in 
model I is without experimental foundation. How- 
ever, when both sets of processes do occur they 
follow each other in a relatively close sequence, 
with only limited temporal slippage thus far ob- 
served (63). Further, a wide variety of physiologi- 
cal disturbances affect oral development and divi- 
sion of micronuclei coordinately with macronu- 
clear and cell division (18, 28, 31, 36, 63, 64). 
Hence, a single timer coordinating event clusters 
A and B, as shown in models II and III, is sug- 
gested, although the available information could 
still be fit into a concept of separate timers (model 
IV). 

All available evidence strongly suggests that the 
relationship between macronuclear DNA synthe- 
sis ("cluster C") and the other event clusters is 

6 Also T. M. Sonneborn, personal communication. 

exceedingly loose. As shown in this study and 
earlier in other strains of T. pyriformis by Jeffery 
et al. (38, 39) and Cleffmann (7-9), completion of 
a round of macronuclear DNA synthesis is not 
sufficient for cell division; two successive rounds 
of macronuclear DNA synthesis within one cell 
division cycle may occur even in undisturbed wild- 
type cells (8). Conversely, cell division cycles (in- 
cluding oral development) have been observed in 
the absence of ongoing macronuclear DNA syn- 
thesis after heat-shock synchronization in T. pyri- 
formis (39, 43) and normally in T. patula (30) and 
T. paravorax (14). A temporal setback of cell 
division brought about by manipulation of temper- 
ature affects the events of clusters A and B more 
severely than macronuclear DNA synthesis, as 
shown both in this study and in earlier work with 
the amicronucleate strain GL-C (compare refer- 
ence 39 to reference 19). The result is that mac- 
ronuclear DNA replication is brought into new 
temporal relations to other events in the cell cycle; 
it is therefore not surprising that two methods of 
synchronization of strain GL-C (phenoset A; cf. 
reference 3) by heat shocks both bring about an 
alteration of the phase relations between macro- 
nuclear DNA synthesis and the events of clusters 
A and B (34, 39, 68, 69). It is these altered phase 
relations that suggest that DNA synthesis of the 
macronucleus is timed separately from other 
events, although physiological mechanisms exist 
that set certain limitations on the phase relations 
that are possible (1, 34, 37, 67, 68). Thus it is 
virtually certain that a separate timer controls mac- 
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ronuclear D N A  synthesis, and that model II is 
ruled out. This makes model  III the simplest that 
can reasonably be assumed to apply to the cell 
cycle in T. pyriformis. 

Our results and those of others make it obvious 
that the rigid causal relationships of nuclear D N A  
synthesis with nuclear and cell division found in 
other  cells (see references 33, 41, and 45) do not 
apply to ciliate macronuclei.  Hence,  the relation 
between the cell cycle and the replication of the 
nucleus that provides the cell with its major  phe- 
notypic support (52, 56) is fundamentally differ- 
ent in ciliates from the relation observed in other  
cells. This difference is probably related to the fact 
that the macronucleus is compound,  and also to 
the phenomenon of nuclear dimorphism, which 
relieves the macronucleus of the burden of compe- 
tence for meiosis and therefore allows it to assume 
unconventional genomic organizations. Since the 
macronucleus is engaged exclusively in current 
service to the cytoplasm, it is not surprising that its 
replication should somehow be controlled by a 
size-related feedback mechanism. Thcre are sev- 
eral types of experimental  evidence that such a 
feedback mechanism does exist in ciliates (29, 47, 
66). 
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