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ABSTRACT 

Tetrakymenas of 17 species of the T. pyriforrnis complex have been stained with 
protargol and analyzed for numbers of basal bodies in half cells just before cell 
division. At this stage, cells of all strains manifest considerable variation in 
numbers of basal bodies; the coefficient of variation (o-/61) is usually between 
0.05 and 0.10. Much of this variability is observed in cells in the same nutritional 
state, at the same stage of the growth cycle, and in the same part of the life cycle. 
The basal body variability may be related to the variation in macronuclear DNA 
content that results from the imprecise amitotic macronuclear division. 

With a few exceptions, strains of different species are difficult to distinguish 
on the basis of basal body numbers. The species means in the samples examined 
show a range only from 234 (T. furgasoni) to 481 (T. capricornis), about a 
twofold difference. This limited variation in the means suggests that these 
organisms are constrained within narrow limited by some scalar function of their 
organismic design, which prevents an evolutionary size d ispers ion-even though 
molecular scrambling has occurred in the complex at an appreciable rate for a 
very long evolutionary interval. 
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The basal bodies (kinetosomes), located at the 
proximal ends of the cilia, are readily visualized 
cortical elements that provide a useful means of 
assessing the numbers of cell structures and pat- 
terns of organellar association in the ciliated pro- 
tozoa. In Tetrahymena, the basal bodies are asso- 
ciated with the specialized cilia composing the oral 
membranelles, with the longitudinal rows of cilia 
(kineties) making up the somatic ciliature. We are 
here concerned with the number of basal bodies 
in the somatic ciliature. 

Previous studies have provided information 
concerning the regulation of basal body number. 
New somatic basal bodies arise anterior to preex- 
isting basal bodies (1, 14). In Tetrahymena they 
arise throughout the cell cycle (24, 32). Although 
in some organisms the new basal bodies are 
produced only in specialized regions of the cell, in 
Tetrahymena they arise in all parts of the cortex. 
With respect to the distribution of new basal 
bodies in time and space, Tetrahymena is rela- 
tively relaxed, but some regions are more active 
in basal body production than others, and the 
rates of production may not be completely con- 
stant throughout the life cycle and the cell cycle 
(16, 23, 28, 30). 

J. CELL BIOLOGY �9 The Rockefeller University Press �9 0021-9525/78/1201-072751.00 
Volume 79 December 1978 727-736 

727 



The n u m b e r  of ciliary rows varies over  a consid- 
erable range within a single strain of Tetrahymena, 
and somet imes  even within a recently cloned 
culture.  The  n u m b e r  of basal bodies  per  ciliary 
row varies inversely with the n u m b e r  of rows (25, 
27).  Particularly,  the total  n u m b e r  of basal bodies 
is i ndependen t  of the n u m b e r  of rows but  is 
main ta ined  at approximately the same level in 
cells with, e.g. ,  16, 18, or  20 ciliary rows. Because 
the n u m b e r  of basal bodies  appears  to be reason- 
ably constant  within a strain (so long as the growth 
condit ions are main ta ined  constant) ,  the quest ion 
arises as to whe ther  basal body n u m b e r  might  be 
a useful quant i ta t ive  trait in genetic studies and  in 
systematic comparisons.  

We are here  concerned  particularly with two 
q u e s t i o n s - t h e  differences in basal body numbers  
within a single clonal culture,  and  the differences 
be tween  strains belonging to the same and differ- 
ent  species. As will be shown, substantial  variat ion 
occurs within a culture,  and it is not  re lated to 
previously identified variables.  Nevertheless ,  rel- 
atively little difference in the mean  numbers  is 
observed even be tween  species with remote  com- 
mon  ancestors.  We suggest tha t  the intraclonal  
var ia t ion in basal body n u m b e r  may be tied to 
intraclonal  var ia t ion in D N A  content  (8), and that  
the similarity in the means  for different species is 
due to a common  constra int  of scale operat ing on 
this part icular  organic design (26).  

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

The number of basal bodies in a Tetrahymena is mark- 
edly dependent upon culture conditions. The number 
may fall from several hundred to a few dozen under 
sustained starvation conditions (23), but the immediate 
response to a non-nutrient medium may be an increase 
in basal bodies associated with an elongated and stream- 
lined dispersive form (30). To avoid nutritional effects, 
the following studies were carried out on populations of 
ceils in the fast exponential growth phase. The cells were 
loop-inoculated into 10-ml tubes of axenic 1% proteose 
peptone at room temperature (-23~ and harvested 2 
or 3 days later by centrifugation in a clinical centrifuge 
(half speed). 

The number of basal bodies doubles during the cell 
cycle, so that randomly chosen cells are expected to vary 
over at least a 100% range. This variability may be 
greatly reduced by using staged cells. Staging is most 
easily accomplished by using Frankel's stomatogenic 
stages, which divide the cell cycle into seven unequal 
periods, 0-6. Stage 6 is the last and most easily recog- 
nized stage, identified by the familiar peanut profile 
(Fig. 1) and makes up aboOt 12% of the cell cycle (18). 
During the survey phase of this study, we inadvertently 

interpreted stage 6 somewhat more broadly than did 
Frankel and Williams, and probably included some late 
stage 5 cells in the analysis. 

The only reported variation in basal body numbers 
associated with the life cycle occurs in young hybrids 
between inbred strains in T. thermophila (28). These 
show a 10% increase in basal body number which is lost 
by 100 fissions. All the strains included in the present 
report are long-maintained laboratory cultures that 
should not be manifesting such a "heterotic" augmenta- 
tion. 

The staining precedure employed was similar to that 
described by Jerka-Dziadosz and Frankel (21) as a 
modification of the Dragesco protargol procedure. 

The strains examined included representatives of the 
ten genetic species or "syngens" (13, 17) recently as- 
signed Latin binomials by Nanney and McCoy (29). 
Some information has been published on these strains 
(27), but the procedures of ascertainment did not permit 
an asesssment of the variation among individuals within 
a culture, and hence of the reliability of the population 
mean. 

Several asexual species, previously referred to as 
phenosets A, B, C, D, and E (6) were also studied. 
Phenosets A, B, C, and E are amicronucleate and have 
also been assigned Latin binomials (29), but no infor- 
mation has been published concerning basal body num- 
bers in amicronucleate strains. 

We also include data from a new "syngen" 14 recently 
isolated by Dennis Nyberg (personal communication), 
which represents a new genetic species that has not yet 
been assigned a Latin name. Finally, we report data 
from syngen 5, which was considered of doubtful status 
(29) before Nyberg's recent collection of additional 
strains. Altogether, 17 "genetic species" are thus in- 
eluded in this survey. 

R E S U L T S  

The Numbers of  Basal Bodies in Proters 

and Opisthes at Division 

Previous est imates of basal body populat ions  
used pooled data  f rom several different  individuals 
at  the same stage of the cell cycle having the same 
n u m b e r  of  ciliary rows. All  ciliary rows were not  
counted  on any cell, because all are not  s tained 
adequate ly  and  because some were always ob- 
scured by the under lying macronucleus  which also 
stained darkly with the protargol  procedure .  In 
fact, only ventra l  ciliary rows were counted ,  and 
the total  basal  body count  was es t imated on  the 
assumption tha t  the ventral  ciliary rows were 
equal  (excepting the short  postoral  rows) to the 
dorsal rows. 

To examine variability of basal body n u m b e r  
among individuals, one  must  be able to est imate 
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the total  n u m b e r  f rom those on a part  of the 
individual,  and  preferably from a small sample of 
easily accessible rows. To approach this object ive,  
a more  complete  examinat ion of basal body distri- 
but ion in stage 6 cells was necessary. The availa- 
bility of some particularly well-stained cells made 
possible an almost  complete  count  of basal bodies 
on a l imited n u m b e r  of cells. 

The  first quest ion raised was whe ther  the ante-  
rior and poster ior  division products  (proters  and 
opisthes) in this material  showed any systematic 
differences in the n u m b e r  of basal bodies.  The 
results of near-comple te  inventor ies  of 5 cells 
(Table I) show that  ne i ther  the proter  nor  the 
opisthe is equipped  with a significantly larger 
n u m b e r  of basal bodies,  but  in four of the five 
cells the pro ter  had a slight advantage.  The corre- 
lation between the daughter  cells ( r  = 0 .988)  was 
remarkably  high. 

The  results do demons t ra te  a substantial  differ- 
ence be tween  cells of the same strain, in the same 
culture,  at the same stage of the cell cycle. 

One  might expect,  solely because of the dura- 
t ion of stage 6, a range of 12% difference be tween  
cells due to differences in the t ime of fixation, and 

that  the range might be somewhat  greater  because 
of the inclusion of some late stage 5 cells. The 
observed difference between cells 1 and 2 is nearly 
twice tha t  value, however ,  though the average 
difference is much smaller.  A grea ter  spread of 
values within stage 6 might be expected if the 
format ion  of basal bodies during this stage is more 
rapid than in an average time segment  of the same 
length elsewhere in the cell cycle. 

Because proters  and  opisthes are not  systemati- 
cally different in basal body numbers ,  basal body 
counts  of the opisthe alone provide a satisfactory 
basis for es t imating the total populat ion.  The  
opisthes are much easier to count  because the 
ciliary rows do not yet converge into a closely 
packed anter ior  junct ion as in the proter .  A n  
addi t ional  10 opisthes were counted  as completely 
as possible (Table  If) to give a total  sample of 15 
nearly completely ascer ta ined opisthes.  The range 
of variat ion of the augmented  sample is nearly the 
same as that  of the original sample.  As  has been  
previously shown (27),  the total n u m b e r  of basal 
bodies in a cell is not affected significantly by the 
n u m b e r  of ciliary rows. (The l inear  regression of 
total basal bodies on numbers  of ciliary rows in 

TABLE I 

Complete Basal Body Counts" on Proters and Opisthes in Stage 6 Dividers of  Strain C3-368 

Cell 1 Cell 2 Cell 3 Cell 4 Cell 5 

Row number  proter opist he P O P O P O P O 

1 13 14 17 16 10 12 8 13 15 13 
2 22 24 25 27 22 22 19 19 22 22 
3 26 23 27 25 22 22 22 21 21 23 
4 20 24 28 31 22 23 22 18 24 24 
5 19 19 26 20 20 18 20 18 19 18 
6 21 20 24 24 20 23 (20) 17 20 20 
7 (21) 20 26 24 18 22 19 17 19 22 
8 (21) 22 25 23 20 17 19 21 18 19 
9 22 22 24 21 17 18 18 17 18 18 

10 22 20 24 27 18 19 (19) 18 18 18 
11 21 22 23 25 19 16 21 18 18 20 
12 23 24 26 26 21 20 20 21 20 20 
13 23 22 (24) 25 22 21 20 (17) 20 21 
14 22 (21) (24) (24) 21 17 10 (19) 19 21 
15 21 20 22 (24) 21 20 19 19 20 21 
16 20 21 24 23 19 20 19 20 19 (21) 
17 19 20 25 25 18 (19) (19) 19 (19) 20 
18 14 15 (22) 21 20 (19) (19) (19) 19 22 
19 17 17 20 18 (19) (19) 21 20 
20 20 16 13 18 20 21 
21 12 11 l l  12 13 13 

Total 370 373 453 448 41)2 393 386 379 420 417 

Values in parenthesis represent interpolations made where direct counts were not possible. 
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TABLE II 

Complete Basal Body Counts in Opisthes in Stage 6 Dividers of Strain C3-368 

Cell number 

Row number 6 7 8 9 10 11 12 13 14 15 

1 15 12 11 14 15 15 15 14 13 12 
2 25 22 23 (21) 25 21 (22) 26 24 22 
3 26 22 21 21 24 22 (22) 23 20 19 
4 (25) 20 21 19 22 24 (22) 23 21 21 
5 (24) 21 21 21 21 20 23 20 23 16 
6 23 21 17 (19) 20 21 23 24 20 19 
7 21 19 18 (19) 21 21 23 21 19 19 
8 19 20 20 19 20 19 20 18 20 19 
9 21 20 18 17 20 19 23 20 19 19 

10 19 20 19 18 (21) 19 21 25 19 17 
11 20 20 17 18 (21) 20 20 23 19 18 
12 (21) 21 (19) 21 22 21 19 23 19 17 
13 23 23 21 18 22 23 21 24 23 17 
14 21 21 19 23 23 20 22 21 21 15 
15 22 (21) 22 21 21 21 22 24 21 19 
16 21 (21) 20 21 21 24 21 24 21 (19) 
17 17 21 21 20 21 (23) 22 (23) 23 (19) 
18 15 19 22 19 21 (23) 19 (23) (22) 20 
19 13 20 20 14 20 21 (23) (22) 16 
20 12 14 13 10 14 23 (22) 16 
21 14 13 20 15 

10 11 

Total 378 377 378 383 408 408 429 459 441 388 

this sample of 15 opisthes is positive and has a 
numerical  value of - 8 ,  but  the scat ter  is so wide 
that  the slope is not  significantly different f rom 
zero.)  

The Correlation o f  Basal Body Numbers 

in Rows within a Cell 

The availability of full body counts  allows us 
also to examine  the quest ion of correlat ion among  
the basal body numbers  of rows in the same cell. 
If the correlat ion is high, all rows need not  be 
counted  to provide a reasonable  est imate of the 
total  basal body number .  A simple way to explore 
this mat te r  is to est imate the total  basal body 
n u m b e r  using a few rows, and to compare  the 
est imate with the full count .  For  this exercise we 
arbitrarily selected rows n u m b e r  3, 7, 10, and 13. 
These  were added and  divided by 4 to give a mean  
row count ,  and the mean  was then multiplied by 
the row num ber ,  less 1. The subtract ion of one 
row is required by the observat ion that  the two 
postoral  ciliary rows are substantially shorter  than 
normal  somatic rows, and  together  contain about  

the n u m b e r  of basal bodies found in an average 
r o w .  

This analysis (Table III)  shows that  the mean  
basal body count  es t imated from these four rows 
(403)  is scarcely different from the direct count  of 
all the rows (404).  As  might  be expected,  the 
s tandard deviat ion of the est imates (or = 34) is 
greater  than  that  of the direct counts  (o- = 29),  
but  only slightly. These results are consistent with 
a regular  distr ibution of basal bodies within the 
cell, and a high correlat ion among  the rows. They 
justify the use of a few rows to est imate the total  
basal body populat ion.  

The Numbers o f  Basal Bodies in 

Different Somatic Rows 

The quest ion must  still be asked as to whe ther  
the particular rows examined  affect the est imates.  
A prel iminary study done earlier indicated that  all 
the somatic rows have about  the same n u m b e r  of 
basal bodies,  but  the observat ions  were not  made  
on stage 6 cells. Recently,  Kaczanowski (23) has 
shown a gradient  of basal body prol iferat ion dur- 
ing s tomatogenesis ,  with excessive numbers  of 
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TABLE III 

Total Basal Bodies in Opisthes at Stage 6 Enumer- 
ated by Direct Counts and by Estimates Using Only 
Dorsal Rows, Only Ventral Rows, and Combina- 
tions of  Dorsal and Ventral Rows 

Estimate Estimate Estimate 
based on based on dor- based on 

Direct rows 3, 7, sal rows 8, 9, ventral rows 
Cell Rows count 10.13 10. 11 2, 3, n-3. n-4 

1 18 373 361 366 374 
2 19 448 455 428 446 
3 21 393 420 380 410 
4 21 379 365 365 390 
5 22 417 420 385 435 
6 18 378 378 344 404 
7 19 377 378 360 387 
8 20 378 375 352 404 
9 20 383 361 342 394 

10 20 408 418 390 432 
11 20 408 404 366 428 
12 21 429 435 425 425 
13 21 459 465 430 475 
14 22 441 425 404 462 
15 22 388 378 383 420 

Mean 404 403 381 419 
SD 29 34 29 38 

Regression analysis of Direct Count vs. Row numbers: 
linear regression = 0.388, slope = 8.4, P = 0.623. 

new basal bodies on the ventral surface. He in fact 
invokes this ventral-dorsal gradient, in combina- 
tion with a central-terminal gradient to explain the 
localization of the new oral anlagen. Kacza- 
nowski's observations were made on severely 
starved cells, but a more subtle manifestation of 
such a gradient might be expected even in fast 
exponential cells. A test for a gradient is provided 
by an estimate of total basal bodies employing 
ventral rows, and another estimate using only 
dorsal rows. The dorsal row estimate is systemati- 
cally l o w - w i t h  a mean of 381; the ventral row 
estimate is systematically h i g h - w i t h  a mean of 
419. The variability of the estimates is not very 
different. Because all previous published estimates 
of basal body counts are based primarily on 7 
ventral "index rows",  they must slightly inflate the 
population estimates, at least when they employed 
stage 6 cells. The amount  of such inflation is of 
the order  of 15-20 out of 400, or perhaps as much 
as 5 %. The data provided here on strain compar- 
isons are more accurate than those previously 
published, and give slightly lower estimates. 

The Variability o f  Basal Body  Num be rs  

in More  Nearly Synchronized Cells 

The counts in the previous observations were 
made on stage 6 cells, estimated to comprise at 
least 12% of the cell cycle. The variability among 
the cells was somewhat greater than 12%, but a 
combination of timing difference plus observa- 
tional and staging error might account for a 20% 
differential, particularly if basal body proliferation 
during stage 6 is responsible for more than 12% 
of the total proliferation. We wished to be assured 
that the variability in basal body numbers reflected 
real differences between cells at the same time in 
the cell cycle, and particularly at the time of 
division. 

A more precise staging of the cells may be 
achieved by utilizing the nuclear changes associ- 
ated with the terminal phases of fission. In protar- 
gol-stained preparations the micronucleus is usu- 
ally not visible in vegetative cells (stage 0), as it is 
closely associated with the macronucleus and is 
obscured by the surrounding granular dark-stain- 
ing material, perhaps ribonucleoprotein. At  the 
start of stomatogenesis, the micronucleus moves 
away from the macronucleus and develops a char- 
acteristically staining spindle apparatus (Fig. 1 a). 
Micronuclear division occurs before stage 5. In 
early stage 5 (Fig. 1 b and c) the macronucleus 
retains its spherical shape and the first discontinu- 
ities appear in the ciliary rows. In late stage 5 the 
macronucleus begins to undergo its amitotic pro- 
gram, elongating into a cylindrical structure (Fig. 
1 d and e). A nuclear constriction appears, con- 
verting the cylinder into an hourglass figure char- 
acteristic of early Stage 6 (Fig. 1 f). Finally, as the 
cortical constriction develops, the connection be- 
tween the daughter nuclei is reduced to a thin 
filament, and the stage is called late Stage 6 (Fig. 
1 g and h). 

Using the techniques of estimating basal body 
populations from counts of characteristic rows, we 
have examined the basal body numbers in more 
fully staged cells of two strains (Table IV). The T. 
canadensis strain has a higher mean population at 
each stage than does the T. pigmentosa strain. It is 
also somewhat more variable (the standard devia- 
tion is higher, even with larger sample sizes). 
Nevertheless,  the pattern of increase is similar in 
the two strains. The number of basal bodies 
probably increases from stage 5 to stage 6, but the 
variability within the substages almost obscures 
the increase. 
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FIGURE 1 Photographs of cells of T. thermophila, strain C, approaching cell division. Stage 4: the 
micronucleus has moved away from the macronucleus and has formed a spindle; the macronucleus is 
spherical; the new oral apparatus possesses most of its major components (Fig. la) .  Stage 5: the 
macronucleus is still spherical (Fig. 1 b and c) but elongates later into a cylindrical structure (Fig. 1 d and 
e); the fission zone becomes more prominent. Stage 6: the macronucleus constricts to a thin strand (Fig. 
1 b); cortical and macronuclear constriction continues; the new oral structures become functional (Fig. 1 g 
and h). 

Some of the variability among the stage 6 cells 
must be accounted for by the time within the stage 
at which they were examined, but this temporal 
component  accounts for only a fraction of the 
variability within stage 6 cells. In each strain the 
individual cells in the substages overlap broadly. 
Cells at the time of division do not have precisely 
the same number of basal bodies; in the T. 
canadensis strain, cells destined to divide within a 
few minutes have population estimates ranging 
between 385 and 576, i.e., differences as high as 
20% on either side of the mean are apparent. 
Such large differences were not observed in the 
strain of T. pigmentosa. 

Comparisons of  Basal Body Numbers o f  
Strains within Species 

The largest sample of strains from a single 

species (Table V) is that for T. thermophila (syn- 
gen 1). The 11 strains examined give estimates 
ranging from 332 to 404 for opisthes at stage 6. 
Measurements of individual cells overlap exten- 
sively, even when the most dissimilar strains are 
compared.  Nearly all the strain means lie within 
about one standard deviation (or = 24) of the 
species mean (369). The variations between 
strains may be reasonably interpreted as the con- 
sequence of sampling errors combined with the 
substantial intrastrain variation. One should not 
be surprised at the similarities among these 
strains, however,  for they all share some common 
ancestors in their laboratory derivation. 

The next largest array of strains (syngen 5) does 
not include strains derived in the laboratory, 
however,  but is composed of a sample of seven 
strains independently isolated from the wild. In 
this array, the strain means range somewhat 
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TABLE IV 

Estimated Basal Body Populations in Opisthes at 
Finely Staged Intervals in Two Strains: Tetrahymena 
canadensis, Mating Type H and T. pigmentosa, 
Subspecies 6, Strain UM 1091 

T. canadensis T. pigrnentosa 

Basal body Substage Basal body Substage 
Stage estimate mean o- estimate mean o- 

Early 5 436 
391 
413 406 29 
418 
355 
425 

Late 5 400 
46O 
405 430 79 
594 
4O2 
355 
391 

Early 6 415 
387 
480 
465 
537 467 47 
480 
480 
470 
424 
527 

Late 6 470 
522 
446 481 62 
576 
456 
515 
385 

370 
320 
330 
365 
405 

358 34 

337 
385 
378 368 19 
385 
375 
370 
347 
333 
390 
390 
430 
350 379 38 

399 
415 
405 
400 
415 
375 

401 15 

lower, from 315-387.  This range is similar in 
extent and overlaps that observed in T. thermo- 
phila, but the species mean (352) is somewhat 
lower. One would have difficulty assigning a strain 
to one of these two species on the basis of basal 
body numbers. 

T. pigmentosa is represented by five strains 
derived from two different subspecies (syngens 6 
and 8). Although the means of the subspecies 
differ (400 vs. 437), the difference is not signifi- 
cant (P  = 0.11), and a composite mean for the 
species (424) may be calculated. This mean is 
significantly higher (P  < 0.01) than that for the 
first two species discussed, but estimates for some 
strains overlap. 

T. capricornis is represented by three strains 
with a relatively high basal body number (481), 
significantly different from that-of T. thermophila 
and T. pigmentosa (P  < 0.01), though again, 
individual strain estimates show overlap. T. capri- 
cornis provides the highest estimate of mean basal 
body number among the 17 species surveyed. 

Two other species are represented by as many 
as three strains: T. pyriformis (sensu stricto), 
phenoset A,  and T. lwoffi, phenoset E. Both of 
these species are amicronucleate and asexual. 
Each is reasonably homogeneous with respect to 
strain differences but the two species are clearly 
distinct. The intraspecific homogeneity,  like that 
for T. thermophila, may not be meaningful. In 
each case the three strains may have been derived 
in laboratories from a single wild strain (6). T. 
furgasoni has the lowest species mean for basal 
body number (234), and the lowest strain mean 
(201). Generally,  amicronucleate strains have 
fewer basal bodies than do micronucleate strains, 
though one of the four amicronucleate species (T. 
pyriformis) has a slightly larger mean number 
(362) than two of the 13 micronucleate species 
(T. cosmopolitanis with 355 and syngen 5 with 
352). 

These studies demonstrate significant differ- 
ences among species of this complex (Fig. 2), but 
the range of the species means is remarkably 
narrow from 234 to 474. Moreover ,  because of 
the large coefficient of variation for individuals 
within a clone, the confidence limits for the means 
of strains are large. Counting basal bodies is not 
an efficient means of classifying strains to species, 
and strain differences in numbers of basal bodies 
are not good genetic markers. 

DISCUSSION 

Intrastrain Variability in 

Basal Body  N u m b e r  

The observations summarized here disclose a 
considerable variation in the numbers of basal 
bodies present in cells of the same strain, at the 
same phase of the cell cycle, in fast exponential 
growth. The variation is not due exclusively to a 
difference in time within the cell cycle, for even 
finely staged cells show large discrepancies. Nor is 
the variability due to variations in the numbers of 
ciliary rows, for row number and basal body 
counts are not significantly correlated (25, 27). 

The mechanism whereby the number of basal 
bodies is controlled is not known. Probably some 
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TABLE V 

Estimates o f  Basal Body Numbers for Strains of  17 Species of  the T. pyriformis Complex 

Species Strain N Strain mean Strain o- Species mean Species o- 

T. thermophilia Al -17685K 5 362 42 
(syngen 1) A1-178681b 5 332 18 

B2-8685k 5 347 30 
B2-8687a 5 353 23 
B3-3683 5 404 21 
C2-4682 5 378 20 369 24 
C3-368 15 404 29 
D-1968 5 389 24 
D1-17683 5 371 27 
D1-17685 5 346 28 
F1-16685 5 378 28 

T. americanis III 5 468 28 
434 48 

(syngen 2) VIII 5 400 40 
T. borealis VI 5 400 24 
(syngen 3) 
T. cosmopolitanis UM981 5 320 36 

355 49 
(syngen 4) UM914 5 389 35 
Syngen 5 UM 30  5 376 35 

WF7 6 367 33 
WV0 7 315 19 
KP9 6 337 18 352 27 
WF2 7 360 32 
WF1 9 387 30 
WI1 6 325 28 

P. pigmentosa UM  1060 5 488 64 
(syngen 6) UMI091  11 391 29 

UM1147 or 5 442 19 
UI7152 

(syngen 8) I 5 441 34 
418 32 

II 5 359 49 
T. canadensis UM1215 5 421 30 

447 37 
(syngen 7) II 17 473 52 
T. tropicalis TC-160 5 377 23 

381 5 
(syngen 9) TC-89 5 384 32 
T. hyperangularis EN-101 5 362 40 

365 4 
(syngen 10) EN-10II 5 368 52 
T. australis (syngen 11) AU-1-24 5 452 31 

447 8 
AU-50-1 5 441 33 

T. capricornis AU-F12 5 410 29 
(syngen 12) AU-3-4  5 506 27 481 42 

AU-115-3 10 505 78 
Syngen 14 x3-AL 5 393 63 
T. pyriformis GL-Iowa 5 345 19 
(phenoset A)  GL-Zeuthen  6 360 59 362 18 

H-CCAP 12 381 42 
T. elliotti E-CCAp 9 326 20 317 13 
(phenoset B) GL-Eichel 5 308 18 
T. furgasoni W-ATCC 4 201 5 

234 47 
(phenoset C) GL -ATCC 4 268 17 
(phenoset D) HSM-Cameron 5 408 33 

371 52 
HS-Eichel 6 334 28 

T. lwoffi Chs 12 262 38 
(phenoset E) H-ATI 'C  4 281 15 282 20 

Gfj-CCC 5 302 19 

In a few cases, slide preparations that lacked complete strain designations were 
analysis and are listed by mating type only. 
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F]6URE 2 Comparison of basal body numbers in 
strains of 17 species of the T. pyriformis complex. The 
large white circles represent the species means; the small 
round circles represent strain means. The bars signify 
two standard deviations from the mean. 

limiting cellular constituent, that is itself coupled 
to cell division regulators, also controls the num- 
ber of basal bodies. The intercellular variation 
suggests that the critical cellular constituent is 
some component that is coupled to cell division 
only loosely. 

Although any number of candidates for basal 
body regulators might be considered, the known 
variability of macronuclear DNA content (4, 9, 
15) makes macronuclear DNA, or some compo- 
nent directly proportional to macronuclear DNA, 
a plausible candidate. Although macronuclear 
DNA replication is all-or-none in Tetrahymena (10) 
unlike in Paramecium (5), macronuclear division 
is only approximately equal, with an average 
difference in the DNA quantities of daughter cells 
of - 8 %  (8). Thus, although in normal growth the 
macronuclear DNA replicates once in each cell 
cycle, the amounts of DNA per cell do not remain 
equal, but gradually diversify. Variability in DNA 
quantity is constrained within certain limits, how- 
ever; when these limits are reached, mechanisms 
are activated to restore DNA quantities to normal 
levels. When the DNA content falls below some 
threshold, the coupling between DNA synthesis 
and cell division is relaxed; two replication cycles 
occur before cell division occurs. In like manner, 
when cells obtain too large an amount of DNA 
(by segregational error or by fission blockage), 
two cell divisions may occur with a single DNA 
replication. The chromatin extrusion bodies often 
formed at macronuclear division probably provide 
an additional and more subtle way of reducing an 
excess DNA charge (11). 

From the present perspective, macronuclear 

DNA content is a well-documented variable 
within a Tetrahymena culture, independent to a 
large degree of nutritional, cortical, or cell cycle 
variables. Any cellular organelle or component 
could plausibly be regulated in proportion to the 
amount of macronuclear DNA present and could 
for that reason show a cell-to-cell variation similar 
to that of DNA already documented. To postulate 
that basal body number is proportional to macro- 
nuclear DNA does not of course require that 
macronuclear DNA directly regulates basal body 
synthesis, only that some component proportional 
to macronuclear DNA is involved. Moreover, 
DNA replication and basal body production may 
be uncoupled under some special circumstances 
(30). Unfortunately, we are not now able to assess 
DNA content and basal body populations on the 
same cells. 

The Narrow Range of  Basal Body Numbers 

in Tetrahymena Species 

The twofold range of basal body numbers here 
documented may seem to be a fairly broad range, 
unless one examines other kinds of differences 
among the species (26). The DNA base ratios of 
these species of the T. pyriformis complex span a 
range of - 8 %  for G + C/total bases (12). This 
range is about twice that found among all the 
vertebrates. Allen and Li (2) have reported that 
DNA-DNA reannealing studies show as little as 
10% cross-annealling between some of these spe- 
cies, even when unqiue sequences are studied. 
Mitochondrial DNA's have completely different 
patterns following treatment with restriction en- 
zymes, and may cross-anneal at less than 10% of 
the homologous level (20). The rDNA molecules 
of the different species can often be readily distin- 
guished (19), as may be some of the histories (22). 
The structural proteins making up the epiplasmic 
skeleton of the cell show wide variations (31). 
Isozyme analyses (3, 6, 7) may show no common 
inabilities between strains of two species when as 
many as 10 enzyme activities are assayed. 

All these evidences of molecular diversification 
argue for either an extremely remote common 
ancestor or very rapid molecular diversification. 
Yet certain features of all these sibling species 
have remained invariant or extremely conserva- 
tive: the metabolic patterns, the nutritional re- 
quirements, the chromosome number, the cytoar- 
chitecture (26). Also among these conservative 
features is the scale of the organism which, to- 
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gether with the others, contributes to the primor- 
dial "design" of a tetrahymena. 

The scale of a c i l ium-once  perfected-has 
persisted through numerous evolutionary transi- 
tions to give a structure possessing not only the 
same relative proportions of parts in a wide assort- 
ment of organisms, but also nearly the same 
absolute sizes of parts. In a similar manner, the 
larger organismic design of a ciliate has persisted 
through numerous molecular substitutions. We 
suggest that part of this Tetrahymena design is a 
scalar function, perhaps based substantially on the 
scalar design of its motile organelles. We cannot 
define precisely the selective pressures required to 
maintain the organismic scale-whether they in- 
volve velocities necessary to capture prey or to 
elude predators, to search for security, or to 
escape hostile environments. But the evolutionary 
persistence of scale strongly argues for its selective 
significance in this particular organic design. 
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