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UCLEAR differentiation is often responsible for phenotypic differences 
among genically identical lines in ciliates and is demonstrated by patterns 

of assortment in vegetative pedigrees. The first example of such a nuclear differ- 
entiation ( SONNEBORN 1937, 1939) was the “caryonidal inheritance” of mating 
types in syngen 1 of Paramecium aurelia. In this case, macronuclei usually 
differentiate in an “all-or-none” fashion early in their development, and mating 
types are distributed at the cell divisions at which whole new macronuclei are 
assorted. Macronuclear differentiation is also the basis for mating type determi- 
nation in the Group B syngens of P. aurelia, which appeared initially to manifest 
“cytoplasmic inheritance” (SONNEBORN 1954; NANNEY 1957). In syngen 1 of 
Tetrahymena pyriformis, macronuclear differentiation is again responsible for 
intraclonal mating type differences, but the diploid subunits of a single com- 
pound macronucleus often differentiate to express different mating types and 
then continue to assort for many cell divisions (NANNEY 1956; ALLEN and 
NANNEY 1958). Submacronuclear differentiation and vegetative assortment have 
also been demonstrated to underlie intraclonal variations in the H-immobilization 
antigens (NANNEY and DUBERT 1960) and the esterase and acid phosphatase 
isozymes (ALLEN 1960,1961 ; ALLEN, MISCH and MORRISON 1963). 

The specificity of the H-immobilization antigens is controlled by alleles at the 
H locus. Within each of the 1 1  inbred strains of syngen 1, T. pyriformis, one of 
four alleles ( H A ,  HC,  HD, and H E )  is found in homozygous condition. Heterozy- 
gotes at the H locus initially express both antigenic types, but in the course of 
cellular proliferation produce sublines expressing only one or the other serotype. 
This intraclonal differentiation is interpreted as due to the repression or inacti- 
vation of one of the two alleles in each subnucleus. The probabilities of repression 
of the two alleles determine the ratio of the two kinds of pure subclones, which 
is characteristic of the allelic combination. An analysis of the distribution of this 
“output ratio” in vegetative pedigrees shows that the H antigenic determination 
occurs either before or soon after the first macronuclear division, as an uncoordi- 
nated event among the subnuclei (NANNEY, NAGEL and TOUCHBERRY 1964). The 
timing of allelic repression has been studied in three of the possible six hetero- 
zygotes at the H locus. The objective of the present study was to extend and com- 
plete the analysis of the remaining allelic combinations. The distributions within 
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the vegetative pedigrees of mating types and of another antigenic marker were 
also examined to ascertain the temporal relationships of various kinds of nuclear 
differentiation within the same developing macronuclei. 

MATERIALS, METHODS AND COMPUTATIONS 

Four inbred strains of Tetrahymena Wriformis, syngen 1, were used as parents of heterozy- 
gotes: D1 (Hc/HC,  mtD/mtD),  A ( H A / H A ,  mt$/mtA), A3 ( H E / H E ,  mtA/mtA) and F ( H D / H D ,  
mtP/mtF). The genes mtA, mtD and mt", though independently isolated are very similar and 
possibly identical. Each permits the development of mating types I, 11, 111, V and V I  in a char- 
acteristic pattern and in  characteristic frequencies. 

Figure 1 summarizes the procedure for establishing vegetative pedigrees and the terminology 
employed. Each experiment begins with the isolation of individual conjugating pairs from a 
mating mixture (either a mixture of two cultures-referred to as a mass mating, or a mixture 
of the progeny of two cells isolated into one depression of a slide-referred to as an isolation 
mating). The pairs are isolated into depression slides containing a few drops of culture medium. 
When the now genetically identical exconjugants separate at the end of conjugation, they are 
placed in separate depressions and examined frequently. At the first fission after conjugation, the 
two newly developing macronuclei established in each exconjugant are distributed to the daugh- 
ter cells, which serve as the progenitors of the "caryonides," i.e., lineages within which all the 
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FIGURE 1 .-Establishment of vegetative pedigrees. 



X-RAY INDUCED SOMATIC CROSSING OVER 279 

cells contain a descendant of a common primordial macronucleus. The two “sister caryonides,” 
derived from each exconjugant, are isolated to yield a total of four derivatives from each original 
pair. At the second postzygotic cell division the new macronucleus divides for the first time, and 
the daughter cells are designated as the progenitors of primary ( I ” )  subcaryonides-four from 
each exconjugant or eight from each pair. The final bifurcation in these experiments comes at 
the third fission, when the secondary (2”) subcaryonides are established. The 16 pedigreed lines 
from each pair are then allowed to proliferate in their individual depression cultures through 
approximately 12 more cell divisions. 

TO provide a quantitative evaluation of the properties of the various lineages, 30 single-cell 
isolations are made from each of the 16 lines representing each pair. The cultures are not sexually 
mature at this time, so the mating types cannot be detremined. Moreover, the assortment of 
the serotypes has not progressed far enough to provide a reliable estimate of the relative fre- 
quencies of the alternative pure types. Hence, each of the 30 sublines is carried through five serial 
isolation steps, in which one cell is transferred from a grown depression culture into fresh me- 
dium. The terminal culture is then tubed and tested in standard fashion for mating types and 
serotypes. 

The next problem consists of the identification of quantitative discontinuities within the 
pedigrees. The method has been described in detail earlier (NANNEY et al. 1964). The first step 
is to determine the “output ratio” for each of the sets of 30 sublines. This is defined by a simple 
percentage formula, 100 [(2 Hx + Hxy)/2N], where N is the number of subcultures tested, Hx 
is the number of cultures pure for one of the two antigenic types, and Hxy is the number still 
manifesting both serotypes. The raw output ratios are then converted by an arc sine transforma- 
tion for use as “X” in the analysis of variance. Table 1 lists the formulae used to determine the 
sources of variance among the pedigreed sublines and the method for extracting the components 
of variance. 

The number of subunits present in the macronucleus at  the time of differentiation is estimated 
by assuming independence of subnuclear differentiation and fitting the arrays of output ratios 
to expansions of various powers of the binomial ( p  + 9 ) N .  The power to which the expansion is 
raised represents the number of subnuclei (2, 4, 8, 16, etc.) present at the time of differentiation, 
and the terms of the expansion represent the classes of output ratios, from 0 to 100. The power 
array which most closely approximates the experimental distribution indicates the smallest num- 
ber of independent subnuclei which could be present at the time of differentiation (NANNEY et al. 
1964). 

RESULTS 

1. Analysis of the cross, A X DI (HA/HC; mtA/mtD): The alleles H A  and HC 
have been analyzed previously in combinations with HD,  in crosses of A x B and 
D1 x B, respectively. In the H A / H D  heterozygotes, H antigenic determination 
occurred before the first macronuclear division; in the H C / H D  heterozygotes it 
occurred after the first macronuclear division but before the second. For the new 
cross six exconjugant clones derived from a mass mating (N-64-119) of strains 
A and D1 were expanded through 2” (secondary) subcaryonides. Two of these 
were co-conjugant clones (derived from the two members of a single pair). The 
output ratios and mating types were determined for each of the 30 sublines of 
each 2” subcaryonide (Table 2).  The analysis of variance (Table 3 )  shows that 
the largest variation occurs between 2” subcaryonides within 1 ” subcaryonides. 
The H A / H C  combination was characterized by a highly eccentric output ratio. 
Only about 4% of the sublines were Hc in phenotype. This output is close to the 
limits of resolution of a procedure which involves only 30 sublines and may 
contribute to a high error component incorporated in the variance for 2” sub- 
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TABLE 2 

Serotype output ratios and mating types in cell lineages from A x DI heterozygotes 

Exconjugant Output Mating Exconjugant e t p u t  Mating 
Subclone clone ratio (Hc) type* clone raho (Hc) type' 

1 A t  5 VI D 12 i 
2 10 VI 0 i 
3 5 VI 3 1 
4 5 VI 0 1 
5 8 I 0 1 
6 12 I 5 1 
7 2 I 3 1 
8 2 I 0 1 
1 Bt 18 I E 0 VI 
I 7 7 I 7 VI 
3 0 I 5 VI 
4 3 I (111) 0 VI 
5 5 V 0 VI (1) 
6 10 V 2 VI 
7 8 V 3 VI (1) 
8 2 V 3 VI 
1 C 7 I F 6 VI 
2 0 1 (VI) 0 VI 
3 3 I 3 VI 
4 2 1 (VI) 5 VI 
5 0 I 2 VI 
6 5 I 0 VI 
7 13 I 3 VI 
8 3 I 5 VI 

* hlinority mating types (in parentheses) =three or less per 30 sublines. + Clones from the same conjugating pair (co-conjugants). 

caryonides. The small variances (actually producing negative components) be- 
tween caryonides and between Io subcaryonides indicate that the HA/Hc  output 
ratio is not a caryonidal characteristic, as it was for HA/HD,  nor is it a 1" sub- 
caryonidal characteristic, as with HC/HD.  Differentiation must occur after the 
second macronuclear division. 

Because differentiation occurs at least as late as 2' subcaryonides, the output 
ratios of these subclones were used in the binomial analysis. The output arrays 

TABLE 3 

Analysis of variance of output ratios computed in Table 2 ( A  x D I )  

Degrees Mean Components 
Sources of variation of freedom squares of variance' 

Between exconjugants 5 72.7 V ,  = 8.4 
Within exconjugants, between caryonides 6 5.8 V, = -8.6 
Within caryonides, between 1 subcaryonides 12 40.4 v, = -7.3 
Within 1 ' subcaryonides, between 2" subcaryonides 24 54.9 v,, = 54.9 

* See footnote of Table 1 for explanation of symbols. 
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TABLE 4 

Comparison of experimental and theoretical distributions for H"/HC 2" subcaryonidal output 
ratios. Theoretical distributions represent binomial expansions (0.04 f 0.96) 

~~~~~~~~~~~~~~ ~ 

N Classes Expected Observed P from chi-square 

4 1-3 
4 
5 

8 
9 

16 
17 

31 
32 
33 

61 
62 
63 
64 
65 

8 1-7 

16 1-15 

32 1-30 

64 1-60 

0.4 
6.8 

40.8 
1.9 

11.5 
34.6 

6.4 
16.6 
25.0 

6.6 
1 1 . 1  
17.3 
13.0 
5.2 
6.8 

10.6 
12.4 
9.4 
3.5 

0 
36 > ,001 
12 
0 

36 > ,001 
12 
6 

30 > ,001 
12 
8 

13 
15 .80 
12 
8 
4 
9 > ,001 
9 
6 

12 

were compared to the distributions calculated for independent differentiation 
when 4, 8, 16, 32 and 64 subunits were present (Table 4). All the distributions 
can be rejected at the 1% level except that for N = 32. 

With respect to mating type, the sets of 30 related cultures were usually uni- 
form, but occasionally a second type appeared in low frequency. The four sets 
comprising a caryonide were also usually homogeneous, not only with respect to 
the majority type, but also in manifesting the same minority type (subclones 2 
and 4 of clone C and 5 and 7 of clone E). The similarity between sister caryonides 
(subclones 1 to 4 and 5 to 8 )  in clones C to F is probably coincidental; previous 
large scale studies (NANNEY 1956) have detected no tendency for sister caryo- 
nides to be alike in mating type. 

2. Analysis of the cross, A3 X DI (HC/HE, mtA/mtD, TB/Tc): The H E  allele 
had previously been examined in combination with HA,  and differentiation was 
found to occur at least as late as primary subcaryonides. In this cross, by an 
isolation mating (N-65-80), it is combined with HC.  In addition to H-serotypes 
and mating types, one other system of nuclear differentiation was examined. 
Cells of syngen 1, 'when grown for brief periods at 40°C in a 1 % peptone medium 
containing 0.4% liver extract, lose their ability to be immobilized by specific H 
antisera and acquire new specificities ( BROSI, in preparation). These specificities 
are controlled by a series of alleles unlinked to either H or  mt. Heterozygotes at 
the T locus, like those at the H locus, manifest vegetative assortment of phenotype. 
The sublines of only one pair were tested for T serotypes. 

The results of the pedigree analysis are presented in Table 5. With respect to 
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TABLE 5 

Serotype output ratios and mating types in cell lineages from A3 X D1 heterozygotes 
~~ ~~ 

output Mating output Output Mating 
Subclone Pair ratio (Hc) type' Pair ratio (Hc) ratio (Tc) type' 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
1 1  
12 
1 3  
14 
15 
16 

1 
2 
3 
4 
5 
6 
7 
8 

A 0 
5 
3 
2 
0 
0 
0 
2 
0 
0 
2 
0 
5 
2 
8 
8 

Bt  0 
3 
0 
0 
0 
0 
0 
0 

I1 
I1 

I-VI 
I1 
I1 
I 
I-VI 
I11 
I11 
I 
I 
111 
111 
I 
I 
I1 
I1 
11 
I1 
I1 
I1 
I1 
I1 

1 (VI) 

C 5 
8 
7 

15 
0 
5 
0 
2 
0 
0 
3 
2 
0 
0 
0 
0 

43 
42 
5 0  
42 
42 
43 
43 
47 
52 
47 
38 
47 
50 
53 
55 
45 

v-VI 
v-VI 
v-VI 
v-VI 
I 
I 
I 
I 
I-VI 
VI-I 
I-VI 
VI-I 
I1 
I1 
I1 
I1 

* First type is majority type; parentheses indicate three or less of minority type 
i Pair B is represented by one exconjugant clone only; the other clone died. 

mating types, pair C showed the expected caryonidal pattern; half-pair B mani- 
fested a (probably) coincidental similarity of sister caryonides; but pair A showed 
a 1" subcaryonidal distribution of mating types. The significance of this obser- 
vation will be discussed later. 

The analysis of variance for the H antigens (Table 6A) shows that H-antigenic 
determination is caryonidal, i.e., differentiation occurs before the first macro- 
nuclear division. The T serotypes were determined only for pair C. At the time 
of testing, when most of the sublines were pure for H serotype, nearly all were 

TABLE 6 

Componen?s of variance for the output ratios in Table 5 ( A 3  X Dl) 

Set ve v c  v, 5'88' 

A. Hc, all clones - 0.9 28.2 1.3 18.4 
B. Hc,pairC 18.3 33.1 3.5 19.2 
C. Tc, pairC - 0.03 - 1 . 1  3.4 6.2 

See footnote of Table 1 for explanation of symbols. 
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TABLE 7 
Serotype output ratios and mating types in cell lineages from A3 x I; heterozygotes 

output output output 
ratio Mating 2' sub- ratio Mating ratio Mating 

caryonides Pair (Hd) type' Pair (Hd) type* Pair (Hd) type' 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 

A 10 
12 
U) 
25 
18 
13 
5 
7 
5 

1 7  
17 
22 
13 
5 
5 
5 

B 3 
2 
5 
3 

15 
7 

12 
8 
3 
0 
2 
3 
2 
3 
3 
2 

C 5 
8 
3 

13 
12 
12 
18 
5 
7 
3 
8 
0 
5 
5 

18 
13 

I1 
I1 
I1 
I1 
1 (VI) 
I-VI 
VI-I 
VI-I (111) 
I1 
I1 
I1 
I1 
I11 
I11 
I11 
I11 
VI 
VI 
VI 
VI 
I 
I 
I 
I 
I1 
I1 
I1 
I1 
VI 
VI 
VI 
VI 
I 
I 
I 
I 
VI 
VI 
VI 
VI 
I11 
I11 (I) 
I11 
I11 
I11 (V) 
I11 
I11 (V) 

D 17 
20 
10 
12 
3 

10 
8 
3 
7 
2 
2 
0 

18 
25 
12 
17 

E 3 
0 
3 
2 
0 
5 

10 
5 
8 
8 
2 
2 
8 
5 

13 
10 

F 5 
10 
22 

7 
8 

13 
5 

18 
12 
23 
17 
18 
7 

10 
7 
5 

VI 
VI 
VI 
VI 
VI 
VI 
VI 
VI 
I 
I 
I 
I 
VI 
VI 
VI 
VI 
I1 
I1 
I1 
I1 
I11 
I11 
I11 
I11 
I 
I 
I 
I 
I 
1 (VI) 
1 (VI) 
1 (VI) 
VI (1) 
VI 
VI 
VI 
VI 
VI 
VI 
VI 
I11 (V) 
I11 
I11 
I11 (V) 
VI (1) 
VI 
VI 
VI (1) 

G 10 
27 
33 
48 
20 
28 
30 
13 
10 
15 
22 
5 

10 
20 
20 
15 

H 13 
5 
7 
5 
7 
0 
3 
5 
3 
2 
0 
0 
7 
3 
0 
0 

I 18 
15 
10 
20 
23 
23 
12 
18 
10 
23 
22 
27 
4 
8 

10 
12 

VI (111) 
VI 
VI 
VI 
I11 
111 
I11 
I11 
I(II1)  
I 
1-111 
I(II1)  
VI 
VI 
VI 
VI 
I 
I 
I 
I 
I 
I 
I 
I 
VI 
VI 
VI (1) 
VI (1) 
VI-I 
VI (1) 
I-VI 
VI-I 
I-VI 
VI-I 
I-VI 
VI-I 
VI 
VI (111) 
VI (111) 
VI-I11 
I11 
111-1 
1-111 
1-111 
I1 
I1 
I1 
I1 I11 1 ,  

* First type is majority type; parentheses indicate three or fewer of minority type. 
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still showing mixed responses to anti-T sera. Moreover, the analysis of variance 
for T types (Table 6C) shows no major discontinuities within the vegetative 
pedigree. The conclusion to be drawn is that the T types began sorting much later 
than the H types. This conclusion will be documented and supported further in a 
later publication ( BROSI, in preparation). 

A binomial analysis of H types in caryonides excludes N = 8 and N = 16 
(P >.001 and <.02) but N = 32 (P = .70) and N = 64 (P= .5 to .7) cannot 
be rejected. Significantly, in pair A the H serotypes are fixed prior to the first 
macronuclear division; mating types are fixed between the first and second 
divisions; and T serotypes are fixed (by analogy with pair C) much later. 

3.  Analysis of the:cross A3 x F (HE/HD, mtA/mtF): This cross, completing 
the series of H heterozygotes, was initiated as an isolating mating (N65-108) ; 
nine pairs were expanded through 2" subcaryonides and the 30 sublines of each 
were tested for H serotypes and mating types (Table 7) .  The mating type distri- 
bution followed the caryonidal pattern. A majority (61%) of the caryonides 
were pure for one mating type. Where secondary mating types were present, 
they were the same within sister subcaryonides. Unlike any of the previous 
crosses, however, the pairs manifested significant heterogeneity with respect to 
the time of H differentiation (Table 8).  Pairs B, C, D, F, and I have a caryonidal 
pattern; pairs A, E and H have the major discontinuity at the level of 1" sub- 
caryonides; pair G differs from all the others and appears to differentiate even 
later. The output ratios are not the cause of this heterogeneity, since the same 
ratio (compare pairs A and F; B and E) may be associated with either a caryoni- 
dal o r  a 1 subcaryonidal differentiation. 

Under these circumstances, a combined analysis of variance of all the pairs 
would blur any discontinuities. When this cross is treated as two major subgroups, 
with pair G not included in either one, the time of differentiation for each group 
is clearly seen (Table 8). Therefore, the binomial analysis was based on cary- 
onidal outputs in one case and on 1" subcaryonidal outputs in the other. In both 

TABLE 8 

,Components of variance for the output ratios of the pairs in Table 7 

Component of variance 

Pair VP v* v c  v a  " 8  8 Output ratio 

A . . .  - 6.4 4.0 22.6 15.3 12:88 
B 11.8 17.0 4.1 13.7 5:95 
C . .  - 4.5 10.6 - 2.6 37.8 8:92 
D 16.4 44.1 7.5 16.4 10:90 
E 10.6 - 2.3 15.7 21.2 5:95 
F -10.0 18.9 - 9.6 28.8 1238 
G . .  30.7 - 8.2 5.9 46.5 20:80 
H 20.9 - 7.3 33.8 0.1 16:84 
I . . .  8.5 19.2 4.6 15.3 4:96 
A, E, H 24.1 9.6 - 5.4 24.1 12.2 . . . .  
B,C,D,F,I  11.7 1 .o 22.0 - 0.8 22.4 . . .  
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TABLE 9 

Binomial analysis of HE/HD output ratios 

N 
P values for 20 caryonides 

Pairs B, C, D, F, I 
P values for 24 subcaryonides 

Pairs A, E, H 

8 
16 
32 
M 

> .001 
.2 
.7-.8 
, 2 7 3  

> ,001 
.02 
.OEi-.lO 

> .001 

groups, an adequate fit is obtained for a value of N = 32 (Table 9). Although the 
fit for 1 O subcaryonides is close to rejection at the 5 % level all the other values 
of N except N = 32 can be rejected. The fact that the binomial analysis indicates 
a similar macronuclear compoundness at the time of differentiation in these two 
groups (and in the preceding crosses) suggests that H differentiation occurs at a 
particular time in the cell cycle, but can occur in different cell cycles (prior to 
the Ist, 2nd or 3rd macronuclear division) in individual pairs. 

DISCUSSION 

The theoretical basis for employing vegetative pedigrees in the analysis of 
nuclear differentiation in ciliates has been set forth earlier (NANNEY 1964; 
NANNEY et al. 1964), but a recapituation may be helpful. ALLEN and NANNEY 
(1958) first showed that mating type assortment in clones of unstable mating 
type in Tetrahymena could be interpreted according to a mosaic model for the 
macronucleus. The number of assorting subnuclei was estimated at 4.5 immedi- 
ately after a nuclear division, or 90 just before. Subsequently, NANNEY and 
DUBERT (1960) demonstrated that the vegetative assortment of H serotypes in 
heterozygotes conformed to a similar pattern and yielded a corresponding value 
for the number of assorting units. These studies were concerned primarily with 
the behavior of “mixed” macronuclei after they had been established. 

Other studies have been designed to characterize the initial events. Mating type 
differentiation in three genotypes ( mtA/mtA, mtA/mtB and mtB/mtB) has been 
shown (NANNEY and ALLEN 1959) to occur prior to the first macronuclear 
division; a majority of caryonides manifested a single mating type, and most of 
the remainder yielded a single predominant type. The two caryonides from a 
single exconjugant show no correlation in their majority mating type (NANNEY 
1956). When H differentiation was found to occur at different times in different 
heterozygotes, the question was raised whether the time of mating type deter- 
mination might not also be variable, so that all the kinds of macronuclear differ- 
entiation in a particular cross occur at the same time. To answer this question 
the different kinds of nuclear differentiation had to be assessed simultaneously. 
As has been noted, with the exception of one exconjugant, all the pairs examined 
in the present series displayed caryonidal patterns for mating type distribution, 
even when other patterns were found for other traits. 

With respect to mating types, the minority mating types produced in mixed 
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macronuclei provide some additional information about the timing of differentia- 
tion. Presumably the subnuclei assume their hereditary properties during the 
maturation of the macronuclear anlagen, as their number increases from one to 
perhaps 90. (We may note, however, that mating type manifestation is ordinarily 
delayed until 50 or more fissions later.) If the differentiations should occur early 
in macronuclear development, when relatively few subnuclei are present, the 
ratio between the most common type and the least common type of subnucleus 
will be relatively low. Thus, if differentiation occurs when only four subnuclei 
are present, any minority type will comprise at least a fourth of the total, and 
after assortment has been completed a quarter of the pure sublines should be of 
that type. The usual rarity of the minority type (confirmed in this study) implies 
a late fixation of subnuclei, at a time when at least 39 subnuclei are present. The 
fact that one mating type is usually found in great excess in a caryonide also 
indicates that the differentiation with respect to mating types is not random for 
the many subnuclei present within a macronucleus at the time of determination. 
The differentiations within a single macronucleus are “coordinated” in some way. 

The studies on H antigenic differentiation are similar in rationale, but require 
somewhat different techniques. The qualitative dissimilarities so obvious in 
vegetative pedigrees for mating types are not apparent for serotypes; most of the 
caryonides produce some of each of the alternative pure subclones and only 
quantitative differences can be examined. For this reason the lineages have been 
assessed by an analysis of variance (NANNEY et al. 1964) to identify discontinui- 
ties in the pedigrees. If, for example, differentiation occurs prior to the first macro- 
nuclear division, the sublines of a caryonide will tend to be alike, but sister 
caryonides-representing separate diff erentiative events in the same cell-will be 
less correlated. If differentiation occurs between the first and second macronuclear 
divisions a discontinuity will be observed at the next cell division, etc. 

In the previous study three H genotypes were examined (Table 10). The 
H A / H D  heterozygotes showed caryonidal homogeneity; the HC/Hn heterozygotes 
showed a discontinuity at the next division, indicating differentiation between 
the first and second macronuclear divisions; the H E / H A  heterozygotes, expanded 
only as far as 1 O subcaryonides, differentiated at least this late and possibly later. 

TABLE 10 

Summary of the times of differentiation for H antigens 

CrWS Genotype Output ratio Time’ N i  e: Reference 

A x B  H A / H D  87:13 C 3 2  8% NANNEY et al., 1964 

A3 x D1 HE/HG 98: 2 C 3 2  5 Tables 5,6 
A3 x F H E / H n  90:10 c, sc (ssc) 3 2  18 Tables 7, 8,9 

C X A  HE/HA 81:19 sc-ssc 32 8 NANNEY et al., 1964 
D1 x B H / H D  4 3 5 7  sc 8 20 NANNEY et al., 1964 
A x D1 HA/HC 96: 4 ssc 32 6 Tables 2 ,3 ,4  

Time of fixation: c = caryonidal discontinuity; sc = 1’ subcaryonidal discontinuity; ssc= 2” subcaryonidal discontinuity. 
T N=the  minimum number of subnuclei at the time of H antigen fixation. : e=the number of exconjugant clones analyzed. 
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The current study completes the set of possible heterozygotes with the four avail- 
able alleles. The H E / H c  heterozygotes again show a caryonidal pattern, and the 
H A / H c  heterozygotes show a discontinuity only at the level of 2" subcaryonides, 
indicating a fixation at least two fissions later. The H E / H D  manifest a hetero- 
geneity not thus far encountered in other genotypes, perhaps because the others 
have not been represented by such large samples. Some of the pairs have a 
caryonidal pattern and others show a discontinuity at the level of 1" subcaryo- 
nides. One pair may have an even later differentiation. 

These observations indicate that each H heterozygote has a characteristic time 
(or distribution of times) at which the subnuclei become fixed, and that H fixation 
is independent of mating-type fixation. Some differentiations occur, as do those 
for mating type, prior to the first macronuclear division, some occur before the 
second, and some before the third. The patterns of timing are not clearly related 
to particular alleles; all four alleles are represented in each of the three fixation 
intervals. The output ratios, which do appear to depend on allelic combinations 
(NANNEY et aZ. 1963), are not obviously related to timing. The two most eccen- 
tric outputs ( H C / H E  and H A / H C )  are associated in one case with caryonidal dis- 
continuities and in the other with 2" subcaryonidal determination. The output 
ratio nearest equality ( H C / H D )  is intermediate in its timing. 

While the variance analysis identifies the fission interval during which differ- 
entiation occurs, it does not indicate the precise time within that interval. The 
binomial analysis (NANNEY et al. 1964) was designed to provide evidence on 
this point. It attempts to interpret the distribution of output ratios on the basis 
of the numbers of independent foci of differentiation present at the time of 
differentiation. Thus, if only four subnuclei are present and these are inde- 
pendently fixed. different whole nuclei may have very different output ratios, 
corresponding to 0:4, 1:3,2:2, etc. If, on the other hand, 32 independent foci are 
present, the distribution of outputs will be much less dispersed. The observation 
that caryonidal outputs (where caryonidal determination has been established) 
fit well the formula ( p  f q)3*, indicates that differentiation occurs at least as late 
as the 32 unit stage. It does not set an upper limit, because any irrelevant source 
of variation (experimental or sampling error for example) will disperse the 
distribution and make fixation appear to have occurred when fewer units were 
present. Thus, fixation may occur as late as the 90-unit stage, immediately before 
macronuclear division, and the discrepancy between 90 and 32 may represent 
the dispersion resulting from uncontrolled variation. The fact that all the sets 
(caryonidal, 1" subcaryonidal, etc.) yield a best fit with 32 units may suggest 
that the fixation occurs at the same time within the cell cycle, regardless of which 
cycle is involved. The available information does not however, establish this 
interpretation. The binomial analysis is probably not sensitive enough to fix 
precisely the time of differentiation within later cycles. It does demonstrate, 
however, that the number of independent foci present at the time of differenti- 
ation is sufficiently high to rule out any large amount of "coordination" such as 
has been postulated for mating type differentiations. 

The third system of nuclear differentiation employed in these studies was that 
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of the T antigens. These are alternatives to the H antigens, expressed at “torrid” 
(40°C) temperatures. Their determinants are unlinked to H or to mt (BROSI, in 
preparation), which are themselves unlinked (NANNEY 1960). The T alleles 
manifest vegetative assortment of phenotypes, much like the H alleles, but the 
output ratios for T and H may be very different. Moreover, no point of disconti- 
nuity within the early pedigrees has been demonstrated for the T system, indi- 
cating that the differentiations for T occur at some time after the last bifurcations. 
Hence, within the same pedigrees, three different systems of nuclear differenti- 
ation can be demonstrated to be occurring in their own characteristic patterns 
and with their own specific timing. ALLEN (1965) has provided similar evidence 
for the independence of vegetative assortment for mating types and esterases; 
this case is particularly significant because it involves genetically linked loci 
(ALLEN 1964). Thus, all the available data indicate that the various systems of 
nuclear differentiation are independent of each other and may be locus-specific. 

Although these studies make some progress toward characterizing the mode 
and timing of the nuclear differentiations, they provide little understanding of 
the mechanism. “Allelic repression” appears to be almost universal for genes in 
Tetrahymena, but parallels may be found in other diploid organisms. Aside from 
sex-linked repressions, recent pertinent studies are those on gamma-globulin 
forming cells in the mouse (WEILER 1965) and the rabbit (PERNIS et al., 1965) 
which express only one of the two alleles at an autosomal locus. H allelic repres- 
sion in persistent heterozygotes of Salmonella (IINO 1964) may provide another 
analogy. 

From the point of view of ciliate cytogenetics, these observations go far toward 
a resolution of the persistent and vexatious problem of macronuclear organization 
(see NANNEY 1964). SONNEBORN’S (1947) genetic studies on Paramecium have 
long been interpreted as indicating that the macronucleus is composed of diploid 
subnuclei, but alternative interpretations are difficult to exclude. For example, a 
macronucleus with large numbers of randomly assorting chromosomes (or haploid 
subnuclei) would be expected to show considerable phenotypic stability even 
though constant assortment occurred at each fission (KIMBALL 1943). The obser- 
vations on vegetative assortment in Tetrahymena raised again the possibility 
that haploid units (or individual chromosomes) of the macronucleus are segre- 
gating; the differences between Paramecium and Tetrahymena might then reflect 
nothing more than the degree of macronuclear compoundness. The fact that all 
known genetic loci in Tetrahymena manifest phenotypic assortment was par- 
ticularly disquieting, and raised serious questions concerning the hypothesis of 
allelic repression. A more careful study of the various systems, however, reveals 
properties which can be reconciled with a genetic assortment only through many 
and improbable assumptions. The locus (and allelic) specificity with respect to 
the time at which assortment begins and to the output ratios of the alternative 
types is particularly difficult to explain on a genetic basis. To be sure, “allelic 
repression” is not a “mechanism” which can explain the patterns of assortment, 
but a search in the area of genic regulation now appears much more profitable 
than a further exploration in the realm of transmission irregularities. 
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One other problem raised by these studies deserves brief comment. Quite aside 

from the mechanism of allelic repression is the mechanism of ordering the various 
events in time. Sequential differentiation is of course a feature of all developing 
organisms and examples of sequential gene activation can be found (e.g., see 
INGRAM 1963 on hemoglobin changes). But the changes occurring in ciliates may 
occur over long periods of time ( SIEGEL and COHEN 1963) in an essentially con- 
stant environment. The esterases in Tetrahymena may not differentiate until as 
late as 40 cell divisions after conjugation (ALLEN 1965) and other differentiations 
may occur even later. The ciliate changes, unlike those in multicellular organisms, 
cannot be readily explained on the basis of effects of a progressively changing 
environment, but suggest an intrinsic long-range timing mechanism to which 
various differentiative events are geared in different ways. 

SUMMARY 

Three interstrain heterozygotes of syngen 1, T .  pyriformis were analyzed for 
the time of differentiation of the H antigens, the mating types and, in part for 
the T antigens. The time of H antigenic differentiation varied, occurring either 
before the first macronuclear division, or one to two divisions later. In all cases, 
the minimum number of subunits present in the macronucleus was the same. 
The allelic combination at the H locus determined the degree of repression of 
one allele over the other and the time of fixation, but the pattern of timing could 
not be simply related to the individual alleles. The time of mating type differenti- 
ation was, except in one pair, before the first macronuclear division, and thus 
showed no correlation to the timing of H antigenic differentiation. Another anti- 
genic marker, T, was independent of both mating type and H antigenic type in 
the lateness of its differentiation, and radically different from the H antigen in 
output ratio. These various traits manifest discrete localized sequential differenti- 
ations within genically identical macronuclear subunits. 
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