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Alternative Processing of Sequences During Macronuclear 
Development in Tetrahymena thermophila 

THEODORE C. WHITE? and S U L Y  LYMAN ALLEN' 
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ABSTRACT. DNA is eliminated during development of the somatic MACronucleus from the germinal MICronucleus in the ciliated 
protozoan, TeCrahYt?WM thermophila. Facultatively persistent sequences are a class of sequences that persist in the MAC DNA of some 
cell lines but are eliminated from the MAC DNA of other all lines. One cloned MAC fragment contains a pnistent sequence as well 
as sequences normally retained in the MAC. When this cloned fragment was used to construct MAC restriction maps of this region in 
cell lines whose MAC DNAs do, or do not. contain the persistent sequence, extensive variation in the map Ranking this region was 
observed. The different DNA rcanangemcnts of this MIC w e n t  are epigenetically determined during or won after MAC development. 
Moreover, different rearrangements may occur among the 45 copies of this MIC segment as a MAC is formed, multing in polymorphisms 
that are later rtsolved by phenotypic assortment. 

NA elimination is a normal part of development in many D eukaryotic organisms including ciliated protozoa (30.40). 
crustaceans (9), insects (35), and nematodes (38). In the ciliated 
protozoa DNA elimination has becn studied most extensively 
in the holotrich, Tetrahymena thermophila (40), and in various 
species of the hypotrich, Oxytricha (30). Recently. molecular 
cloning techniques have allowed us to probe the processes of 
DNA elimination in these ciliates. One question that these tech- 
niques can address is how tightly controlled is the process of 
elimination? How much variability is inherent in the system? 

Tetrahymena. like most ciliated protozoa, contains a germinal 
micronucleus (MIC) and a somatic macronucleus (MAC) that 
develops from the MIC during the sexual process ofconjugation 
(reviewed in 2). When two cells mate, their MICs undergo mei- 
osis and one of the four meiotic products is retained in each 
cell. This haploid nucleus then undergoes mitosis to form mi- 
gratory and stationary pronuclei; the two cells exchange migra- 
tory pronuclei, and the stationary pronucleus hses with its part- 
ner's migratory pronucleus to form a diploid zygotic nucleus 
that is genetically identical in the two cells. In each conjugant, 
the zygotic nucleus then undergoes two rounds of mitosis. The 
four resulting nuclei each have a different fate: one nucleus is 
retained as the cell's MIC, another nucleus is destroyed and the 
remaining two nuclei develop independently into MACs. The 
two conjugating cells separate and each exconjugant undergoes 
cell division. At the first cell division the MIC divides but each 
daughter cell receives only one of the two new MACs. The four 
daughter cells from one mating pair are called caryonides. They 
have genetically identical MICs. but each caryonide contains an 
independently developed MAC. 

The MAC has approximately 23 times as much DNA as the 
MIC (reviewed in 25).  During MAC development, the MIC 
chromosomes fragment into smaller pieces averaging 600 kb 
long but ranging in size from 21 kb to greater than 1 I00 kb (7). 
Each piece can replicate, and except for rDNA, each of the 50 
to several hundred types of molecules is present on average in 
45 copies. These autonomously replicating pieces probably cor- 
respond to the assorting "units" seen in heterozygotes (28). In 
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heterozygotes, some of the 45 copies will contain one allele and 
the rest will contain the other allele. Random distribution of 
allelic copies in successive fissions can produce a cell with a 
MAC that is homozygous for one of the alleles. The phenom- 
enon is referred to as phenotypic assortment and occurs with 
the kinetics predicted from the random distribution of45 copies 
ofeach type ofassorting unit to each daughter nucleus (reviewed 
in 25).  

During macronuclear development, 10-20% of the MIC ge- 
nome is eliminated from the MAC. Recombinant DNA clones 
have been used to show that these DNA eliminations are as- 
sociated with two kinds of DNA rearrangements. One such 
DNA alteration is the fragmentation of the MIC genome into 
subchromosomal fragments to which the telomeric repeat, 
(C4A2)", is added (4 I). The best studied site of fragmentation is 
at one end of the 17s and 26s rDNA locus. As this site is 
fragmented, some DNA sequences are eliminated before the 
telomenc repeat is added to the fragment ends (39, 42). 

Recently, Yao et al. (43) have shown that sequences expected 
to be internal to the subchromosomal fragments can be elimi- 
nated by interstitial deletion. One clone of MIC DNA was found 
to contain three eliminated sequences, at least two of which are 
eliminated by breakage and rejoining of the flanking sequences. 
This type of deletion has been shown to occur in the vicinity 
of the tubulin gene ( I  3) and also for internal MIC DNA regions 
containing C4A, repeats (44). 

Elimination of DNA sequences occurs as a result of both 
fragmentation and interstitial deletion in Tetrahymena. The 
process appears to be tightly controlled; however, for the few 
completely eliminated regions studied, some appeared to be 
generated in alternative ways (8, 20) and some young MAC 
preparations contained sequences that had not undergone dele- 
tions (43). 

The hypotrichous ciliates also eliminate DNA sequences dur- 
ing MAC development (30). In the hypotrichs, the MAC consists 
ofgene-sized pieces of DNA that are produced by fragmentation 
of the MIC chromosomes. Ninety-five percent of the MIC ge- 
nome is eliminated during this fragmentation process (30). In 
addition, Klobutcher et al. (21) have recently identified se- 
quences in Oxyfricha nova that are eliminated from regions of 
DNA destined to become MAC fragments. These internal elim- 
inated sequences (IES) appear to be deletions similar to those 
observed in Tetrahymem by Yao et al. (43) although the IES 
are much smaller. 

Variability was not observed for the IES sequences although 
the situation is complicated because there are at least three 
versions of the gene in the MIC genome. Recently, Cartinhour 
& Hemck (14) found in the MAC of Oxytricha fallax a common 
block of DNA sequences that occurs on several different gene- 
sized pieces. These sequences are either different members of a 
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small family of sequences or they represent alternate ways of 
processing a single MIC sequence. Alternative DNA rearrange- 
ments are part of several biological systems including immu- 
noglobin switching in mammals (34), mating type interconver- 
sion in yeast (26). and antigen switchng in trypanosomes (10). 

We have recently studied three eliminated families, two of 
which have sequences that persist in the MAC (37). These fac- 
ultatively persistent sequences may persist because of weak or 
less accessible signals for processing at sites of elimination (36). 
In the present study, we have isolated a clone of MAC DNA 
from a cell line that contains a persistent member of a repetitive 
family that is eliminated from the MAC DNA of other cell lines, 
as well as sequences normally retained in the MAC. The latter 
sequences were subcloned. The MAC DNA clone and its sub- 
clone were used to discern how a single MIC segment is alter- 
natively arranged in the MAC of six different vegetatively aged 
cell lines and in the MAC of the four caryonides from one mating 
pair. In two cases, two DNA arrangements were observed in 
the MAC DNA of one caryonide, and this epigenetically induced 
heterozygosity was resolved by the process of phenotypic as- 
sortment. These alternative arrangements may reflect variations 
in the deletion mechanism or they may reflect other as yet 
uncharacterized DNA rearrangements that occur during MAC 
development. 

MATERIALS AND METHODS 
Cell lines. Table I lists the cell lines used in this study. The 

various relationships among inbred strains have been discussed 
previously (2.4). Cell lines BX2 and BX6 are sister clones from 
one mating pair of round two of genomic exclusion of B-19755 
crossed to A* I11 and were obtained from L. Jenkins (University 
of Iowa). The other B strain cell lines were derived by inbreeding 
clones of different mating type from the same mating pair. Cell 
lines B7N and B4 were obtained from D. L. Nanney (University 
of Illinois) and had been frozen from about 1968 to 1974. Cell 
line B7B is the same cell line as B7N except that it was never 
frozen and was obtained from P. J. Bruns (Cornell University). 
Cell lines B7 (N or B) and B4 are caryonides that differ in mating 
type and were randomly isolated from the same mating pair. 
The construction of strain D/ 1, congenic with strain D, has been 
described previously (3). All strains, except for BX2 and BX6. 
were originally constructed in this laboratory. 

A set of caryonides (31A-31D) was isolated from a cross of 
D x D/1. Caryonides 31A and 31B are the sister caryonides 
from one exconjugant. and caryonides 31C and 31D are the 
sister caryonides ofthe other exconjugant. After 35 fissions, each 
caryonide was subcloned: single cells were randomly isolated 
from each of the four caryonidal populations. Three cell lines 
were used from one caryonide (3 1A) while only a single cell line 
was used from each of the other three caryonides. This first set 
of subclones was allowed to divide for 40 more fissions or a 
total of 75 fissions. Then, a second set of subclones was made 
by cloning the first set of subclones; single cells were isolated 
from one of the descendant populations of three of the caryo- 
nides. Three cell lines were used from the 3 1 A descendant while 
only one cell line was used from each of the descendants of 3 1 B 
and 3 ID. This second set of subclones was further cloned after 
40 more fissions or a total of 1 IS fissions. Single cells were 
isolated fiom one of the descendants of 3 1 A, 3 1 B, and 3 I D- 
three cell lines being used for the 3 I A lineage and one cell line 
for each of the 3 I B and 3 1 D lineages. All three sets of subclones 
are listed in Table I and labeled to illustrate how they descended 
from the original set of caryonides. 

The vegetatively aged, or “old,” cell lines were also obtained 
from a cross of D x D/ 1. From this cross, made at the end of 

TABLE I. Tetrahymena themophila cell lines used in this study. 

Designation of lineage 
(names in parentheses are used 

Type of strain in kxt) 

Inbred strains A- I7686 (A) B 18684 (B4) 
B-2079x2 (BX2) B18684b (Bb) 
B-2079x6 (BX6) C2-4683 (C2) 
B- I8687N (B7N) C3-3685 (C3) 
B-18687B (B7B) D-2577hn@) 

D/ 1 (I ,)-5 77 I a (D/ 1 ) 
Cawonides from a cross 82-2-3 1 A (3 I A) 

D x D/1 82-2-3 I B (3 I B) 
82-2-31C(31C) 
82-2-31D (31D) 

Subclones of caryonides 3 I A- 1 3 1 B-2 
(first subcloning at 35 31A-2 31C-2 
fissions) 31A-3 3 I D-2 

Subclones of caryonides 3 1 A- I -a 3 152-a 
(second subcloning at 75 31A-I-b 
fissions) 31A-l< 3 1 D-2-a 

Subclones of caryonides 3 I A-1 -a-4 3 152-a-7 
(third subcloning at 1 15 31A-1-a-5 
fissions) 3 1 A- 1 -a-6 3 I D-2-a-8 

Old cell lines fiom a cross 75-163-3C ( 3 0  75-163-19A (19A) 
D x D/l (approximate- 75-163-14C(l4C) 75-163-20B(20B) 
ly 1000 fissions old) 75-163-18A(18A) 75-163-21C(21C) 

Youna DoDulation DI21481 (DI) 

Cultum of these two strains were obtained from frozen samples 
(ATCC 30845 and ATCC 30847, respectively) stored at the American 
Type Culture Collection. 

1975 (A75-163). individual mating pairs were placed into sep- 
arate wells of depression slides, and caryonides were randomly 
isolated. %rial cloning was camed out for each cell line; every 
13 fissions, a single cell was isolated and allowed to divide. After 
ten serial isolations, the cell line was placed in tube culture. The 
resulting cell lines were subcultured bimothly at 23°C ( 1  9 7 6  
1978) and then monthly ( 1  979-1 985) at  16°C and are now about 
1000 fissions old. 

The “young population” was derived from a cross of D x 
D/1 and is labeled DI (4, 5 ,  37). The young population refers 
to cells obtained from a population of exconjugant cells that 
had been purified from non-mating cells by magnetic columns 
( 12). 

Growth of cultures. nuclear isolations. and DNA preparaions. 
Cultures are maintained at 16°C in 1% proteose peptone and 
are now subcultured monthly. Growth of cultures for nuclear 
preparations has been described (6). Macronuclei were purified 
by the use of repeated Percoll gradients until the nuclear cross 
contamination was less than 1 MIC in 200 MACs. Micronuclei 
were purified by the use of repeated Percoll gradients until the 
nuclear cross contamination was less than 1 MAC in 2000 MICs 
(6). After nuclear isolation, DNA was purified by CsCl gradient 
centrifugation as already outlined (6). Nuclear DNAs were rou- 
tinely screened for plasmid contamination by probing genomic 
blots with radioactive pBR322 (see below). In addition, all glass- 
ware and solutions used for preparing nuclear DNAs were kept 
separate from those used for plasmid preparation. 

Genomic “library” construction and colony hybridization. A 
partial genomic library was constructed using MAC DNA from 
cell line 14C completely digested with Mbo I. The Fragments 
were separated by electrophoresis through 1% low-melting-point 
agarose and sized using appropriate markers. The region of the 
gel that contained DNA fragments of 2.5-3.0 kb was cut out of 
the gel. The low-melting-point agarose was removed from the 
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Fig. 1. Restriction map of the MIC DNA clone, pT 1008, and the 

MAC DNA clone, pMSI. The location of the subclones of pTl008 is 
shown on the top h e .  Clone pMSI contains a 2.6-kb MAC fnsment 
obtained from old cell line 14C. Above the map of pMSl is shown the 
restriction map of the 2.6-kb MAC fragment from 14C constructed 
using genomic blots. The restriction maps of pMSl and pTl008 were 
constructed by direct analysis of the plasmids. The restriction sites are 
designated as follows: B = Bam HI, D = Hind III, E = Em RI, G = 
Bgl 11, H = Hpa I, P = hu 11, S = Sau 3A and Mbo I, and X = Xba 
I. Within the region of the MAC sequence which is shown as a wuvy 
line, there is homology to the A1 subclone of pT1008. 

sample with Elutip-d's (Schleicher and Schuell, Inc.) as de- 
scribed (32). with modifications. The DNA was ligated into the 
Bam HI site of pBR322. The 5' phosphates of the Linearized 
plasmid were removed with calf intestinal alkaline phosphatase 
(Boehringer, Mannheim) to prevent recircularization ofthe plas- 
mid. The ligation mixture was transformed into E. coli(HB101) 
and ampicillin-resistant transformants were selected. These 
transformants were screened by a modified colony-hybridiza- 
tion procedure (1  7). The probe used to screen the library was a 
nick-translated insert from D x D/1 MIC DNA clone pT1008, 
isolated from low-melting-point agarose gels as described above. 
Potential colonies were selected and rescreened. 

Plasmid preparation and nick translation. The plasmids that 
were used in this study include pT 1008 and two of its subclones, 
pT1008-A1 and pT1008-B (see Fig. 1 for a map of pT1008 and 
the location of the subclones). The two subclones are referred 
to in the text as "A 1 " and "B'. Plasmid pT 1008 contains MIC 
DNA derived from the progeny of a cross of congenic strains 
D and D/ 1. It was selected for its smaller size from a group of 
clones that gave an intense reaction during colony hybridization 
to a probe of total MIC DNA but a minimal reaction when 
probed with total MAC DNA (37). To prepare subclones, 
subfragments were cut out of pTl008 by employing the enzymes 
indicated in Fig. I .  Plasmid DNA was isolated by a modification 
of the SDS/high-salt-cleared lysate procedure (1 8), followed by 
CsClIethidium bromide gradient centrifugation in a vertical ro- 
tor. The DNA was labeled in vitro with a 32P dATP by a mod- 
ified nick translation procedure routinely giving about 1 O* cpml 
pg (23, 31). Unincorporated radioactive nucleotides were re- 
moved by chromatography through Sephadex G-50. 

Restriction enzyme digestion and gel electrophoresis. Diges- 
tions using ten-fold excess of enzyme were carried out by the 
method of Maniatis et al. (22) using restriction enzymes pur- 
chased from Bethesda Research Laboratorics, New England 
Biolabs, or Amersham. Submarine gel electrophoresis was car- 
ried out with 12-inch-long gels and a Tris-borate buffer system 
containing ethidium bromide (19. 24, 29). As size markers, 
either &X 174 DNA digested with Hind I1 or A DNA digested 
with Ava I and Bgl I1 was used. The A DNA digested with Ava 

Probe = A l  Probe=  pMSl 
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Fig 2. Genomic blots of MAC DNAs digested with Mbo I. Each 
lane contains 5 pg of MAC DNA from one of the six old cell lines, 3C, 
I4C, I8A. I9A, 20B, and 2 IC. One set of blots was probal with DNA 
subclone Al .  The other set of blots was probed with pMSI. The 3.0- 
and 2.6-kb f-ents are the methylated and unmethylated versions of 
the same MIC segment. The dashes with each blot represent 7.5, 5.0, 
2.5, and 1.0 kb. 

I and Bgl I1 generates visible fragments of the following sizes 
(in kb): 14.9,8.8. 5.5.4.3, 3.7, 2.44, 2.23, 1.93, 1.64, 1.44, 1.07, 
0.54, and 0.48. Dashes in all figures are estimates of size and 
are derived from standard curves using the above size markers. 

Genomic blotting and hybridization. The DNA was trans- 
ferred from the gels to nitrocellulose filters by the method of 
Southern (33), with modifications. Prehybridization, hybridiza- 
tion, and washing were all done at 62'C. These conditions were 
chosen due to the 25% GC content of Tetrahymena DNA (I) .  
The filters were presoaked in 3 x SSC for '12 h (SSC = 0.15 M 
NaCI, 0.0 15 M sodium citrate) and then prehybridized for 5 h 
in 10 x Denhardt's solution ( I  5 )  with 3 x SSC. 0.1% SDS, and 
25 &rnl of denatured calf thymus DNA. Then the prehybrid- 
ization mixture was r e p l a d  with fresh, denatured prehybrid- 
dization and probe mixture (1-2 x lo6 c p d d ) ,  and hybrid- 
ization was continued for at least 36 h. Filters the size of a 
full-sized gel received 4 x 10' cpm. The filters were washed six 
times in 2 x SSC, 1% SDS for 20 min, then once in 0.2 x SSC, 
1% SDS for 30 min, and finally in 2 x  SSC for 10 min. The 
filters were dried for 2 h and exposed to  Kodak XAR-5 film at 
-8OT with an i n t c n s i w g  scrccn. The length of exposure de- 
pended on the amount of radioactivity on the filter. 

RESULTS 
A persistenl sequence present in some cell lines. We have pre- 

viously identified the repetitive family, C-B-A 1, which is present 
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Fig. 3. Genomic blots of MIC DNAs digested with Hind 111. Each lane contains 5 pg of Hind IIIdigestcd MIC DNA from the cell lines of 
the inbred strains as labeled. One set of blots was probcd with Al ;  one set was probad with pMSI, and one set was probed with I-a. The dashes 
on the right of the left and middle blots represent 7.5, 5.0, 2.5, and 1.0 kb; the dashes on the far right of the I-a blot represent 10.0, 5.0, and 1.0 
kb. The high molecular weight band in B4 and D (arrowhead) and in B7N (very faint) hybridizes to pBR322 and is thus apparently due to low 
levels of contamination by a plasmid related to pBR322. No orher DNAs used in this study were conraminured. The autoradiographs of the genomic 
blots probed with A1 and pMSl were exposed for 16 h while the autoradiograph of the genomic blot probed with I-a was exposed for seven 
days. 

in approximately 300 copies in the MIC genome and is almost 
completely eliminated from the MAC genome (36, 37). This 
family was identified by its homology to DNA subclones C, B, 
and A1 from a clone of MIC DNA, pT1008 (see the top two 
lines of Fig. 1 for a map of pTlOO8 and the location of the 
subcloncs). We have found that sequences that hybridize to 
DNA subclone C are completely eliminated while three frag- 
ments that hybridize to subclone B are present very faintly in 
ail MACs. Other sequences that hybridize to subclone B, as well 
as sequences hybridizing to subclone A I, are well represented 
in the MAC of some of the cell lines tested but are completely 
absent from others (see Table I for the cell lines used in this 
study). For instance, DNA subclone A1 hybridized to two frag- 
ments (3.0 and 2.6 kb) in genomic blots of Mbo I-digested MAC 
DNA from four vegetatively aged cell lines of a hybrid strain 
that was produced by crossing congenic strains D and D/ 1, but 
did not hybridize to any MAC fragments in two other "old" 
cell lines of the same strain (Fig. 2). The DNA subclone B also 
hybridized to the 3.0-kb fragment (data not shown). The 3.0- 
kb fragment is the methylated version and the 2.6-kb fragment. 
the unmethylated version of the same MIC DNA segment in 

these MAC DNAs (unpubl. observ.). Using Mbo I, Sau 3A, and 
Dpn I, we could show that methylation occurs on both strands 
of DNA at this site but that only half of the DNA molecules 
are methylated. Since the 2.6- and 3.0-kb fragments are only 
present in the MAC of four of the six old ccll lines, it was of 
interest to clone one of the MAC fragments to investigate the 
region of homology t o  the C-B-A1 family as well as any flanking 
sequences that may exist on the fragment. 

Isolation of a clone containing the MAC sequence. An incom- 
plete genornic library containing Mbo I hgmen t s  ranging in 
size between 2.5 and 3.0 kb of MAC DNA from cell line 14C 
was screened with the insert of pT1008. A clone, pMSI, was 
isolated from this library on the basis of its homology to pT 1008. 

Several criteria were used to confirm that the insert corn- 
sponded to the 2.6-kb fragment. First, a restriction map of the 
insert was made and compared to a restriction map of the 2.6- 
kb fragment in the MAC (Fig. I )  that had been constructed by 
digesting MAC DNA with Mbo I and another enzyme, blotting 
it, and probing with pT1008. Not only are the correct restriction 
sites present in pMS I ,  but no restriction sites are present on the 
clone that were not predicted from genomic blot analysis of the 
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Fig. 4. Genomic blots of MAC DNAs digested with Mbo I. Each 
lane contains 5 jig of Mbo I-digested MAC DNA from the cell lines of 
the inbred strains as labeled. One set of blots was probed with Al; one 
set w a s  probed with pMSI. The dashes with each blot represent 10.0, 
7.5. 5.0, 2.5. and 1.0 kb. Lane M contains marker DNA. 

2.6-kb fragment. Second, the clone hybridized to the A fragment 
of pT1008, which contains A 1, but not to the B or C fragments 
of pT 1008. Third, pMS 1 hybridized to the Mbo I 2.6- and 3.0- 
kb fragments in the MAC of the four cell lines known to contain 
these fragments (Fig. 2). 

pMSl contains a member ofthe C-B-A1 family. To prove 
that pMS 1 contains a member of the C-B-A I family. pMSl was 
used as a probe against MIC and MAC DNA. Genomic blots 
of Hind 111-digested MIC DNA from several inbred strains were 
probed with pMS 1 or A I (Fig. 3). Both A 1 and pMS 1 hybridized 
to many fragments in the MIC ofall the inbred strains that were 
tested. Moreover, the banding patterns of A l  and pMSl were 
very similar. 

Genomic blots of Mbo I-digested MAC DNA from several 
inbred strains were probed with A 1 and pMS I ,  and the banding 
patterns were compared (Fig. 4). Neither probe hybridized to 
any fragments in the MAC of cell lines from inbred strains A, 
B, or C2. Both A1 and pMSl hybridized to C3, D, and D/1 
although the banding patterns of the two probes were similar. 
but not identical. The signal given by the smaller fi-agments was 
weaker for pMS 1 than for A I ,  suggesting that pMS I does not 
contain 100% of the sequences found in A 1. 

When pMS 1 was used to probe genomic blots of MAC DNA 
digested with Mbo I from the six old cell lines (Fig. 2). the clone 
hybridized to the 2.6- and 3.0-kb fragments present in the MAC 
of four of the old cell lines, as expected. In addition, it hybridized 
to new fragments in the MAC of the other two cell lines. The 
two new h g m e n t s  in cell line 3C and the major new fragment 
in cell line 20B must be homologous to sequences in pMSl 
other than the A I sequence since the A 1 sequence did not hy- 
bridize to MAC DNA from these two cell lines. The presence 
of these new fragments suggests that pMSl contains flanking 
sequences that arc normally present in the MAC. 

0 L D S O D  ES&l E D  ISA. 19A. 
21C MAC 

C H X U O A C  D SDHXW D!%m L D H  
I , I  14C MAC ' 

C H X X O O A L  D bo SDHXDP S ED OOX M A 

208 MAC I U  M I  I I 

C H X X S O I L  D 1 5 0  M X D P  SO OA '  LID) .(O)XH 
3 C  M A C  , w \  w 
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Fig. 5. Restriction map ofa genomic region in the MIC, six different 

MACs, and the clone pMSI. MIC and MAC restriction maps were 
constructed using genomic blots probed with pMS I ,  1 -a, and Al ; pMS 1 
was mapped by dirtct analysis of the plasmid. The m u i d o n  sites which 
were identified are designated as follows: A = Ava I. B = Bgl 11, C = 
Cla I, D = Hind 111, E = Eco RI, H = Hpa I. 0 = Xho I, P = Pvu 11, 
S = Sau 3A and Mbo I, and X = Xba I. The heavy line in the mtriction 
maps represents sequences with homology to pMS I. The doffed line 
represents regions in which the homology to pMSl is not complete. The 
wavy lines represent regions that contain homology to subclones A l  or 
B of pTIOO8. The boxes below the maps repment the region of ho- 
mology to I-a. The mtriction maps of the MAC from 18A, 19A, and 
2 1C were not constructed with as many restriction enzymes as the map 
of the MAC of 14C; however, all sites that were identified in these three 
MACs were also found in 14C. The regions to the left of the cloned 
region vary slightly in the MACs of 3C and 20B. These variations arc 
shown as insertions (not drawn to scale) between the Hind 111 and Sau 
3A sites in 20B and 3C. Except for these insertions. the left flanks of 
all MACs are the same, but they differ from the left flank of the MIC. 
Therefore, not only does rranangcment occur, but it is exceedingly 
precise. The right flanks of the MAG of the six cell lines vary exten- 
sively. Since the right flank of the MIC Cannot be mapped with the 
present probes, we do not know if similarity to one of the MAC maps 
occurs. Thus. rearrangement occurs, but it may not always take place. 

Sequences that flank this C-B-A1 member. The homology of 
pMS I to A 1 was predicted to lie between the PVU I1 and Eco 
RI sites from the mapping experiments camed out on the 2.6- 
kb MAC fragment using pT1008 as probe (Fig. I). To isolate 
possible flanking sequences, the 300-bp fragment between the 
Mbo I (Sau 3A) and Hind I11 site on the left was subcloned. 
This clone, pMSI-a (referred to as I-a) does not hybridize to 
pT1008. Clone I-a was used as a probe against genomic blots 
of various MIC and MAC DNAs. When genomic blots of Hind 
111-digested MIC DNAs h m  various inbred strains were probed 
with DNA subclone 1 -a (Fig. 3), 1 -a hybridized to the genomes 
of most all of the cell lines tested. In these lines, the hybridization 
pattern consisted of only a few fragments even after exposure 
of the autoradiograms for a week, instead of many fiagments 
as was the case for the C-B-A 1 sequence family after exposure 
for a few hours. 

The DNA subclone I-a was also used as a probe against 
genomic blots of Mbo I-digested MAC DNA from the old cell 
lines. The subclone gave identical results to those of the clone 
pMSl already shown in Fig. 2. 

Restriction maps of the MAC sequence in six old cell lines. 
Genomic blots of MAC DNAs from the old cell lines were 
digested with various combinations of restriction enzymes and 
probed with pMSl or I-a. These genomic blots were used to 
construct detailed restriction maps of the MAC sequence from 
the old cell line I4C, which contains the 2.6-kb Mbo I fragment 
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A . P r o b t  = p M S l  8.  P r o b e =  I-a 31 B 
1 2 3 4  

31 
A B C D  

Fq. 7. Genomic blots of the 3 1 B a r y o n i a  subclooa probed with 
DNA subclone I-a. Each lane contained 5 ry of MAC DNA &gated 
with Hmd 111. 1 = 31B. 2 = 31B-2. 3 = 31B-2-a. 4 - 3152-a-7. The 
dasha to the left of each blot rcprescnt 3.0. 2.0 and I .O kb. 

c -  -ryl) of MAC seQuena that is pan of the cloned sequence. pMSI. 
between the Sau 3A and Pvu I1 sites. The restriction sites to the 
left of the cloned region vary slightly in their distances from the 
cloned region in different MACs. The restriction sites to the 
right of the cloned region vary a great deal. All thru of t h e  
features are apparent when genomic blots of Hind III-digestcd 
MAC DNAs are probed with pMSl. The 0.6-kb band (labeled 
C in Fig. 6A) is from the cloned region and is the same size in 
all three MAC DNAs. The 2.2-2.35-kb bands, which vary be- 
tween MAC DNAs (labeled L in Fig. 6A). represent the w o o  
to the left of the cloned region while the most intense bands 
(labeled R in Fig. 6A) vary a great deal and represent the region 
to the right of the cloned region. 

Caryonidal inheritance of the M A C  sequence. Because of the 
different arrangements surrounding this cloned sequence in dif- 
ferent MAC DNAs. it was of interest to determine (a) if rear- 
rangements occur ear ly  in the life cycle; (b) if they are genetically 
or epigenetically determined; and (c) how much variation occurs 
in the rearrangement process. The MAC DNAs from a set of 
four caryonides (3 1A-3 1 D) from a cross of congenic strains D 
and D/I were digested with Hind 111 and probed with 1-a (Fig. 
68). Each ofthe caryonides has a major fmgment that hybridizes 
10 1 -a, with three different sizes observed among the caryonid-. 
Minor fragments hybridizing to I-a are also present in 31A. 
3 1 B. and 3 ID. some of which appear to be "real" and are not 
partial digation products since they appear in replicate gels 
using different digestions and arc located in positions where 
major fragments appear in descendant cell Lineages. CVyonidal 
subclones were also prepared for each of the four caryonides 
and genomic blots of Hind 111-digested MAC DNA from t h e  
subclones were probed with I-a. The major fmgment of 31A 
was pment  in all nine subclones examined and the major frag- 
ment of 3 1 C was present in the one subclone that was available 

Fig. 6. Genomic blots of Hind 1II-digcstcd MAC DNA. A. MAC 
DNAs probed with pMSl. Each h c  cootains 5 a of MAC DNA from 
3C. 14C. or 208. The 0.6-kb band from the clooed region is labeled C. 
The baodr that extend to the left ofthe clooed +on M Lbelcd L. The 
bands that cxteod to the right of the cloned region arc labeled R. The 
dashes on the Mt reprerent 5.0. 2.5, and I .O kb. B. Genomic blots of 
the cayonide set 31A-D probed with I-.. Each lane cootah 5 of 
MAC DNA. The dashes on the right reprcrtnt 5.0. 2.5, and I .O kb. 

and its methylated version. the 3.0-kb Mbo I fragment. as well 
as the MAC sequences from 3C and 2OB. which do not contain 
the 2.6- or 3.0-kb fragments (Fig. 5). Three other old cell lines 
(1 8A. 19A, and 2 1 0  also contain the 2.6- and 3.0-kb fragments 
in their MAC DNAs. These MAC DNAs were not mapped as 
completely as that from 14C. however, the restriction sites that 
were mapped arr identical in position to those of I4C. suggesting 
that these four old cell Lines. all of which have the 2.6- and 3.0- 
kb fragments. have identical restriction maps for the MAC se- 
quence represented by pMS 1. 

Both pMSl and 1 -a were also used to construct the restriction 
maps of the MAC sequences in cell lines 3C and 2OB. Clone 
pMSl can be used in this analysis because i t  contains sequences 
that arc not pan of 1 -a. yet its homology to A 1 does not interfere 
with the mapping since A l  docs not hybridize to these MAC 
DNAs. The sequences of pMSl help to extend the restriction 
map to the right as drawn in Fig. 5 .  

The detailed restriction maps of cell lines 14C, 3B, and 2OB 
show that the three MAC sequences are identical within the 1 kb 



36 J.  PROTOZOOL., VOL. 33. NO. I .  E B R U A R Y  1986 

(data not shown); however, the MAC patterns of the subclones 
from 3 1 B and 3 1 D show variation. The main fragment in 3 1 B 
is lost from the third and fourth caryonidal subclones and a 
minor species in 3 1B becomes more intense in successive sub- 
clones and is the only detectable band in 3 I B-2-a (lane 3) and 
3 1 B-2-a-7 (lane 4, Fig. 7). The caryonidal subclones of 3 ID 
show a major fragment which is the same size in 3 1 D, 3 I D- 
2-a, and 3 I D-2-a-8 while in 3 I D-2 a different major fragment 
is present that is similar in size to a minor fragment present in 
3 ID  (data not shown). Similar results were obtained when the 
DNAs were digested with Eco RI (data not shown). 

Restriction map of one MICsequence. To determine the DNA 
arrangement of the MAC-cloned sequence, pMS 1, in the MIC 
of the hybrid strain that was produced by crossing congenic 
strains D and D/ I (labeled DI in Table I), a restriction map was 
constructed of the MIC sequence that gives the most intense 
reaction when probed with 1-a (Fig. 3). Although cross-hybrid- 
izing bands were present, they were much less intense than those 
we were following and did not interfere with their mapping. The 
results of this mapping are shown in Fig. 5. Within the cloned 
region, the map of the MIC is identical to the restriction map 
of pMSl and to the MAC sequence from 14C. The restriction 
map on the left of the cloned region in the MIC is, however, 
completely different from the MAC restriction maps for at least 
3.5 kb. The restriction map on the right of the cloned region in 
the MIC is not complete because pMSl can not be used as a 
probe against MIC DNA since it has homology to the C-B-A1 
family, which is present in approximately 300 copies in the MIC 
(37). 

DISCUSSION 
In this study we have investigated a region ofthe MICgenome 

containing a facultatively persistent sequence that is retained in 
the MAC of some cell lines but eliminated from the MAC of 
other cell lines. A cloned MAC fragment from this region con- 
tains a member of the C-B-AI repetitive family that persists, 
as well as flanking sequences. Restriction maps of the MAC 
region from cell lines with and without the persistent sequence 
were constructed using this clone and a subclone. The restriction 
maps show a large amount of variation in the flanks of this 
region, suggesting that there are alternative ways of processing 
this region during MAC development. Each DNA arrangement 
appears to be determined epigenetically as the MAC develops. 
A MAC can also develop which contains more than one type 
of DNA arrangement in the 45 copies of this MIC segment. 
This epigenetically induced heterogeneity is then resolved by 
the process of phenotypic assortment. 

A facultatively persistent sequence from the C-B-A1 family 
that is retained in the MAC DNA of some cell lines occurs on 
a 2.6-kb Mbo I fragment, o r  a 3.0-kb Mbo I fragment when 
methylated. The 2.6-kb fragment is present in clone pMSl and 
consists of sequences with homology to Al  as well as flanking 
sequences. This has been verified by several criteria including 
restriction mapping, hybridization to the DNA clone pT1008, 
which contains a member of the C-B-A1 family, and hybrid- 
ization to genomic blots of MIC and MAC DNAs. The hybrid- 
ization patterns of MIC DNA from various inbred strains were 
very similar when probed with DNA subclone A1 or pMSI. 
The two probes also gave a similar response when hybridized 
to genomic blots of the MAC DNAs from the Same strains. The 
similarities in patterns suggest that pMSl contains a sequence 
with homology to the C-B-AI family. The absence of hybrid- 
ization of pMSl to the MAC DNAs of the cell lines of inbred 
strains A and B that were investigated suggests that the flanking 
sequences within pMSl are absent from these strains in the 
MAC. 

The member of the C-B-A 1 family that is present in the MAC 
ofcell line 14C has several restriction sites in common with the 
member of the C-B-A1 family that is part of pT1008.The re- 
striction sites starting at the Eco RI site and extending to the 
right are very similar to the restriction sites within DNA sub- 
clone B of pT1008. Subclone B does not hybridize to the 2.6- 
kb Mbo I fragment; however, it does hybridize to the 3.0-kb 
Mbo I fragment which is the 2.6-kb fragment in its methylated 
state (unpubl. observ.). The presence of restriction sites and 
homologous sequences from DNA subclone B suggests that the 
sequence that persists in the MAC is a member of the C-B-A I 
family, which includes both the A1 and B sections of the family. 

Subclone 1 -a was derived from pMS 1 and contains a sequence 
that flanks the persistent sequence. There are MIC-specific cop- 
ies present in the cell lines of most all inbred strains tested; 
however, another copy of the I-a sequence is present only in 
inbred strain D and its derivatives and is retained in the MAC 
of these same cell lines. It is this MAC sequence that varies as 
to whether it is associated with the A1 persistent sequence. 

Several results suggest that the I-a region is present in a single 
copy per genomic equivalent in the MAC that contains 45 geno- 
mic equivalents. The genomic blots that were used to construct 
the restriction maps of the MAC region did not show band 
heterogeneity in any of the MAC DNAs investigated. This lack 
of heterogeneity allowed us to map the restriction sites for 10 
kb in each direction and suggests that a single region was being 
mapped. Furthermore, the alternative DNA arrangements in 
the MAC DNAs of these cell lines suggest that the region is 
present in the MAC in a single copy. Otherwise, the DNA rear- 
rangement in two or more regions would have to be coordinated 
so that the same arrangement occurs in every copy of the region. 
Given the variability of these DNA arrangements, this seems 
unlikely. 

The restriction map of the MAC region that is homologous 
to I-a is identical in the four cell lines that contain the A1 
sequence. This map is also identical to the maps of the MAC 
region in the two cell lines that d o  not contain A 1 in the vicinity 
of I-a on the left end of pMSl and to the left of the cloned 
fragment, except for the small insertions between the Mbo I and 
Hind I11 sites. To the right of the cloned fragment the MAC 
restriction maps of these two cell lines differ greatly from those 
of the cell lines that have the A 1 persistent sequence; moreover, 
they differ from each other by the addition of a 2.2-kb segment 
in one of the two lines. 

The restriction map of the MIC sequence with the most in- 
tense reaction to 1 -a is identical, not only to the restriction map 
of DNA subclone I-a but also to the entire restriction map of 
the clone, pMS I ,  and to the corresponding MAC sequence from 
cell line 14C. This similarity suggests that this sequence is indeed 
the MIC progenitor of the MAC region. It also implies that the 
A1 persistent sequence which is present in the MAC of 14C is 
also adjacent to the I-a region in the MIC and that no rear- 
rangement has occurred within the la-A1 region as the MAC 
developed in cell lines 14C, I8A, 19A, and 2 1 C; however, rear- 
rangement has occurred to the leA of the 1 -a region during MAC 
development. Except for the small insertions in two of the cell 
lines, the maps of the left flanks of all the MACs are the same, 
but they differ from the map of the left flank of the MIC; at 
least 3.5 kb of MIC DNA appears to have been replaced with 
other genomic sequences. Furthermore, the site of alteration 
appears to be located between the Mbo I and Hind 111 sites just 
to the leA of the pMS1-like region. This is the same location 
where the small insertions occur. Thus, not only do  rearrange- 
ments occur on the left, but they are relatively precise and can 
be localized to a specific region of MIC DNA. The right flanks 
of the MACs of the six cell lines vary extensively but, since the 
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right flank ofthe MIC cannot be mapped with the present probes. 
we cannot tell whether there is similarity to one of the MAC 
maps. Thus, rearrangement occurs on the right flank, but it may 
not always take place. 

Since the I-a region is present in single copy in the MAC, 
examining caryonides allows us to ask if rearrangements occur 
early in the life cycle and how much variation occurs in the 
rearrangement process. When probed with I -a, a different-sized 
Hind 111 b e n t  is seen in at least three of the MACs from a 
set of four genetically identical caryonides from a D x D/1 moss. 
Thus. rearrangements must occur during development of the 
MAC or  within the 1 S 2 0  fissions postconjugation needed to 
produce a sufficiently large population of cells for preparing 
MAC DNA. The differences in size of the hgmen t s  seen sug- 
gests that there is epigenetic variation in the process of rear- 
rangement. 

be 
further assessed by sampling descendant caryonidal lineages. 
Some of these lineages showed polymorphisms-fragments of 
more than one size, which varied quantitatively. These poly- 
morphisms probably result from different DNA arrangements 
occumng in the 45 copies of the 1-a MIC segment within one 
developing MAC and are resolved by phenotypic assortment 
during vegetative growth following conjugation. In the analysis 
of the genomic blots of the caryonidal subclones, a fragment is 
lost when none of the 45 copies of this segment has the fragment. 
A fragment is stable when all 45 copies of this segment contain 
the same m a t .  Caryonide 31C and its subclone both ap- 
pear to have one stable DNA arrangement for the sequence 
when it persists in the MAC. Caryonides 3 1 A, 3 1 B, and 3 1 D 
contain several DNA arrangements; however, all but one DNA 
arrangement is lost during serial subcloning, and the remaining 
DNA arrangement appears to be stable. Analysis of the car- 
yonides also suggests that more than two alternatives (DNA 
arrangements) can be phenotypically assorted since three to four 
different sized fragments are stabilized in different cell lines. 
This has previously been shown genetically by Nanney & Pre- 
parata (25 )  for triploids. It also occurs in diploids for the mating 
type locus, even in homozygotes, where as many as three types 
(and three DNA rearrangements) can emerge from a single MAC 
(28). 

Alternative DNA arrangements in one region of the MAC 
genome demonstrate that a large amount of variation can occur 
during DNA elimination in MAC development. Several func- 
tions have been suggested for sequences that are eliminated 
during MAC formation in Tetrahymena. Either MIC sequences 
are eliminated so that genes can be activated in the MAC or 
these sequences represent MIC chromosomal functions in- 
volved in mitosis or  meiosis that need to be removed or inac- 
tivated. The A I family of sequences is facultatively persistent, 
meaning that a particular MAC sequence may, or may not, be 
present in those few cell lines in which persistence occurs. Thus, 
complete elimination does not appear to be required whatever 
the function of these sequences. For the la-A1 MIC segment 
considerable variation in the processing of these sequences dur- 
ing MAC development appears to be tolerated. 

Alternative DNA arrangements in a genome are known to 
play important roles in immunoglobin switching in mammals 
(34), mating type determination in yeast (26), and surface an- 
tigen variation in trypanosomes ( 1  0). Mating type determination 
and surface antigen variation both occur in Tetrahymena al- 
though the molecular basis of these phenomena have not been 
studied in much detail; however, mating type determination in 
Tetrahymena has been likened to immunoglobin switching in 
mammals (27). Surface antigen variation has been studied at 
the molecular level in the related holotrich, Paramecium. It may 

The extent of variation in the rearrangement process 

involve DNA rearrangement ( I  1) although Forney et al. ( I  6) 
found that no rearrangement occurs within several kilobases of 
two of the genes coding for immobilization antigens in different 
serotypes. We do  not know if the DNA rearrangements observed 
in this study are associated with mating type determination or 
surface antigen variation in Tetrahymena; however, it is clear 
that alternative processing of a single MIC segment does occur 
during MAC development and that this type of event should 
engender considerable variation in DNA content, arrangement, 
and function in the mature MAC. 
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Cytoplasmic Inheritance of Temperature Sensitivity in a 
Wild Stock of Paramecium primaurelia' 
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A W R A C T .  One stock. GBC, has a maximum temperature of growth about 5°C lower than other recentJy collected stocks of 
Paramecium primaurelia. The resistant stocks (R) arc able to grow continuously at 35°C while the sensitive stock (S) cells die within 
48 h. The F,s of R x S crosses exhibited a cytoplasmic pattern of inheritance and all F,-by-autogamy lines derived from the S cytoplasmic 
parent are sensitive. The F,-by-autogamy lines cytoplasmically descended from the R parent were predominantly (93%) R in the initial 
assay. Upon reinvestigation one year later, only 64% of these lines were R, 9% wen S. and 27% had a new phenotype. weak 0, 
intermediate between R and S. Backcrosses of W lines to both R and S strongly suggest that the W lines have normal cytoplasm (i.e. 
R) but also have nuclear pen+) for temperature sensitivity that are derived from the original S stock. The delayed manifestation of 
the W phenotype is not understood. 

EMPERATURE is the environmental variable most often T controlled and manipulated in  biological laboratories. In- 
duced mutations t o  temperature sensitivity and/or temperature- 
conditional phenotypic expression are abundant, usually reces- 
sive, and distributed among a very large number of genes. This  
laboratory experience and the obvious environmental hetero- 

I I gratefully acknowledge the technical help of Anne E. Bogar. This 
work was supported, in part, by a grant, PHS ES 02003, from NIEHS. 

geneity in temperature might lead one t o  expect that tempera- 
ture-tolerance variation would be common in wild stocks of a 
species. Genetic analysis o f  temperature-sensitive wild stocks 
in Paramecium biaurelia (12) and P. tetraurelia ( 6 )  found, in 
both cases, that a single recessivegene produced the temperature 
sensitivity. Overall, however, the variation within sibling species 
is low compared t o  the variation among species. In Tetrahy- 
menu. sibling species averages differed by as much as 8.0"C in 
tolerance to  high temperature but the maximum difference be- 
tween stocks within a species was 2.2T (9). This  pattern, lower 


