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In the ciliated protozoan Tetrahymena thermophila the ribosomal DNA (rDNA) minichromosome replicates
partially under cell cycle control and is also subject to a copy number control mechanism. The relationship
between rDNA replication and rRNA gene transcription was investigated by the analysis of replication,
transcription, and DNA-protein interactions in a mutant rDNA, the rmm3 rDNA. The rmm3 (for rDNA
maturation or maintenance mutant 3) rDNA contains a single-base deletion in the rRNA promoter region, in
a phylogenetically conserved sequence element that is repeated in the replication origin region of the rDNA
minichromosome. The multicopy rmm3 rDNA minichromosome has a maintenance defect in the presence of a
competing rDNA allele in heterozygous cells. No difference in the level of rRNA transcription was found
between wild-type and rmm3 strains. However, rmm3 rDNA replicating intermediates exhibited an enhanced
pause in the region of the replication origin, roughly 750 bp upstream from the rmm3 mutation. In footprinting
of isolated nuclei, the rmm3 rDNA lacked the wild-type dimethyl sulfate (DMS) footprint in the promoter
region adjacent to the base change. In addition, a DMS footprint in the origin region was lost in the rmm3
rDNA minichromosome. This is the first reported correlation in this system between an rDNA minichromo-
some maintenance defect and an altered footprint in the origin region. Our results suggest that a promoter
region mutation can affect replication without detectably affecting transcription. We propose a model in which
interactions between promoter and origin region complexes facilitate replication and maintenance of the
Tetrahymena rDNA minichromosome.

Vegetatively dividing cells of the single-celled eukaryote Tet-
rahymena thermophila contain two nuclei: the transcriptionally
silent germ line micronucleus and the transcriptionally active
macronucleus. These nuclei have distinct physical and func-
tional characteristics. Unlike the diploid micronucleus, the mac-
ronucleus contains approximately 200 chromosomes as a result
of genome fragmentation, is polygenomic, and does not form a
conventional mitotic spindle during nuclear division. Develop-
ment of the macronucleus entails DNA elimination and rear-
rangement, telomere addition, and DNA amplification (41).
The macronuclear rRNA genes are located on a high-copy-
number ribosomal DNA (rDNA) minichromosome (14, 18, 21,
41).

In the micronucleus of Tetrahymena, the ribosomal RNA
gene (rDNA) is present in a single copy per haploid genome
(50). This single-copy rDNA is amenable to genetic analysis
(20, 22, 27, 48). During macronuclear development, each
rDNA allele, along with 59 and 39 flanking DNA sequences, is
excised from the micronuclear chromosome and formed into a
21-kb palindromic linear molecule containing two divergently
transcribed rRNA genes, in a head-to-head configuration, and
newly added telomeric DNA (Fig. 1A). This molecule is am-
plified to approximately 104 copies in the developing macro-
nucleus and is maintained at this copy number during subse-
quent cell divisions (18, 20, 21, 28).

A genetic screen to identify Tetrahymena mutants with al-
tered macronuclear rDNA maturation or maintenance (rmm
mutants) has been reported previously (22, 27, 48). Mainte-

nance mutant minichromosomes are processed and amplified
in the developing macronucleus but are lost from the macro-
nucleus when in competition with a wild-type rDNA allele (27,
48). These mutants may be defective in DNA replication,
minichromosome segregation, and/or copy number control.
The genetic screen to identify rmm mutants was based on an in
vivo competition between two naturally occurring rDNA al-
leles, C3 and B. Soon after mating between C3 and B strains,
progeny cells, heterozygous for the two alleles, contain roughly
equal amounts of each allele in the macronucleus (27, 35).
However, within 70 generations the B rDNA allele is lost from
the cell, even in the presence of selective pressure for this allele
(27). Hence, the B rDNA allele is a naturally occurring
minichromosome maintenance mutation (27, 37, 48). rDNA
minichromosome maintenance mutants have been generated
by mutagenizing C3 strain cells, crossing them with B strain
rDNA marked with a drug-resistant 17S rRNA gene (27), and
screening for drug-resistant (B allele-expressing) progeny in a
C3 3 B (C3/B) cross. Further analysis identified them as true
rDNA maintenance mutants (19, 27), and linkage analysis in-
dicated that most of the mutations were cis acting (19).

The 21-kb linear palindromic rDNA minichromosome has
both halves derived from the same micronuclear allele. The
minichromosome contains an example of a well-mapped eu-
karyotic cellular DNA replication origin (18, 21). In vegeta-
tively growing cells, the physical origin of replication is within
the 1.9-kb 59 nontranscribed spacer (NTS) of the rRNA gene
and localizes to roughly the repeat 1-repeat 2 region (Fig. 1B)
(6, 31). Repeats 1 and 2 consist of two .90% homologous,
;400-bp tandem direct repeats. The 59 NTS also functions as
an autonomously replicating sequence in Tetrahymena macro-
nuclei (38, 51). The 59 NTS contains the rDNA promoter
region (39), deletion of which reduces the transformation ef-
ficiency of 59-NTS constructs (13).
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Several conserved sequence elements within the 59 NTS
were identified by sequence comparison of the 59 NTSs of
several tetrahymenid ciliates (7). Three type III sequence ele-
ments, sites of action of topoisomerase I (2), are present in
each repeat, and two are located near the promoter (7). Four
type I elements (Ia, Ib, Ic, and Id) are found within the 59 NTS,
one each in repeats 1 and 2 (Ia and Ib, respectively) and two (Ic
and Id) near the start site of rRNA transcription (Fig. 1B) (7).
Factors which bind the 33-nucleotide (nt) type I elements in
vitro have been identified (17, 46), although their function is
unknown.

Previously, base changes within type I elements which cor-
related with the presence of minichromosome maintenance
defects were reported. In one mutant (rmm3), the base change
was located in the type Ic element in the rRNA promoter
region (1), and in two other mutants (rmm1 and rmm4), they
were located in the type Ic element approximately 700 bp
upstream, within the repeat 2 region of the 59 NTS (Fig. 1B)
(27, 48). Strikingly, the base change in each of these rDNA
minichromosome maintenance mutants is a deletion of an A
residue in the central run of 11 A’s in a type I sequence
element. While minichromosome maintenance must entail
replication, segregation, and copy number control (27, 28), the

proximity of the upstream maintenance mutant base changes
(rmm1 and rmm4) to the mapped replication origin suggested
that these base changes affect rDNA minichromosome repli-
cation (21, 27).

Here we have analyzed replication, transcription, and DNA-
protein interactions in the rmm3 rDNA minichromosome
maintenance mutant. In addition, as further evidence of the
importance of both the promoter and the repeat 2 region in
rDNA minichromosome maintenance, we report that two
other independently generated rDNA maintenance mutants,
the rmm7 and rmm8 mutants (18, 22), have base changes in the
repeat 2 and the rDNA promoter regions, respectively.

We show that the rmm3 rDNA base change causes a repli-
cation phenotype but has no gross effect on rRNA transcrip-
tion. Within the rmm3 rDNA minichromosome, dimethyl sul-
fate (DMS) footprints are altered both at the site of the rmm3
base change in the promoter region and at two additional,
newly identified footprinted sites, approximately 700 and 1,100
bp upstream, located in corresponding positions in repeats 1
and 2. These findings imply that physical or functional inter-
actions between the promoter region and the repeat 1-2 region
are important for wild-type chromosome maintenance. Our
results also provide the first correlation between the loss of

FIG. 1. Organization of regions of the Tetrahymena macronuclear rDNA minichromosome. (A) Structure of the Tetrahymena macronuclear rDNA minichromo-
some. One half of the palindromic 21-kb rDNA minichromosome is shown. Each half carries a single 35S rRNA transcription unit (open rectangle) containing the 17S,
5.8S, and 26S rRNA coding sequences. Each half also contains an origin of DNA replication (ORI) within the 59 NTS (open oval). Heavy black lines, 59 and 39 NTSs
of the rRNA genes; vertical dashed line, center of the molecule; thin black line: telomeric DNA; bent arrow, start site of rRNA transcription. (B) rDNA maintenance
mutant base changes within the 1.9-kb 59 NTS. The ;400-bp repeats 1 and 2 are indicated. Filled rectangles, type I elements (Ia to Id). Positions of base changes are
indicated both for the previously identified mutations rmm1, -3, and -4 and for the mutations identified in this work, rmm7 and -8. Sequences of type Ia, Ib, and Ic
repeats: TTTTTTTGGCAAAAAAAAAAACAAAAATAGTAA; sequence of type Id repeat: ATTCTTTGGCAAAAAAAATAAAAATAATATCAG/GG (the slash
in Id indicates the 39 boundary of this repeat). Mutated residues and repeats are in boldface and are as follows: rmm1 and -4, 2A in type Ib (2720); rmm3, 2A in
type Ic (2100); rmm7, 1A in type Ib (2720); rmm8, G to A 2 nt downstream of type Id (219) (numbers in parentheses show the distance of the mutation from the
start site of transcription [approximate for rmm1, -3, -4, and -7]). (C) DNase I footprint near the start site of rRNA transcription in wild-type C3 cells. Lanes: 1,
footprinting of rDNA in isolated nuclei; 2, control footprinting performed in parallel with purified, deproteinized T. thermophila DNA; A and T, DNA sequencing
lanes. Final DNase I concentrations (units per milliliter) are shown above the lanes; nucleotide positions in the rDNA (numbered outward from center of the molecule,
starting at 1 as indicated) are shown at right. Bent arrow, transcription start site at position 1887.
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footprints in the 59 NTS of the rDNA and a minichromosome
maintenance phenotype.

MATERIALS AND METHODS

Cell strains and culture. The wild-type cells used were C3 491-1a, a single
progeny cell clone from a cross between C3 368-5, isolated from the wild, and an
A* strain (generously provided by Eduardo Orias, University of California, Santa
Barbara). The B strain used in mating experiments was SB1915 [ChxA2/ChxA2
Pmr/Pmr (cycl-S pm-S) II]. The rmm3 strain was a heterokaryon (obtained from
Eduardo Orias) which was mated with an A* strain and then with itself in order
to produce homozygous progeny. A slow-growth phenotype of the original rmm3
strain cells was backcrossed out (27, 34). Cells were grown as previously de-
scribed (27). Cells were starved by being washed twice in 13 Dryl’s medium plus
calcium and were then resuspended in this medium for between 16 and 24 h.
Cells were refed by the addition of 5% proteose peptone-yeast extract-Seques-
trene medium (PPYS) (5) to a final concentration of 2%.

Confirmation of the rmm3 phenotype. Starved C3 491-1a or C3-rmm3 cells
were paired with starved SB1915 (B strain rDNA) cells in six-well dishes for 24 h
and then refed as described above. C3/B progeny were selected by the addition
of cycloheximide to a final concentration of 15 mg/ml at 24 h after refeeding.
Cells were replica plated to fresh medium every 24 h in order to maintain
log-phase growth. DNA was prepared every 24 h (every six to seven generations)

according to a standard protocol (20) except that 25 ml of NDS (0.5 M EDTA
[pH 9.5], 10 mM Tris [pH 9.5], 2% sodium dodecyl sulfate) at 55°C and 25 ml of
pronase (2 mg/ml) was added to 50 ml of pelleted cells, and 2 volumes of
double-distilled H2O was added to samples prior to phenol-chloroform and
chloroform extraction. DNA was resuspended in 25 ml of TE (10 mM Tris [pH

FIG. 2. An in vivo competition assay demonstrates the maintenance defect of
rmm3 rDNA. Wild-type C3 (h) or C3-rmm3 ({) cells were crossed with B strain
cells. Progeny were maintained in log-phase growth, and total DNA was isolated
every six to seven generations, cut with SphI, and Southern blotted. The graph
shows the percentage of C3 rDNA as a function of increasing number of gen-
erations.

FIG. 3. Loss of the rmm3 2A base change in the population of recombinant
rDNA minichromosomes that have lost their maintenance defect. The rRNA
promoter region of the rDNA minichromosome was amplified from total cell
DNA isolated from each strain or progeny cell population. The C nucleotide
sequencing reaction at the type Ic repeat region is shown for each sample or time
point. Lanes: WT and rmm3, C sequencing reactions of wild-type C3 and rmm3
homozygotes respectively; rmm3 3 B, progeny of the same B/C3-rmm3 cross
shown in Fig. 2, from generations 60 to 116, as indicated above the lanes; WT 3
B, DNA from progeny of the B/C3 wild-type cross shown in Fig. 2 (generations
60 and 116 only); GATC, sequencing ladders of rDNA plasmid DNA. C3 rDNA
has a run of 11 A residues between two C residues in the type Ic repeat; the
C3-rmm3 mutant rDNA has only 10 A residues (side brackets). Hence, the next
C residue in rmm3 rDNA (open arrowheads) is displaced downward by 1 nt
relative to that in wild type rDNA (filled arrowheads).

FIG. 1—Continued.
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FIG. 4. 2D gel electrophoretic analysis of rDNA replicating intermediates. (A) Neutral-neutral 2D gel patterns of representative restriction fragments containing
replicating DNA intermediates (3). Bubble, origin located in the center of the fragment; Simple Y, fragment passively replicated by a fork originating outside; Bubble
to Y, replication bubble located asymmetrically within the fragment. Arrows indicate the directions of DNA migration. 1n, unreplicated bulk DNA fragment; 2n, almost
fully replicated DNA fragment. Replicating molecules depicted below each panel run above the arc of linear DNA (connects 1n to 2n) (not illustrated here). Each
number along an arc identifies the replicating molecule that runs at that position. Fork Pause, a fork pause leads to the accumulation and hence overrepresentation
of a particular replicating intermediate, resulting in increased hybridization at a spot on the arc of replicating molecules (black dots 4 and 5) (see panel B). Vertical
line across dark replicating intermediates, location of the fork pause. (B) Enhanced accumulation of rDNA replicating intermediates at a specific pause site in the 59
NTS of C3-rmm3 cells. DNA from log-phase C3 wild-type or C3-rmm3 cells was restricted with HindIII. Neutral-neutral 2D gels were run as described in Materials
and Methods. Double arrowhead, promoter pause (dot 5 in panel A); arrowhead, repeat 2 pause (dot 4 in panel A).
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7.5], 1 mM EDTA) with 10 mg of RNase per ml, and 1 mg was cut with SphI. B
rDNA contains an SphI site (at nt 1018) that is absent in C3. The Southern-
blotted DNA was probed with a 1.9-kb 59-NTS probe according to standard
protocols (4). Relative amounts of B and C3 chromosomes were determined with
a PhosphorImager by comparison of the 14-kb C3-specific band to the 6-kb
B-specific band (two 6-kb bands are produced per B molecule). Results are
graphed as the percentage of C3 chromosome present at each time point.

Sequencing of recombinant molecules. The B strain rDNA has previously been
sequenced in its entirety (12). The C3-specific primer, 36 r.c., and primer 12 (see
below) were used to amplify DNAs from B/C3 and B/C3-rmm3 progeny cells. In
control reactions with B rDNA alone, no product was obtained. Reactions with
C3 rDNA or B/C3 rDNA gave a single product of the expected size. These PCR
products were sequenced directly with primer 11 by using the fmol sequencing
system (Promega). GATC reactions were done for the last time point of both
crosses (generation 116); for the other time points, C-only reactions were done.

Sequencing of the rmm3 minichromosome. The 59 NTS of rmm3 rDNA was
PCR amplified from the rmm3 homozygotes described above and sequenced
directly. C3 rDNA contains an additional 42 bases at nt 1226 (27) which is not
accounted for in the nucleotide numbering of the rDNA. The following primer
combinations were used (nucleotide numbers, in parentheses, refer to the pub-
lished sequence of B rDNA [12]): 19 and 5 r.c. (264 to 594); 20 and 60 (474 to
819), 60 r.c. and 36 (798 to 1226 1 30), 5 and 6 (615 to 989), Ib and 63 r.c. (1041
to 1454), 9 and 10 (1321 to 1699), 11 and 240 r.c. (1665 to 2128), and 63 and 12
(1494 to 1948). The sequences of these primers (59339) are as follows (the first
nucleotide is given in parentheses): 19, TAC AAA TTT ACA AAT TTT CAA

GC (264); 5 r.c., CTA TTT ACT CAT ATT CCT AAA AC (594); 20, AAA GCA
TCT AAA AAT GGA CA (474); 60, TTC AAC TCT CAA AAA AAG TG
(819); 60 r.c., ATC ACT TTT TTT GAG AGT TG (798); 36, CAC GAA GTC
TCA AAA GTT G (1226 1 34); 5, TTA GGA ATA TGA GTA AAT AG (575);
6, AAT GAT ATA CGC ATG CTG TTA (1029); Ib, AAC AAT TTT AAC AAC
ATG CGT ATA TC (1001); 63 r.c., CTC CGC TGA ATA TTA AGC GAG
(1513); 9, TGA TTT AGG AGA AAT TTT GAG (1321); 10, CGC TAT TTT
TCA CTA AGT CTA (1699); 11, GCT CTA AAT TAA ATT AGA CTT AGT
G (1665); 12, TCT TAC TGA AGC TCA AAT CGA GCT G (1948); 240 r.c.,
GCA TTG AAT TTA CAG CCT TCA TG (2128); and 63, CTC GCT TAA TAT
TCA GCG GAG (1494). Also used in this work was primer 36 r.c. (CTT TTG
CAA CTT TTG AGA CTT CG).

2D gel electrophoresis. Wild type C3 491-1a and C3-rmm3 cells were grown in
200 ml of 2% PPYS to a density of 2 3 105 to 3 3 105 cells/ml for log-phase cell
samples. In addition, cells were starved for 20 h and refed to synchronize them
and to enrich for rDNA replicating intermediates (6, 11, 31). Aliquots (100 ml)
were processed for DNA at 70, 80, and 90 min after refeeding. DNA was
prepared as described previously (31) except that proteinase K was added to a
final concentration of 8 mg/ml. Forty micrograms of DNA in a 1-ml volume was
digested with a 10-fold excess of HindIII (20 U/liter) for 3 h at 37°C. The 4.2-kb
central HindIII fragment spans both 59 NTSs. DNA electrophoresis was per-
formed in two-dimensional (2D) neutral-neutral gels essentially as reported by
Brewer and Fangman (3). The first-dimension gel was 0.4% agarose containing
0.1 mg of ethidium bromide per ml and was run at 1.4 V/cm for 24 h in 13
Tris-borate-EDTA at room temperature. The second-dimension gel was 1%

FIG. 5. No effects on rRNA transcription are detected in rmm3 cells. (A) Map of rDNA minichromosome showing locations of the PCR-generated DNA probes
used to analyze run-on transcription in wild-type and C3-rmm3 maintenance mutant strains; one half of the palindromic minichromosome is shown. Thin line at the
end of the 39 NTS, telomere. The expanded view of the 59 NTS (symbols are as in Fig. 1) shows the location of the rmm3 mutation in the promoter-distal type Ic repeat.
Probes: US (upstream probe), IF, ETS, 17S rRNA, and 26S rRNA. Bent arrowhead, start site of rRNA transcription; IF?, see text and panel C. (B) rmm3 homozygotes
are not defective in the initiation of transcription. Run-on assays were performed on cell ghosts prepared from log-phase cells. DNA probes were those in panel A and
the 5S rRNA gene, gamma tubulin gene (TUB), and lambda phage DNA. wt, wild type. (C) “IrFrt” transcripts are not altered in C3-rmm3 cells. A Northern blot of
total cell RNA prepared from log-phase wild-type C3 (wt) and C3-rmm3 cells, probed with primer 12, is shown L, 100-bp ladder.
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agarose–13 Tris-borate-EDTA containing 0.5 mg of ethidium bromide per ml
and was run at 3 to 6 V/cm for 15 to 20 h until 1n and 2n sizes were separated
by about 2 cm. DNA in the gel was depurinated in 0.25 M HCl for 10 to 15 min,
denatured in 0.5 M NaOH, transferred to Nytran by capillary blotting in 103
SSC (13 SSC is 0.15 M NaCl plus 0.015 M sodium citrate) for 12 to 24 h, and UV
cross-linked. The hybridization probe was 32P-end-labeled oligonucleotide 60 r.c.
(see above). Blots were washed at 45°C for 30 minutes and autoradiographed for
2 to 9 days.

Nuclear run-on assays. For nuclear run-on assays, cell ghosts were prepared
from 50 ml of cells according to the procedure of Love et al. (29) except that
aurinotricarboxylic acid was omitted. Two hundred microliters of the cell ghost
suspension was incubated with 2.5 ml (each) of 100 mM ribonucleoside triphos-
phates (except U) and [32P]UTP (120 mCi) for 2 min at 30°C as described
previously (29). The labeled RNA was partially hydrolyzed with NaOH, hydro-
lysis was quenched with 125 ml of 1 M HEPES, and RNA was ethanol precipi-
tated and resuspended in 100 ml of double-distilled water. Filters loaded with
DNA were prepared as described previously (4) by using PCR-generated DNA
fragments for the 35S rRNA and 5S RNA gene probes (between 250 ng and 1 mg
of DNA loaded in each slot) and 5 mg of lambda DNA (nonspecific DNA
control) per slot. The pTub9 plasmid, generously supplied by M. Gorovsky
(University of Rochester), contains 283 nt of the Tetrahymena tubulin gene
sequence (PolII transcribed). The plasmid was linearized with HindIII, and 2.5
mg of DNA was loaded per slot. In order to ensure that DNA was not limiting
on the blot, twice as much DNA from one sample was hybridized to one slot in
each experiment (2 3 17S). For each sample, the equivalent number of 32P RNA
counts was added to 1.4 ml of hybridization solution (50% formamide, 53
Denhardt’s solution, 0.25% sodium dodecyl sulfate, 53 SSPE [13 SSPE is 0.18
M NaCl, 10 mM NaH2PO4, and 1 mM EDTA {pH 7.7}], and 150 mg of dena-
tured salmon sperm DNA per ml) and hybridized at 42°C for 36 h. Blots were
washed at room temperature for 15 min in 23 SSC, for 60 min at 65°C in 23
SSC, and for 30 min at 37°C in 23 SSC with 10 mg of RNase per ml. Autora-
diography was done at room temperature for 10 min. Filters were analyzed with
a PhosphorImager for quantitation. The raw data was normalized twice, first to
the number of U’s in the transcribed region and then to the 5S gene hybridization
of that blot.

Northern analysis. RNA was prepared from 10 ml of log-phase, starved, or
starved and refed cells with Tri-Reagent (Molecular Research Center, Inc.).
After extraction with chloroform, RNA was precipitated with isopropanol,
washed in 70% ethanol, and resuspended in 20 ml of double-distilled water.
Samples were run on a 6% acrylamide (19:1)–0.63 Tris-borate-EDTA–7.5 M
urea minigel, electroblotted to Nytran, and hybridized to various 59-32P-labeled
oligonucleotides at 45°C, stripping the blot between probes by a mock overnight
hybridization. Sizes of the initiation fragment (IF) RNAs were estimated by
running them on a DNA sequencing gel and assuming a migration difference of
10% between DNA and RNA.

Genomic footprinting. Genomic footprinting was performed essentially as
described previously (39). Nuclei were prepared as described previously (36).
Two hundred milliliters of cells was grown to a density of 2 3 105 to 3 3 105

cells/ml, collected, and processed. For DMS footprinting, nuclei were resus-
pended in 800 ml of buffer A (60 mM KCl, 15 mM NaCl, 0.5 mM spermidine, 0.15
mM spermine, 15 mM Tris-HCl [pH 7.4], 2 mM CaCl2, 15 mM b-mercaptoetha-
nol [BME]) and divided into 100-ml aliquots. Tubes were preincubated at 25°C
for 2 min, and 10 ml of DMS (1:100 in double-distilled H2O; final concentration,
10 mM) was added, mixed for 10 s, and incubated for various periods of time.
Reactions were stopped with the addition of 900 ml of 0.3 M BME in buffer A at
4°C. For the 02 time point, no DMS was added, for the 01 time point, 0.3 M
BME in buffer A was added prior to the addition of DMS. Nuclei were pelleted
in an Eppendorf microcentrifuge at 6,500 rpm for 6 min at 4°C. Nuclei were
resuspended in 200 ml of proteinase K solution (20 mM Tris-HCl [pH 8.0], 5 mM
EDTA, 1% sodium dodecyl sulfate, and 0.5 mg of proteinase K [added fresh] per
ml) and 0.3 M BME in buffer A in a 1:1 mix and incubated overnight at 37°C.
Samples were extracted twice with phenol-chloroform and then chloroform, and
DNA was ethanol precipitated. DNA methylated as chromatin was resuspended
in 20 ml of double-distilled H2O. Naked DNA was prepared from nuclei by
addition of 100 ml of proteinase K solution to a 100-ml nuclear suspension,
incubation at 37°C overnight, and extraction and precipitation as described
above. Unmethylated naked DNA was resuspended in 100 ml of buffer A and
treated with DMS as described above for nuclei. These reactions were stopped

by the addition of 35 ml of 33 stop mix (7.5 M NH4 acetate, 1.0 M BME, 0.2 mg
of tRNA per ml) at 4°C, and DNA was ethanol precipitated. Methylated DNA
was resuspended in 20 ml of double-distilled H2O and either heat cleaved (95°C
for 5 min) or cleaved with pyrollidine (1:10 in double-distilled H2O) at 90°C for
15 min (the same results were obtained with either cleavage method), recovered
by ethanol precipitation, resuspended in double-distilled H2O, lyophilized twice,
and resuspended in 20 ml of TE. Primer extension was done as previously
described (39) with primer 11 for the promoter region and primer 36 for the
origin region (see above). The AT ladder was obtained by primer extending
plasmid DNA in the presence of ddATP or ddTTP.

Sequencing of the 5* NTSs of new maintenance mutants. A TaqI fragment
containing the 59 NTS of the rDNA of each of the rmm5, -7, -8, and -9 mainte-
nance mutants was cloned into Bluescript directly from the hemizygous strains
SF104, SF108, SF112, and SF116, respectively (22). The four mutants were
sequenced in parallel along with a wild-type 59 NTS cloned from the hemizygous
strain SF137 (22). By using either single-stranded or double-stranded DNA
sequencing, for each 59 NTS one strand was entirely sequenced and 75% of the
other strand was sequenced.

Relative to C3 wild-type rDNA, B rDNA has a 42-bp deletion at nt 1226, which
has been shown to be responsible for its defective maintenance phenotype (27,
48). Engberg and Nielsen (12) reported several unconfirmed C3 polymorphisms.
We confirmed those at nt 1417 and 1442, a C-to-CA change at nt 1507, and a
T-to-TTT change at nt 8560 in C3 wild-type rDNA, but nt 8567 and 8573 were
the same in both strains, not different as reported previously (12).

RESULTS

The rmm3 rRNA promoter region mutant is defective in
minichromosome maintenance. The rRNA promoter in T.
thermophila has not been defined functionally in vitro. How-
ever, DNase I footprinting of wild-type C3 nuclei reveals a
series of enhancements and protections of DNA in chromatin
that extend from the start site of transcription through the type
Ic repeat (39) (Fig. 1C). Determination of the exact role that
these sequences play in rRNA transcription will depend on
functional analysis of mutants with mutations in this region. In
the absence of functional data, but with the evidence of the
DNase I footprint, we refer to the sequences from the start site
of transcription through the type Ic repeat as the promoter
region.

In order to dissect the role of the type I elements and the
promoter region in minichromosome maintenance, we ana-
lyzed transcription, rDNA replicating intermediates, and pro-
tein-DNA interactions in C3-rmm3 (rmm3) rDNA, which con-
tains a deletion of an A residue in the promoter-distal type Ic
element (1) (Fig. 1B). We confirmed the effect of the rmm3
mutation on rDNA maintenance by crossing B strain cells with
either C3-rmm3 or wild-type control C3 cells. Progeny were
maintained in log-phase growth, and total DNA was isolated
every six to seven generations. The ratio of the C3 rDNA allele
(either wild type or mutant) to the B rDNA allele over time
was determined. This ratio reflects the outcome of an in vivo
competition, during the course of vegetative cell divisions, be-
tween the two rDNA alleles present in the macronucleus at the
end of macronuclear development. The maintenance defect of
the C3-rmm3 chromosome is illustrated in Fig. 2; compare the
percent C3 (wild type or mutant) rDNA in progeny cells of the
two crosses over time. In B/C3 cells the B rDNA minichromo-
some, a naturally occurring maintenance mutant, was com-

FIG. 6. Summary of DMS footprinting of rDNA in isolated nuclei. (A) Map of the 59-NTS regions in the rDNA shown footprinted in panels B and C and Fig. 7
and schematic summary of the footprinting results. Smaller bracket, region of the promoter footprint; larger bracket, region of the origin region footprint; circles,
positioned nucleosomes (Nuc 1 to 7) of the 59 NTS of the rDNA (15, 36); filled rectangles, type I elements (a, b, c, and d); open rectangles, type III elements (a to
f), the sites of action of topoisomerase I (2); bent arrow, start site of rRNA transcription; arrowheads, positions of the footprinted residues shown in panels B and C
and in Fig. 7 and 8 (topoisomerase I [Topo I], Nuc 5, and nt 701 and 1132). (B) DMS promoter footprint in wild-type C3 rDNA. Naked DNA, or DNA in chromatin
of isolated nuclei, from wild-type C3 cells was treated with 10 mM DMS for 8 min. Treated DNA was extended with primer 12. Lanes: 2, DMS-treated naked DNA;
1, DMS-treated chromatin. rDNA nucleotide numbers are indicated on the side; type Ic and Id elements are bracketed. Nucleotides with enhanced DMS reactivity
in chromatin are indicated by arrows. (C) C3-rmm3 lacks the wild-type DMS promoter footprint. Naked DNA, or DNA in chromatin of isolated nuclei, from C3-rmm3
maintenance mutant cells was treated with 10 mM DMS for 2 min (the same patterns were obtained by treatment for 8 min [data not shown]). All else was as in panel
B above.
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pletely lost within 60 generations, as seen previously (27). In
contrast, in B/C3-rmm3 cells the B allele was never lost com-
pletely. Instead, the C3-rmm3 rDNA allele was preferentially
lost until recombination (see below) between the two mainte-
nance mutant alleles generated a C3 chromosome that had lost
its maintenance defect, after approximately 90 generations
(Fig. 2).

The rmm3 base change is restored to wild-type in recombi-
nant minichromosomes that have lost their maintenance de-
fect. In order to determine whether the single A residue dele-
tion within the type Ic repeat was associated with the
maintenance defect of the C3-rmm3 chromosome, we se-
quenced the C3 promoter region in the rDNA populations of
the B/C3-rmm3 cells described above. It was shown previously
that in B/C3-rmm4 crosses, recombination between macro-
nuclear rDNA minichromosome alleles eventually restored
maintenance properties of the recombinant molecules, also
confirming that the rmm4 base change was responsible for the
maintenance defect (48). Similarly, the type Ic repeat of the C3
chromosome of progeny from the B/C3-rmm3 cross was re-
stored to wild type in parallel with the reversion of the main-
tenance defect of the chromosome (Fig. 3; compare with Fig.
2). Furthermore, the sequence of the recombinant rDNA from
generation 116 was C3 at each of six upstream C3/B polymor-

phisms (nt 1277, 1308, 1366, 1417, 1442, and 1507) (data not
shown), indicating the specific recombination of the region of
the type Ic repeat between the C3-rmm3 and the B chromo-
some. The only base change from the wild type in rmm3 rDNA
in this region is the A deletion within the type Ic element; this
strongly suggests that this base change is responsible for the
maintenance phenotype of rmm3 rDNA. Similar kinetics were
found previously for progeny of a B/C3-rmm4 cross (48). It was
estimated that the frequency of recombination was between
1023 and 1027 per rDNA per generation, assuming a 5%
growth advantage of recombinant cells and depending on the
timing of the recombination event (48).

rmm3 rDNA has altered DNA replication intermediates.
rDNA minichromosome replicating intermediates from C3
wild-type and C3-rmm3 homozygous cells were compared by
using neutral-neutral 2D gel electrophoresis (3). Gels are run
in the first dimension to separate DNA by size and in the
second dimension to separate DNA molecules by shape. DNA
molecules containing replication forks or bubbles are prefer-
entially retarded in the second dimension, producing charac-
teristic patterns (Fig. 4A) (3). DNAs from C3 wild-type and
C3-rmm3 homozygous cells were prepared and restricted with
HindIII. This produces a 4.2-kb central restriction fragment in
the rDNA minichromosome. The 2D gel pattern of this central

FIG. 7. DMS-reactive A at residue position 1132 in domain 2 (in repeat 2) of C3 wild-type rDNA but not in rmm3 mutant rDNA. (A) DMS footprinting of wild-type
C3 rDNA. Chromatin in nuclei isolated from wild-type C3 strain cells was footprinted with DMS. Samples were treated for 0 or 30 s or 2, 4, or 8 min, as indicated.
Lanes: 2, naked DNA; 1, chromatin. The 30-s (1) timepoint was underloaded. The footprinted region shown extends from just upstream of the type Ib repeat towards
the center of the molecule, through a highly positioned nucleosome, labeled Nucleosome 5 (see Fig. 6A). The position of nucleosome 5 is bracketed. The asterisk marks
its center. Nucleotide numbers are on the side. (B) C3-rmm3 rDNA has no DMS-reactive A at nucleotide 1132 in domain 2. Chromatin from C3-rmm3 maintenance
mutant cells was footprinted with DMS as described for panel A. The footprinted region is as described for panel A.
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fragment indicates that it contains a replication bubble located
asymmetrically within the fragment (Fig. 4A, Bubble to Y)
(31), as predicted from earlier results with electron microscopy
and density labeling (6, 21). Three replication fork pauses
within the 59 NTS of the Tetrahymena rDNA, which map to
repeat 1, repeat 2, and the promoter, respectively, have been
described. The repeat 2 and promoter pauses are shown sche-
matically in Fig. 4A (Fork Pause). The role and cause of these
pauses have not yet been determined (31).

Figure 4B shows the 2D gel patterns obtained from homozy-
gous C3 and homozygous C3-rmm3 cells. Under the conditions
used here, only the repeat 2 pause and the promoter pause
were seen. Compared to wild-type rDNA, rmm3 rDNA repli-
cating intermediates exhibited an enhancement of the repeat 2
pause relative to the promoter pause, indicating that in rmm3
rDNA elongation of replication is slowed or blocked prefer-
entially at repeat 2. This enhancement of the repeat 2 pause in
the rmm3 mutant was also seen both in cells synchronized by
starvation and refeeding (Fig. 4B and data not shown) and in
log-phase cells (data not shown). The repeat 2 pause site has
been mapped to nt 1075 (635 nt) (31). This site is roughly 750
nt upstream of the rmm3 base change.

The rmm3 rRNA promoter region mutation does not detect-
ably affect the level of rRNA transcription. We analyzed rRNA
transcription in homozygous C3-rmm3 cells in two ways: by

comparing polymerase densities along the rRNA gene by nu-
clear run-on assays and by determining steady-state levels of a
small rRNA gene transcript by Northern analysis. The 35S
RNA PolI rRNA transcript is processed to produce the 17S,
5.8S, and 26S rRNAs (Fig. 5A) (24). A short transcript which
maps to the 59 external transcribed spacer (ETS) just upstream
of the 17S gene has been described previously and was termed
the IF (10, 23, 24). It was proposed that the IF is a product of
premature transcription termination at the PolI promoter, be-
cause it does not correspond to any known processing product
of the 35S rRNA (23).

Run-on assays were performed with log-phase cell ghosts
(29), as described in Materials and Methods. Figure 5A indi-
cates the locations of the DNA probes along the 35S transcript.
The hybridization intensity along the 35S rRNA gene was
normalized first to the number of 32P-U residues in each RNA
segment, as shown in Fig. 5B (left column), and then (right
column) to the intensity of the 5S rRNA gene, transcribed by
RNA polymerase III (25). RNA polymerase I density through-
out the 35S pre-rRNA transcription unit was equivalent in
log-phase C3 wild-type and C3-rmm3 mutant cells (Fig. 5B). In
addition, there was no evidence that the initiator fragment is a
premature termination product, since the intensities of hybrid-
ization of labeled RNA to the IF and ETS probes were similar
in both wild-type and rmm3 mutant cells.

FIG. 7—Continued.
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The initiator fragment was first reported as an approxi-
mately 230-nt RNA which hybridized to a probe derived from
ETS sequences upstream of the 17S rRNA gene (10, 24). We
prepared RNA from log-phase C3 wild-type and C3-rmm3
homozygous cells and ran these on an acrylamide gel. North-
ern analysis revealed two transcripts of approximately 225 and
240 nt that hybridized to probes containing sequences from the
first 200 nt of the 35S transcript (Fig. 5C). Neither RNA
hybridized to an oligonucleotide probe that extended from nt
221 to 24 from the start site of transcription, while both
hybridized to an oligonucleotide probe that extended from nt
138 to 162. Only the longer RNA hybridized to a probe
extending from nt 1219 to 1241 (data not shown). We con-
clude that these two initiator fragment RNAs initiate at or near
nt 11 and extend for approximately 225 and 240 nt, respec-
tively. The rmm3 base change had no effect on the sizes and no
consistent effect on the abundances of these RNAs in either
log-phase (Fig. 5C) or starved (data not shown) cells. Thus, we
detected no effect of the rmm3 base change on rRNA gene
transcription by Northern analysis or by run-on analysis.

A DMS promoter footprint is lost in isolated nuclei from
rmm3 cells. Footprinting of the promoter region in wild-type
C3 nuclei revealed enhancements of DMS methylation at res-
idues both within and upstream of the type Ic and type Id
elements. Comparison of DNA methylated as purified DNA
with that methylated as chromatin in wild-type nuclei revealed
residues with enhanced methylation in chromatin, as summa-
rized schematically in the map shown in Fig. 6A. Figure 6B
shows the DMS footprinting data for the promoter region of
wild-type C3 rDNA. The enhanced methylation at nt 1792 was
at a C residue, indicating that this nucleotide is single stranded
in chromatin, since C’s are inaccessible to DMS when base
paired in double-stranded DNA. The other sites with en-
hanced methylation were G residues, indicating an alteration
of the major groove of double-stranded DNA at these posi-
tions (32). Since rmm3 rDNA has a base change in the pro-
moter-distal type Ic element, we investigated the effect of this
mutation on the promoter region footprints. Surprisingly, the
single-base deletion in rmm3 rDNA significantly altered the
DMS footprint throughout the promoter region, leaving chro-
matin with an accessibility to DMS which was nearly identical
to that of purified DNA, with the exception of the enhance-
ments at nt 1761 and 1762 (Fig. 6C). Thus, despite the obser-
vation that the level of rRNA transcription is not altered in
these cells, rmm3 rDNA in isolated nuclei had lost the wild-
type DMS footprint at the promoter region, with the exception
of the enhancements upstream of the type Ic repeat. Similarly,
the wild-type DMS footprint on the opposite strand in the
promoter region was also lost in rmm3 cells (data not shown).

Loss of the only identifiable footprints in the nonnucleoso-
mal portions of the origin region in rmm3 rDNA. The chro-
matin structure of the rDNA 59 NTS is extremely ordered, with
two-thirds of it being packaged in highly positioned nucleo-
somes (15, 36). There are three nonnucleosomal regions: one
in the promoter region described above and one within each of
repeats 1 and 2. The latter approximately 270-nt nonnucleo-
somal regions, termed domains 1 and 2, were originally defined
by their hypersensitivity to DNase I (36). They are highly
homologous to one another in sequence (12).

We used high-resolution footprinting to assess the reactivity
of chromatin within domains 1 and 2 to DNase I, DMS, and
KMnO4. With each reagent the patterns of the two domains
were virtually identical (15). No DNase I-footprinted residues
were found in either domain (data not shown). There were
both DMS- and KMnO4-footprinted residues at the sites of
action of topoisomerase I, that is, within the type III sequence

elements (2, 7) (Fig. 7 and data not shown). There were no
other KMnO4 footprints in the domains. However, there was
an additional DMS footprint within each domain: a DMS-
reactive A residue 61 nt upstream of the 59 boundary of each
type I element, at nt 701 and 1132 in repeats 1 and 2, respec-
tively (Fig. 7A and 8 and data not shown).

Footprinting was focused on domain 2 in repeat 2, the site of
the rmm1, rmm4, and rmm7 base changes. The same DMS-
reactive A residue at position 1132 in domain 2 was observed
in wild-type C3 rDNA, C3-rmm8 rDNA, C3-rmm7 rDNA, C3-
rmm1 rDNA, B strain rDNA, and rDNA of cells transformed
with the rDNA vector prD4-1 (Fig. 7A and data not shown).
However, this DMS-reactive A residue was specifically absent
in rmm3 rDNA (Fig. 7B) of both starved and log-phase cells.
DMS footprints of three other A residues, located at positions
980, 1000, and 1001, were present in both wild-type C3 and
C3-rmm3 rDNAs (Fig. 7B and 8, top panels) and in the other
strains tested (data not shown), as were the footprints at the
three topoisomerase I sites, at G residues. These provided
internal controls for the reactivities of the samples with DMS.
The corresponding A residue at position 701 in repeat 1 was
also reactive to DMS in chromatin of wild-type C3, but not
C3-rmm3, nuclei (Fig. 8, bottom panels). In both the wild-type
C3 and C3-rmm3 rDNA chromatin, the control A residues in
nucleosome 4 in repeat 1 were also DMS reactive (Fig. 8, top
panels).

The specific loss of the DMS-reactive A residues in domains
1 and 2 of rmm3 maintenance mutant rDNA strongly suggests
that these sites play a role in wild-type chromosome mainte-
nance; these nonnucleosomal portions of the origin region are
likely to be sites at which origin recognition and/or auxiliary
factors bind (21, 31, 36).

FIG. 8. DMS reactivity of A residues in repeats 1 and 2 in wild-type (WT)
and rmm3 nuclei. (Top panels) DMS-reactive A residues (filled arrowheads) in
nucleosome 5 (repeat 2) and nucleosome 4 (repeat 1) have similar reactivities in
wild-type and rmm3 nuclei. (Bottom panels) The A residues at corresponding
positions (nt 1132 and 701) in repeats 2 and 1, respectively, are DMS reactive in
wild-type nuclei (filled arrowheads) but not in rmm3 nuclei (open arrowheads).
For all reactions, marker A and T sequencing reactions were run next to the
lanes shown (shown only for rmm3 repeat 2 nucleosome 5 region). Footprinting
was performed as described for Fig. 7, in separate experiments, and with DNA
and nuclear preparations different from those shown in Fig. 7.
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Two new minichromosome maintenance mutants have novel
base changes in the promoter region and the origin region,
respectively. Four rDNA maintenance mutants (rmm5, -7, -8,
and -9 mutants) were generated by the genetic screen de-
scribed previously (22). The entire 59 NTS of each mutant
rDNA was subcloned and sequenced. No base changes from
the wild-type C3 rDNA sequence were found within the 59
NTS of rmm5 or rmm9 rDNA, indicating that sequences out-
side the 59 NTS play a role in rDNA minichromosome main-
tenance. In rmm7 and rmm8 rDNA, a base change within the
59 NTS was identified: in rmm7 rDNA an insertion of an A
residue in the origin region type Ib repeat and in rmm8 rDNA
a G-to-A transition at position 219 from the start site of
transcription, within a run of 6 G’s in the promoter (Fig. 1B).
This mutation is in a strongly conserved, apparently critical
region of the rRNA promoter, because an addition of a G
residue to the same run of 6 G’s inactivates the promoter (39,
51). However, the rmm8 promoter is functional, since rmm8
homozygotes are viable. Analysis of recombinant molecules
generated in a B/C3-rmm8 cross demonstrated that, like for
the B/C3-rmm3 cross described above, in recombinant rDNA
molecules the C3 rDNA maintenance mutant phenotype was
lost in parallel with the restoration of the rmm8 G-to-A mu-
tation to wild type (data not shown).

The locations of the base changes in the rmm7 and rmm8
maintenance mutants, within the repeat 2 region and the
rRNA gene promoter region, respectively (Fig. 1B), further
underscore the importance of these two regions in wild-type
rDNA minichromosome maintenance. That the rmm7 base
change is an addition of an A residue, and not a deletion of an
A residue as for rmm1, -3, and -4, suggests that the type I
elements may directly bind a control factor(s) or may be lo-
cated between bound factors whose interaction is important
for wild-type minichromosome maintenance.

DISCUSSION

The T. thermophila rDNA minichromosome, a naturally oc-
curring eukaryotic cellular chromosome, is the smallest and
most abundant of the macronuclear chromosomes with a well-
defined chromatin structure (5, 15, 36), making it an appealing
substrate for studies of chromosome structure and mainte-
nance. We have used this macronuclear minichromosome as a
model system for studies of chromosome maintenance. A link
between transcription and replication in this molecule was
suggested by previous findings: first, conserved type I elements
are located at both the promoter region and the repeat 1-2
region, which contains the physical origin of replication of the
minichromosome; second, base changes at both regions result
in a defective minichromosome maintenance phenotype. Here
we have shown that the single-base deletion in the promoter
region type Ic element of the rmm3 rDNA maintenance mu-
tant, while not grossly altering in vivo rRNA transcription,
alters rDNA replication: it enhances a replication fork pause
;750 bp upstream of the rmm3 base change itself, indicative of
an effect on the elongation phase of rDNA replication. Finally,
footprinting of wild-type and rmm3 minichromosomes in iso-
lated nuclei demonstrated that the mutant rDNA had lost
wild-type DMS footprints not only in the promoter region,
which is close to the rmm3 base change, but also at distant
upstream sites, in corresponding nucleosome-free positions in
repeats 1 and 2. The DMS-reactive A residues at nt 701 and
1132 are 61 nt upstream of the type Ia and Ib elements, re-
spectively (7, 31), and the footprinted site at nt 1132 is about 60
nt upstream of the pause site at nt 1075.

Our results suggest that factors that bind at the promoter

function both in transcription and in chromosome mainte-
nance and replication. The loss of the promoter footprint in
rmm3 rDNA suggests that the promoter region complex is less
stable in vitro in isolated rmm3 mutant nuclei than in wild-type
cells; in vivo the result is a detectable effect on chromosome
maintenance and replication with no apparent effect on tran-
scription.

Links between DNA replication and transcription have been
demonstrated in many systems (16), and transcription factors
have been shown to play various roles in viral and cellular
DNA replication origin function (9, 16). We propose that
within the Tetrahymena macronuclear rDNA minichromo-
some, interactions between a complex at the promoter region
and complexes at the repeat 1 and repeat 2 regions promote
wild-type rDNA minichromosome maintenance. This is mod-
eled in Fig. 9. We suggest that the interaction between factors
at the promoter and the repeat 1-2 region may be facilitated by
the highly positioned nucleosomes that package the majority of
the 59 NTS (Fig. 9A) (15, 36). In other systems, positioned
nucleosomes located between transcription factors facilitate
interactions between these factors (30, 42). The identities of
such interacting factors in the Tetrahymena rDNA minichro-
mosome have yet to be determined. In other organisms the
transcription factors assembled at the rRNA promoter consist
of TATA-binding protein and several transcription-associated
factors at the core promoter element, with an additional factor
at an upstream element (16, 45). The Tetrahymena TATA-
binding protein has been identified (44), but other rDNA tran-
scription factors have not yet been identified. No factors which
bind to the origin region in vivo have been identified, with the
exception of histones and topoisomerase I (2, 15, 36).

DNA replication and maintenance of bovine papillomavirus
(BPV) resemble those of the Tetrahymena rDNA minichromo-
some in that the DNA remains episomal, is amplified and
subsequently maintained at a stable copy number, and is rep-
licated primarily once per cell cycle, with some abrogation of
cell cycle control (8, 21, 26). While the rRNA promoter is not
absolutely required for transformation of Tetrahymena rDNA
plasmids, its presence increases the transformation efficiency
of rDNA origin constructs (13). Hence, the complex at the
rDNA promoter of the Tetrahymena rDNA minichromosome
may be functionally analogous to that involving the BPV tran-
scriptional activator BPV E2, which complexes with the DNA
replication initiation protein E1 at the BPV replication origin
(40, 43, 47, 49). An rDNA complex might similarly facilitate
binding of E1-analogous factors at the repeat 1-2 origin region.

The relationship between the enhanced replication fork
pause, the loss of the origin region and promoter footprints,
and the rmm3 maintenance phenotype has yet to be deter-
mined. The increased accumulation of replicating intermedi-
ates in the 59 NTS of rmm3 cells indicates that at least one
defect in rmm3 rDNA maintenance is at the level of replication
elongation. This defect alone would affect rDNA minichromo-
some maintenance as a result of a combination of factors: copy
number control of the rDNA minichromosome, the apparent
abrogation of cell cycle control in the macronucleus, and the
absence of a mechanism to ensure faithful segregation of rep-
licated alleles (28, 41). Thus, a slowly replicating rDNA allele
could be gradually displaced in the macronucleus by one which
replicated more quickly, with eventual loss of the mutant allele.

Merchant et al. (33) have reported the characterization of
Mcm10, a trans-acting factor important for minichromosome
maintenance in Saccharomyces cerevisiae. MCM10 is identical
to DNA43, a gene implicated in the initiation of DNA repli-
cation. Interestingly, mcm10-1 mutant cells display a replica-
tion elongation defect similar to that of C3-rmm3 rDNA: a
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replication fork pause is induced in the region of the replica-
tion origins affected in the mutant. This similarity between
these minichromosome maintenance mutations, one cis acting
(rmm3) and the other trans acting (mcm10-1), suggests that
they may have similar mechanistic bases.

The subtle effects of the rmm3 promoter region mutation on
rDNA minichromosome maintenance in competition with an-
other rDNA allele were detectable because macronuclear di-
vision is amitotic and chromosomes do not segregate faithfully
and because copy number control requires some abrogation of
cell cycle control in the macronucleus (28, 41). Thus, the un-
usual features of the Tetrahymena macronucleus have allowed
us to uncover an interplay between the promoter region and
upstream nonnucleosomal regions of the rDNA minichromo-
some.
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