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Site-specific DNA deletion occurs at thousands of sites within the genome during macronuclear development
of Tetrahymena thermophila. These deletion elements are usually not detected in macronuclear chromosomes.
We have interfered with the normal deletion of two of these elements, the adjacent M and R elements, by
loading vegetative macronuclei with these elements prior to sexual conjugation. Transformed cell lines con-
taining the exogenous M or R element, carried on high-copy-number vectors containing genes encoding rRNA
within parental (old) macronuclei, consistently failed to excise chromosomal copies of the M or R element
during formation of new macronuclei. Little or no interference with the deletions of adjacent elements or of
unlinked elements was observed. The micronucleus (germ line)-limited region of each element was sufficient to
inhibit specific DNA deletion. This interference with DNA deletion usually is manifested as a cytoplasmic
dominant trait: deletion elements present in the old macronucleus of one partner of a mating pair were
sufficient to inhibit deletion occurring in the other partner. Remarkably, the failure to excise these elements
became a non-Mendelian, inheritable trait in the next generation and did not require the high copy number of
exogenously introduced elements. The introduction of exogenous deletion elements into parental macronuclei
provides us with an epigenetic means to establish a heritable pattern of DNA rearrangement.

Programmed DNA rearrangements occur in a wide variety
of organisms and play significant roles in cell differentiation.
Some of the most remarkable examples of these processes are
found in ciliated protozoa (reviewed in reference 24). The
ciliates exhibit nuclear dualism. Polyploid macronuclei are ac-
tive in gene expression, providing for the somatic functions of
cells. Diploid micronuclei are transcriptionally silent in vege-
tative growth but provide germ line functions during sexual
reproduction. This dualism is one of the simplest separations
of the soma from the germ line. The conjugation process re-
sults in the loss of parental macronuclei, and new macronuclei
differentiate from zygotic nuclei formed by the fusion of mi-
cronucleus-derived gametes. Macronuclear differentiation in-
volves extensive genome reorganization (reviewed in refer-
ences 24 and 33). Chromosomes are fragmented and amplified
to 45 to 50 copies per macronucleus. In Tetrahymena ther-
mophila, the ribosomal RNA gene, rDNA, exemplifies the
rearrangement process. The Tetrahymena rDNA is present as a
single-copy sequence in the micronuclear genome (35) and is
flanked by chromosomal breakage sequences. During macro-
nuclear development, this copy is cut out of the chromosomal
DNA and is converted into a unique, head-to-head palin-
dromic molecule with telomeric DNA added to the linear ends.
This palindromic minichromosome is highly amplified and
maintained at nearly 9,000 copies in each macronucleus (37;
reviewed in reference 32).
In addition to chromosome fragmentation and amplifica-

tion, site-specific DNA deletion events occur accurately and
efficiently at some 6,000 sites per haploid genome (34), elimi-
nating approximately 15% of the micronuclear DNA (36). Re-
markably, all or nearly all copies of these deleted sequences

are faithfully excised from the macronuclear genome during
development. The M and R elements are the two most exten-
sively characterized deletion elements (Fig. 1). They are adja-
cent to one another in the micronuclear genome, separated by
about 2.7 kbp of macronucleus-destined sequence. The deleted
region of the M element is either 0.6 or 0.9 kbp. These two
alternative forms differ at their left endpoints by 0.3 kbp (2).
The micronucleus-specific region of the R element is 1.1 kbp.
The macronuclear DNA sequences at the deletion junctions
show limited microheterogeneity resulting from removal of
these elements (3). Some of the cis-acting sequences required
for precise DNA deletion have been determined recently by
utilizing rDNA-based transformation vectors. Vector-based
micronuclear rDNA, when introduced into a developing ma-
cronucleus by microinjection (38), is faithfully processed into a
palindromic minichromosome and amplified. Exogenous DNA
inserted between the rDNA transcription unit and the telo-
mere-addition site can be maintained in a macronucleus on the
rDNA minichromosome. Studies of cis-acting sequence re-
quirements for deletion using rDNA-based transformation
vectors have shown that both the deleted region and the ad-
jacent macronucleus-destined sequences are necessary for pre-
cise DNA deletions of the M and R elements. Regions within
the macronucleus-destined DNA function as flanking regula-
tory sequences and determine the boundaries of deletion. For
the M element, this flanking regulatory sequence is a polypu-
rine tract, 59 AAAAAGGGGG 39 (A5G5), that lies approxi-
mately 45 bp from each deletion endpoint (16). It determines
the deletion boundaries in a distance- and orientation-specific
manner (15). Certain sequences flanking the eliminated region
of the R element also determine the deletion boundaries from
a short distance away, although the exact identities of these
sequences have not yet been determined (7). Other sequences,
located in the micronucleus-specific DNA, are essential to
target the M and R elements for deletion. These internal
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promoting sequences function mostly independently of their
orientations and distances from the deletion boundaries (31).
The purpose of eliminating these sequences from macronu-

clei or the roles these germ line-limited sequences may play in
micronuclei are largely unknown. In T. thermophila, only the
transcriptionally inactive micronuclei undergo mitosis, meiosis,
and associated chromosome condensation. The transcription-
ally active macronuclei divide by an unusual amitotic process
without spindle formation or chromosome condensation. It is
possible that these germ line-specific sequences participate in
functions that are unique to micronuclei. To explore the func-
tions of these micronucleus-specific DNAs, we have attempted
to interfere with their possible normal activities by loading
vegetative macronuclei with large numbers of deletion ele-
ments that normally reside only in micronuclei. We report
below the inhibition of DNA deletion during the development
of cells containing these micronucleus-specific sequences in
their macronuclei. The element retained in each new macro-
nucleus was mostly specific to the element introduced into the
parental macronucleus. Remarkably, retaining these deletion
elements became a non-Mendelian, inheritable trait in the next
generation. Prior examples of such genetic phenomena have
been observed almost exclusively in Paramecium spp. We re-
port a clear molecular description of non-Mendelian inheri-
tance in T. thermophila in an extensively characterized system
of DNA deletion. This study provides a means both to under-
stand the role of DNA deletion and to unravel much of the
mystery surrounding the epigenetic regulation of macronuclear
development in ciliates.

MATERIALS AND METHODS

Strains. T. thermophila HC76 [Chx/Chx (VI, cy-s)] and HC81 [Mpr/Mpr (VII,
mp-s)] were used as parental cell lines in all experiments described, because
these strains conjugated with a high degree of synchrony and produced a high
percentage of viable progeny when crossed. HC76 and HC81 were derived from
inbred B strains CU427 and CU428 (obtained from Peter Bruns), respectively,
after each had undergone one round of genomic exclusion mating (1) to strain
A*(III) (29). Strains CU427 and CU428 were used for anlagen transformation by
electroporation as described by Gaertig and Gorovsky (14). All strains were
maintained and grown as previously described (17).
Plasmid constructions. All recombinant DNA techniques were performed

essentially as described by Sambrook et al. (25). Micronuclear DNA containing
either the M or R deletion element (originally isolated on lambda clone cTt455
[34]) was ligated into the unique NotI restriction site in the rDNA vector pD5H8
(15). This site lies downstream of the transcribed region but upstream of the site
of telomere addition of the rDNA. In order to simplify the subcloning of micro-
nuclear DNA, the M and R elements were first inserted into the polylinker of
pHSS6 (26) that is flanked by NotI sites. A HindIII restriction fragment from a
plasmid subclone of cTt455 (2) containing 2.8 kbp of DNA from the micro-
nuclear M locus, starting 0.24 kbp to the left and ending 1.7 kbp to the right of
the eliminated sequence, was ligated to the HindIII-digested plasmid pHSS6,
creating pDLCM1. The NotI fragment was then inserted into pD5H8, creating

pDLCM4. The R element was cloned into pHSS6 as a 2.2-kbp DNA fragment
starting from an SspI site 0.3 kbp to the left of the eliminated region and ending
at an EcoRI site 0.8 kbp to the right of the eliminated region. The NotI fragment
of the resulting plasmid, pDLCR4, was then inserted into theNotI site of pD5H8,
creating pDLCR6. Plasmids pDLCM4 and pDLCR6 were used to generate
rDNA molecules containing either the intact micronuclear forms or the rear-
ranged macronuclear forms of the M and R deletion elements, respectively, by
anlagen transformation as described below. Plasmids containing subregions of
the deletion elements and the MRint chimeric deletion element were constructed
in similar fashions, and their construction will be described in more detail
elsewhere (31). The Mint rDNA contains the right 0.6 kbp of the M element
between nucleotides 561 and 1144 (5). The Rint and MRint rDNAs contain the
1.1-kbp internal region of the R element between nucleotides 353 and 1413 (4).
Anlagen transformation and microinjection of macronuclei. Hybrid rDNA

molecules were generated by transformation of developing cells with rDNA
vectors containing the desired M and R element sequences. For anlagen trans-
formation, CU427 and CU428 mating pairs were transformed with the rDNA
plasmids described above by electroporation as described by Gaertig and Gor-
ovsky (14). The transforming rDNAs contain the C3-type replication origin that
is preferentially maintained over the endogenous B-type rDNA (22). It also
contains a mutation within the 17S rRNA coding region that confers paromo-
mycin resistance (pm-r). Whole-cell DNAs were extracted from pm-r lines and
used for Southern blot analysis in order to determine whether the transformants
had deleted the micronucleus-specific DNAs introduced on the vectors.
Whole-cell DNA preparations containing hybrid rDNAs were isolated from

the Tetrahymena transformants described above and used to transform vegeta-
tively growing HC76 and HC81 cells to pm-r as described previously (28, 38).
DNAs were purified and injected at a concentration of 1 mg/ml. Injected cells
were transferred and grown to saturation in drops of growth medium and rep-
licated to medium containing 100 to 125 mg of paromomycin sulfate per ml to
identify transformants, which are 5 to 20% of the injected cells. Replacement of
the endogenous rDNAs with the injected rDNAs in the transformants was
confirmed by Southern blot analysis.
DNA isolation and analysis. Whole-cell DNAs were isolated from Tetrahy-

mena cells as previously described (4). DNAs were digested with restriction
enzymes under the conditions indicated by the suppliers. Fragmented DNAs
were separated by electrophoresis in 0.8 to 1.2% agarose gels. DNA fragments
were transferred to nitrocellulose filters (Schleicher & Schuell) with a pressure
blotter (Stratagene). DNAs immobilized on filters were hybridized to specific
radiolabeled probes (11, 12) in 63 SSC (203 SSC is 3 M sodium chloride and 0.3
M sodium citrate, pH 7.0), 0.1 M Tris-Cl (pH 7.5), 0.5% sodium dodecyl sulfate
(SDS), and 23 Denhardt’s reagent (503 Denhardt’s reagent is 1% Ficoll, 1%
polyvinylpyrrolidone, and 1% bovine serum albumin) at 658C overnight (12 to
20 h). Filters were washed two to three times in 23 SSC–0.5% SDS at 658C for
30 min and once in 0.53 SSC–0.5% SDS at 508C for 30 min and then exposed to
X-ray film. Specific DNA probes are as follows (and diagrammed in Fig. 3): M,
a HindIII restriction fragment from pDLCM3 containing 1.9 kbp of macro-
nuclear DNA from the M element region starting 0.24 kbp to the right of the
deletion junction and ending 1.7 kbp to the left of the junction; R, an EcoRI-PstI
restriction fragment from plasmid pDLCR5 containing 0.3 kbp to the right of the
deletion junction and 0.8 kbp to the left of the deletion junction; cam, a 376-bp
DNA fragment generated by PCR of whole-cell DNA with oligonucleotides 59
TTTATTTTTCTTTTTTTTTTTATTTTTTTGAG 39 and 59 AGTGATGGGT
TGTTCCTTAT 39, containing sequences between 4 and 380 bp upstream of the
ATG start codon of the T. thermophila calmodulin (CaM) gene (20). A 1.4-kbp
micronucleus-specific sequence is located;3.5 kbp upstream of the CaM-coding
region.
Mating and caryonidal analysis. Parental strains HC76 and HC81 or pm-r

transformants were grown, starved in 10 mM Tris-Cl (pH 7.4), and mated as
previously described (16). Strains were starved separately at 308C, and equal

FIG. 1. M and R deletion elements. The genomic regions of the M and R elements as found in a micronucleus and a macronucleus are shown. The thin, darkly
and lightly shaded boxes represent the excised portions of the M and R elements, respectively. The macronucleus-destined DNAs are shown as wide boxes. The major
deletion endpoints are indicated: M1, M2, and M3 for the M element and R1 and R2 for the R element. Two alternative forms of the M element are excised during
macronuclear differentiation. Joining M2 with M3 results in a 0.6-kbp deletion (MmacD0.6), while joining M1 with M3 results in a 0.9-kbp deletion (MmacD0.9). Joining
R1 with R2 results in deletion of the 1.1-kbp R element (RmacD1.1).
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numbers of prestarved cells of different mating types were mixed to initiate
conjugation. Synchrony and progression through conjugation were assessed by
phase-contrast microscopy after fixation of cells in saturated HgCl2–95% ethanol
(2:1) (30) or by UV-epifluorescence microscopy of cells stained with 5 mg of
DAPI (49,6-diamidino-2-phenylindole) per ml. Four to five hours after mixing,
mating cells were fed with equal volumes of 13 SPP (1% Proteose Peptone,
0.2% dextrose, 0.1% yeast extract, 0.003% Sequestrene) medium for 30 min to
1 h at 308C. Individual mating pairs were isolated and transferred to individual
drops of 13 SPP medium, allowed to complete conjugation, and cultivated.
Successful mating resulted in progeny exhibiting resistance to cycloheximide and
6-methylpurine. Each cross was performed at least twice. Whole-cell DNA was
isolated from 4 to 14 progeny lines for each cross and analyzed by Southern blot
hybridization. For caryonidal analysis, exconjugants of isolated mating pairs were
transferred to drops of fresh medium until the first cell division and then the four
caryonides were transferred again to individual drops of medium.
Single-cell subclones of several F1 synclonal lines were isolated into separate

drops of 13 SPP medium. After cultivation, these subclones were transferred to
96-well culture plates and replica plated to fresh medium every 5 to 7 days for 2
months. After the 11th replica plating, 24 secondary subclones of each F1 line
were grown in individual drops of 13 SPP medium and then individually tested
for sensitivity to cycloheximide and 6-methylpurine. Sexually mature subclones
that had assorted into cell lines sensitive to both drugs were identified. F1
heterocaryons were individually grown and allowed to mate to each other. Single
mating pairs were isolated into drops of medium. After cultivation, true F2
progeny were identified by their resistance to both cycloheximide and 6-meth-

ylpurine. DNAs were isolated from 25 F2 lines and analyzed by Southern blot
hybridization.

RESULTS

Germ line-limited DNAs in macronuclei interfere with nor-
mal DNA deletion. To explore the possible roles of DNA
deletion in T. thermophila, we loaded cells with micronucleus-
specific DNAs in order to interfere with the normal actions of
these sequences. We accomplished this by introducing specific
deletion elements carried on rDNA vectors into macronuclei
by the method outlined in Fig. 2. These altered rDNA mole-
cules are maintained at approximately 9,000 copies per cell,
which is 4,500-fold higher than any single copy sequence in a
micronucleus. Therefore, the copy number of the deletion el-
ement introduced into a macronucleus is comparable to the
total number of micronucleus-specific elements present in a
micronucleus (34). We inserted 2.8 kbp of DNA from the
micronuclear, M element locus (Mmic) containing 0.9 kbp of
micronucleus-specific DNA and 1.8 kbp of flanking DNA into

FIG. 2. Schematic representation of the method used to load the macronuclei of vegetatively growing cells with deletion elements (for details, see Materials and
Methods). Tetrahymena cells are depicted as large, shaded ovals. The large and small open circles represent macronuclei and micronuclei, respectively. The exchange
of gametic nuclei during mating is indicated by arrows within the CU427-CU428 mating pair. The name of the strain or transformed line is indicated above each cell.
Relevent drug sensitivity (-s) and resistance (-r) phenotypes are given below each cell line (pm, paromomycin; cy, cycloheximide; mp, 6-methylpurine). In addition,
micronuclear genotypes that allow for identification of progeny are given in brackets. Conjugating strains CU427 and CU428 were transformed with rDNA vectors
containing the M or R deletion element or, in later experiments, portions of these elements. Transformants were identified by their pm-r phenotypes. Transformants
that retained the micronucleus-specific DNA of each element in their mature, palindromic rDNA were identified by Southern blot analysis (not shown). These rDNAs
were isolated in whole-cell DNA preparations and introduced by microinjection into the macronuclei of strains HC76 and HC81 growing vegetatively. Transformants
were again identified on the basis of their pm-r phenotypes. The presence of the hybrid rDNA was confirmed by Southern blot analysis with radiolabeled probes specific
to the M or R element region. A representative example of this analysis is shown to the right. Whole-cell DNA was isolated from HC76 and HC81 (top gel) or the
injected lines (bottom gel). DNAs hybridized with the M-specific probe were digested with HindIII. DNAs hybridized with the R-specific probe were digested with BglII
and EcoRI. (Both probes are specific to macronuclear DNA; see Fig. 3.) The whole-cell DNAs from HC76 and HC81 contain the expected ratio (between 1:15 to 1:20)
of micronuclear fragments (Mmic and Rmic) and rearranged macronuclear fragments (MmacD0.6 and RmacD1.1) hybridizing to the corresponding probes (only the
0.6-kbp deleted form of the M element and not the 0.9-kbp deleted form is found in these strains). The major hybridizing DNAs of the HC76-M5B and HC81-M3A
samples correspond to 2.8-kbp Mmic rDNA fragments. These injected lines also contain rDNA molecules containing the 0.9-kbp deleted form of the M element which
was present in the original transformant DNA preparation used for microinjection (data not shown). The major hybridizing DNAs of the HC76-R8A and HC81-R7A
samples correspond to 2.2-kbp Rmic rDNA fragments. Comparable amounts of whole-cell DNAs were used for each lane, but the autoradiographs shown of the HC76
and HC81 DNAs were exposed approximately 100 times longer than those for the transformed lines. Therefore, the exogenous copies of the M and R elements on the
rDNAs are present in concentrations 100 times greater than the concentrations of the endogenous copies found in the macronuclear chromosomes. Once transformant
lines loaded with specific deletion elements were established, they were crossed and the effects of the deletion elements on conjugation and DNA deletion were studied.
True F1 progeny were identified by their cy-r mp-r phenotypes. Cbs, chromosomal breakage sequences.
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the rDNA transformation vector pD5H8, creating pDLCM4.
This plasmid was used to transform conjugating cells. Al-
though transformation with this type of rDNA plasmid usually
results in the deletion of the micronucleus-limited sequences
that are present on the vector (16), some transformants fail to
carry out the deletion process and contain mature rDNA car-
rying intact deletion elements. These rDNA species provided
us with a means to load cells with specific deletion elements
that normally are absent from macronuclei.
In order to conduct subsequent experiments using cell lines

with well-characterized genetic backgrounds rather than the
original transformed progeny, whole-cell DNAs containing the
Mmic rDNA minichromosomes were isolated from the trans-
formants described above and microinjected into the macro-
nuclei of mating strains HC76 and HC81. These strains are
heterokaryons for genetic markers encoding resistance to cy-
cloheximide and 6-methylpurine, respectively, that allow for
selection of progeny after conjugation. Transformants were
selected for paromomycin resistance. Southern blot analysis
identified transformed lines, HC76-M5B and HC81-M3A,
whose endogenous rDNAs had been mostly replaced with the
injected Mmic rDNA (Fig. 2). These lines were used in the
subsequent experiments.
Transformed lines HC76-M5B and HC81-M3A showed no

obvious differences from parental strains during vegetative
growth. These lines were crossed, and their progress through
new macronuclear development was monitored by phase-con-
trast and epifluorescence microscopy and compared with the
results of the matings of the uninjected HC76 and HC81 cells.
The transformed lines proceeded through the stages of nuclear
development normally, and the conjugating pairs separated at
about the same time as pairs of uninjected strains (data not
shown). No obvious abnormality in formation of the new ma-
cronuclei was detected. Individual pairs of mating cells were
cloned and tested for unique progeny phenotypes (resistance
to cycloheximide and 6-methylpurine) to assess the percent-
ages of conjugants giving rise to progeny. Both the control
strains (HC76 and HC81) and the transformed lines produced
high percentages of viable progeny (80 to 90%). Thus, the
progression of conjugation was not affected significantly by the
number of copies of the micronucleus-specific M element in
macronuclei.
Although nuclear differentiation appeared normal, we ob-

served that the process of micronuclear sequence deletion was
significantly affected. Whole-cell DNAs were isolated from
progeny (cultivated over 25 cell divisions), and the structures
of the M element loci were examined by Southern blot analysis
with a probe specific to DNA flanking the element. Only a
fraction (1/15 to 1/20) of a whole-cell DNA preparation is
micronuclear DNA; therefore, most of the hybridizing DNA
represents the progeny’s macronuclear chromosomes which
are present in about 50 copies per cell. The DNAs of the old
macronuclei are degraded prior to cell division of the progeny.
In the control mating of HC76 with HC81, the macronuclear
chromosomes of the synclonal lines (the combined progeny
derived from one mated pair) examined contained the two
expected rearranged forms resulting from the deletion of 0.6
and 0.9 kbp of germ line-specific sequences (Fig. 3A, lanes 1 to
3). A synclonal population is known to contain either one or a
mixture of both of the 0.6- and 0.9-kbp deleted forms which
occur at roughly equal frequencies (2, 5). Southern blot anal-
ysis of progeny DNAs from the HC76-M5B 3 HC81-M3A
(Mmic 3 Mmic) cross showed that they also contained some of
the two rearranged forms as expected. Interestingly, most of
the lines also contained significant amounts of unrearranged
DNA (Fig. 3A, lanes 4 to 6). Although the amounts of the

FIG. 3. Southern blot analysis of DNA from progeny derived from mating
parents whose macronuclei were loaded with micronuclear M or R elements.
Whole-cell DNA was isolated from three, representative synclonal populations
from each mating: lanes 1 to 3, HC76 3 HC81; lanes 4 to 6, HC76-M5B 3
HC81-M3A (Mmic 3 Mmic); lanes 7 to 9, HC76-R8A 3 HC81-R7A (Rmic 3
Rmic). DNAs were digested with restriction enzymes, fractionated by electro-
phoresis in agarose gels, and then transferred to nitrocellulose filters. DNAs on
filters were hybridized to specific, radiolabeled, macronuclear DNA fragments
and exposed to X-ray film. (A) DNAs were digested with HindIII and hybridized
to an M-specific probe; (B) DNAs were digested with both EcoRI and BglII and
hybridized with an R-specific probe; (C) DNAs were digested with EcoRI and
hybridized to a cam-specific probe. The hybridizing DNA fragments representing
the micronuclear forms (Mmic, Rmic, and cammic) and major macronuclear forms
(MmacD0.6 and MmacD0.9, the 0.6- and 0.9-kbp deletions of the M element,
respectively; RmacD1.1, the 1.1-kbp deleted form of the R element; and
cammacD1.4, the 1.4-kbp deleted form of cam) are indicated to the right of each
panel. The Mmic HindIII fragment is 2.8 kbp; the Rmic EcoRI-BglII fragment is
3.3 kbp; and the cammic EcoRI fragment is 6.6 kbp. The positions of some DNA
fragments of unique size representing aberrant deletion events are indicated by
the asterisks. A schematic diagram showing the genomic region containing both
the M and R elements and the region containing the cam element is given at the
bottom of the figure. The wide, open boxes depict macronucleus-destined DNAs.
The narrow, shaded boxes represent the M, R, and cam deletion elements as
indicated. The micronuclear form of each region is displayed on the top line. The
macronuclear forms are given below. The orientation of the CaM gene is des-
ignated by the arrow pointing in the direction of transcription. Restriction en-
donuclease sites used for the Southern blot analyses are indicated: H, HindIII;
Bg, BglII; and E, EcoRI. The DNA fragments that were radiolabeled and used
as M-, R-, and cam-specific probes are indicated by the bars labeled A, B, and C,
respectively, to correspond to the three panels of Southern blots.
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unrearranged DNA varied among synclonal lines, on average,
about half of the total number of chromosomal copies of the M
element remained unrearranged. Some lines completely failed
to delete the M elements, containing only the micronuclear
form of the M element (data not shown). The failure to rear-
range the M element is distinctly different from what has been
observed in normal matings. The unrearranged form of the M
element has never been detected in the macronuclei of typical
laboratory strains or their progeny (2, 5).
The presence of the chromosomes containing the M element

in newly differentiated macronuclei appears to result from an
epigenetic block of the deletion process rather than through
conventional genetic inheritance. Parental macronuclei are not
known to transmit genetic material to the progeny. The rDNA
carrying the M element in a macronucleus is not transmitted to
the progeny, since they are sensitive to paromomycin (data not
shown). Furthermore, wild-type M element DNAs that could
find entry into differentiating macronuclei would be expected
to be eliminated, as observed when deletion elements are mi-
croinjected into anlagen (16).
In order to determine whether this phenomenon is limited

to the M element, we crossed strains containing micronuclear
R element DNAs (Rmic) in their macronuclei. These strains
were generated in the same manner as the Mmic rDNA strains
(Fig. 2). A Rmic rDNA hybrid, containing 1.1 kbp of micronu-
cleus-specific DNA and 1.1 kbp of flanking DNA, was intro-
duced into the macronuclei of strains HC76 and HC81 by
microinjection, generating transformed lines HC76-R8A and
HC81-R7A, respectively. These transformants were crossed,
and deletions of the R element were examined in the progeny.
Southern blot analysis showed that the synclonal progeny from
the HC76 3 HC81 control mating contained only the rear-
ranged form of the R element in their macronuclei (Fig. 3B,
lanes 1 to 3) as expected (4). In contrast, the progeny from the
HC76-R8A 3 HC81-R7A (Rmic 3 Rmic) mating contained
significant amounts of the unrearranged, micronuclear form of
the R element (Fig. 3B, lanes 7 to 9). More than half of the
approximately 50 macronuclear copies retained the 1.1-kbp,
micronucleus-specific region. Thus, for both elements tested,
loading parental cells with the micronuclear forms of DNA
deletion elements interfered with normal DNA deletion during
macronuclear development.
Deletion elements in macronuclei primarily interfere with

their own deletion. In order to address whether the observed
block of DNA deletion was specific to the element present in
the parental macronuclei, we used Southern blot analysis to
examine the effect of the R element on M element deletion
and, likewise, the effect of the M element on R element dele-
tion. Progeny from the HC76-R8A 3 HC81-R7A mating
showed no observable failure to delete the M elements during
development (Fig. 3A, lanes 7 to 9). Progeny from the HC76-
M5B 3 HC81-M3A mating showed an observable but minor
failure to delete the R elements. The level of unrearranged R
elements remaining in the HC76-M5B 3 HC81-M3A progeny
(Fig. 3B, lanes 4 to 6) is much lower than that remaining in the
HC76-R8A 3 HC81-R7A progeny (Fig. 3B, lanes 7 to 9).
Nevertheless, the ability of the M element in a parent to block
R element deletion in the progeny clearly demonstrates that
the observed interference with deletion is an epigenetic phe-
nomenon.
To assess further this specificity, we examined a nonadjacent

deletion element that is located ;3.5 kbp upstream of the
calmodulin (CaM) gene (20). The presence of the M or the R
element in a parental macronucleus did not result in overall
failure to delete the 1.4-kbp micronucleus-specific DNA of the
CaM-associated (cam) element (Fig. 3C, lanes 1 to 9) (al-

though the level of aberrant deletion may be increased [dis-
cussed below]). The M and R elements also showed no obvious
interference with the elimination of the repetitive germ line-
limited sequences present in clone p2512 (data not shown),
which is distributed in approximately 200 regions of the Tetra-
hymena micronuclear genome (34). Overall, these results show
that DNA sequences present in parental macronuclei have a
specific epigenetic influence on the rearrangements of the
same sequences in developing macronuclei.
Although deletion of the M and R elements is quite precise,

as observed on Southern blots in the studies described above,
rare, aberrant deletion events that utilize novel endpoints were
observed. These aberrant deletion events (observed as DNA
fragments of unique sizes on Southern blots) appeared more
frequently in the progeny of cells containing deletion elements
in their macronuclei (e.g., Fig. 3B, lanes 5 and 6) than in the
progeny of normal matings (e.g., Fig. 3B, lane 3). We also
detected possible aberrant deletion of the cam element, result-
ing in a unique cam-hybridizing band on Southern blots. This
aberrant deletion was observed in both the progeny of the
control matings and matings of the cells containing M and R
elements (data not shown). It appeared to be in greater abun-
dance in the progeny of the latter, albeit in a limited sample
examined. These results indicate that the precision as well as
the efficiency of deletion is affected by the presence of micro-
nucleus-specific DNA in parental macronuclei.
Micronucleus-limited sequences are sufficient to inhibit

normal DNA deletion. The hybrid rDNAs in the above-de-
scribed matings contained both the micronucleus-limited se-
quences and the flanking macronucleus-destined sequences.
Both regions contain cis-acting sequences important for devel-
opmentally regulated DNA deletion. The macronucleus-des-
tined sequences contain flanking regulatory sequences that
determine the boundaries of deletion (7, 14, 15), and the de-
leted regions contain internal promoting sequences required to
stimulate deletion of a particular DNA sequence (31). In order
to determine whether the entire locus or just one of its com-
ponents is necessary to inhibit DNA deletion during macro-
nuclear development, we constructed hybrid rDNAs contain-
ing various portions of the M and R elements (Fig. 4, top).
These rDNAs contained either (i) the macronucleus-destined,
M element sequences corresponding to either the 0.6-kbp
(MmacD0.6) or 0.9-kbp (MmacD0.9) deleted form of the M
element; (ii) the right 0.6-kbp micronucleus-specific region of
the M element (Mint); (iii) the 1.1-kbp micronucleus-specific
region of the R element (Rint); or (iv) a chimeric deletion
element that contains the 1.1 kbp of micronucleus-specific R
element DNA replacing the right 0.6-kbp deleted region of the
M element (this chimeric element can be accurately deleted
when introduced into developing anlagen [31]). Each rDNA
was injected into the macronuclei of HC76 and HC81 cells, and
their presence was confirmed by Southern blot analysis (data
not shown).
Each HC76 transformant line was then crossed with the

HC81 transformant containing identical hybrid rDNAs. Con-
jugating pairs were isolated, and the resulting progeny were
cultivated. DNA was prepared and examined for rearrange-
ments of the chromosomal M and R elements by Southern blot
analysis (Fig. 4). Again, intact Mmic sequences, carried on the
rDNAs, primarily blocked deletion of the M element and Rmic
sequences inhibited rearrangement of the R element (Fig. 4A
and B, lanes 3 to 6). When lines containing the Mmic rDNA
were crossed with lines containing the Rmic rDNA, the syn-
clonal progeny often failed to delete both elements (Fig. 4A
and B, lanes 7 to 8).
The macronuclear forms of the M element, MmacD0.6 or
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MmacD0.9, were tested for their ability to inhibit M element
deletion. Both of these DNAs contain the flanking regulatory
sequence A5G5. These forms of the M element are normally
present in macronuclei, but they number only about 50 copies
per cell rather than the 9,000 copies found when they are
carried on the hybrid rDNAs. Neither macronuclear form,

when present at a high copy number, showed any effect on
deletion of the M element (Fig. 4A, lanes 9 to 12). In addition,
the ratio of the 0.6-kbp deletion to the 0.9-kbp deletion in new
macronuclei was not significantly altered despite the relative
abundance of a single rearranged form present in parent cells.
In contrast, crossing cell lines that contained the 0.6-kbp in-
ternal, deleted region produced progeny in which M element
deletion was significantly impaired (Fig. 4A, lanes 13 and 14).
The progeny also contained uniquely sized DNA fragments
hybridizing to the R-region probe, indicative of aberrant dele-
tion of the R element (Fig. 4B, lanes 13 and 14). The internal
1.1-kbp micronucleus-specific region of the R element was
sufficient to interfere with the deletion of the R element in the
progeny examined (Fig. 4B, lanes 15 and 16), but had little
effect on the deletion of the M element, confirming the spec-
ificity of this effect (Fig. 4A, lanes 15 and 16). To investigate
this point further, we tested the effect of a chimeric deletion
element containing the internal region of the R element in-
serted between the macronuclear sequences flanking the M
element. This chimeric element significantly inhibited R ele-
ment deletion during development (Fig. 4B, lanes 17 and 18),
again showing the sufficiency of the germ line-specific region to
block deletion. In at least one synclone examined, some failure
of M element deletion was also observed (Fig. 4A, lane 17).
Overall, the results obtained from crossing cell lines containing
the various portions of the M and R elements show that the
internal sequences normally deleted during development, and
not the sequences immediately surrounding them, epigeneti-
cally influence macronuclear development in a specific way
when these sequences remain in a parental macronucleus.
Interference with DNA deletion exhibits cytoplasmic domi-

nance. The synclonal population produced from each mating
pair consists of four caryonidal lines, i.e., descendants of four
cells (caryonides) each with independently formed macronu-
clei. This occurs because two macronuclear anlagen develop in
each partner, and these two anlagen are distributed to the two
daughters of the first cell division after pair separation. In the
analyses described above, the macronuclei of both mating part-
ners contained the introduced deletion elements; therefore, all
four new macronuclei of synclones are formed in similar cyto-
plasmic environments with regard to the excess of micronucle-
us-specific DNA elements. Cytoplasmic mixing occurs during
conjugation of T. thermophila (23). If the block of DNA dele-
tion we have observed is mediated through cytoplasmic com-
ponents, we might expect that deletion elements present in the
macronucleus of a single parent would affect DNA deletion
occurring in the other partner. Alternately, the normal mating
partner might be able to rescue the deletion block caused by
germ line-limited DNA within the mating partner’s macronu-
cleus.
To investigate the above possibility, HC76-M5B and HC81-

M3A were each crossed with their uninjected partners HC81
and HC76, respectively. Likewise, HC76-R8A and HC81-R7A
were also crossed with their respective uninjected partners.
Several pairs from each mating were isolated. Exconjugants
were separated, and caryonides were isolated after the first cell
division and cultivated. DNA was prepared, and the deletions
of the M and R elements were examined by Southern blot
analysis (Fig. 5). All four caryonides from the control HC76 3
HC81 mating pair had completely excised their M elements
from the macronuclear genome as expected (Fig. 5A, lanes 1 to
4). For two caryonidal sets from the HC76-M5B3HC81 cross,
one set showed failure to remove M sequences in all four
caryonides (Fig. 5A, lanes 5 to 8) while the other showed
failure to delete the M elements in three of four caryonides
(Fig. 5A, lanes 9 to 12). Similarly, for two caryonidal sets from

FIG. 4. The internal deleted region is sufficient to interfere with DNA dele-
tion. DNAs isolated from representative synclonal progeny derived from mating
parents whose macronuclei were loaded with various micronuclear and/or ma-
cronuclear sequences of the M and R elements were examined by Southern blot
analysis. The M and R element sequences present in the hybrid rDNAs of the
parents are diagrammed schematically at the top of the figure. The wide boxes
represent macronucleus-destined DNAs, and the narrow boxes indicate the in-
ternal, deleted sequences. The wide, open box represents sequences immediately
flanking the M element, and the wide, shaded box represents sequences flanking
the R element. The narrow, solid box indicates the internal (germ line-limited)
region of the M element eliminated in the 0.6-kbp deletion event, while the
narrow, shaded box indicates the additional 0.3 kbp eliminated in the 0.9-kbp
deletion of the M element. The narrow, hatched box represents the internal,
deleted sequence of the R element. DNAs were isolated from two independent
subclonal populations for each mating. The first two lanes of each gel contain
DNAs from a pair of synclones descended from mating HC76 3 HC81. Each
successive pair of lanes contains DNAs from two synclonal progeny derived from
mating strains whose macronuclei harbor hybrid rDNAs containing micronuclear
and/or macronuclear DNAs of the M and R elements. The DNAs present in the
hybrid rDNAs of the parents are listed above the lanes. The DNAs in gel A were
digested with HindIII and hybridized to the M-specific probe. The DNAs in gel
B were digested with BglII and EcoRI and hybridized with the R-specific probe.
The hybridizing DNA fragments corresponding to the micronuclear forms and
major rearranged macronuclear forms are indicated as described in the legend to
Fig. 3.
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a cross of HC76 with HC81-M3A, we observed failure of M
element deletion in three of four (Fig. 5A, lanes 13 to 16) and
two of four (Fig. 5A, lanes 17 to 20) caryonides. In the latter
case, the two affected caryonides were derived from different
exconjugants. We performed similar caryonidal analysis with
strains containing the Rmic rDNA. Two sets were examined
from the mating of HC76-R8B and HC81. The number of
deletions of the R elements was significantly reduced in three
of four caryonides of one set (Fig. 5B, lanes 1 to 4) and in two
of four caryonides (derived from different exconjugants) of the
other set (Fig. 5B, lanes 5 to 8). All four caryonides from the
one set analyzed from the HC76 3 HC81-R7A cross showed
failure to delete the R element (data not shown). Thus, in each
caryonidal set from these matings, at least one caryonidal line
originating from each exconjugant showed failure to delete the
M or R element. Therefore, the presence of micronucleus-
limited sequences in a parental macronucleus elicits a cytoplas-
mic dominant influence on the macronuclear development of
its mating partner, resulting in the inhibition of normal DNA
deletion.
Failure to delete micronucleus-specific DNA is heritable.

The macronuclei of normal cells are devoid of micronucleus-
specific sequences. Nevertheless, by introducing the M and R
elements on hybrid rDNAs, we have been able to produce cell
lines in the F1 generation that have retained these micronu-
cleus-specific DNAs in their macronuclear genomes. To deter-
mine whether the block of DNA deletion behaved as a heri-
table trait in these cells, we mated the F1 progeny lines that
contain a significant proportion of unrearranged copies of the
M element in their macronuclear DNAs (Fig. 6). In contrast to
the parental strains that contained approximately 9,000 extra
copies of the M element, these F1 cells contained about 50 or
fewer copies in their macronuclei. Five F1 cell lines were mated
in pairwise combinations with one another to produce F2 prog-
eny. Individual mating pairs were isolated and cultured, and
their DNAs were examined for the deletion of M elements by
Southern blot analysis. The analysis performed on 13 of 25 F2
synclonal lines is shown in Fig. 5. Much as we observed with the
F1 generation, many of these F2 progeny failed to delete the M
elements during macronuclear formation. The F2 cell lines
showed various amounts of unrearranged M elements in their
macronuclei. We did not observe any obvious correlation be-
tween the amount of M element deletion in the F2 macronuclei

and the amount of rearranged sequences in the parental (F1)
macronuclei. For example, lines F1-2 and F1-3 have few or no
deleted forms of the M element in their macronuclei; however,
their two synclonal progeny examined were only slightly im-
paired in M element deletion. On the other hand, lines F1-4
and F1-5 contain some amount of deleted copies of the M
element (approximately one-fourth to one-third of their M
element copies are rearranged), but their four synclonal prog-
eny examined exhibited extensive failure to delete the M ele-
ment. These results indicate that the block of DNA deletion
that was created by epigenetic perturbation is perpetuated in

FIG. 5. Caryonidal analysis of mating strains in which a single partner is loaded with micronuclear M or R element DNA. HC76 and HC81 were mated together
(lanes 1 to 4) or crossed with a mating partner containing the Mmic or Rmic hybrid rDNA (lanes 5 to 20). Exconjugants of individual pairs were isolated and followed
until the first cell division. The two cells from this caryonidal division were then separated and maintained as separate cell lines. DNAs were isolated from the four
caryonidal lines descended from each mated pair. After digestion with HindIII (A) or BglII and EcoRI together (B), DNAs were fractionated on agarose gels,
transferred to nitrocellulose, and hybridized with the M-specific probe (A) or R-specific probe (B). Hybridized filters were analyzed by autoradiography. Each set of
four lanes contains DNAs isolated from four independent caryonides. The first two lanes of each set contain DNAs from the caryonidal lines derived from one
exconjugant (a) and the second two lanes contain DNAs from the other exconjugant (b). The names of the two strains mated are given above each set of four lanes.
The bands corresponding to micronuclear and macronuclear forms of the M and R element loci are indicated as in Fig. 3.

FIG. 6. Southern blot analyses of F2 progeny show failure to efficiently delete
M elements. Five F1 progeny that failed to delete the M element were grown to
sexual maturity, starved, and mated. Whole-cell DNAs were isolated from the
resulting F2 synclonal progeny. DNAs were digested with HindIII, fractionated
by electrophoresis, blotted to nitrocellulose, and hybridized with the M-specific
probe. Autoradiographs of hybridized filters are shown. The top gel shows the
hybridization pattern of the F1 cells used for mating to give rise to the F2 lines.
The F1 macronuclei contain either the micronuclear form of the M element only
or a combination of micronuclear and deleted forms lacking the internal 0.6 or
0.9 kbp. For each of the five pairwise F1 matings, two to four synclonal progeny
(labeled a to d) were analyzed and the results are shown below the analysis of
their respective parents. The bands corresponding to micronuclear and macro-
nuclear forms of the M element are indicated to the right as in Fig. 3.
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these cells though a sexual generation and has become a non-
Mendelian, inheritable trait.

DISCUSSION

Non-Mendelian inheritance in macronuclear differentia-
tion. In the above report, we have shown that the presence of
micronucleus-specific deletion elements in parental macronu-
clei blocks normal DNA deletion during new macronuclear
development in T. thermophila. When either the M or R ele-
ment was maintained at a high copy number on macronuclear
rDNAs, it significantly inhibited the deletion of chromosomal
copies of the M or R element, respectively. Since parental
macronuclei do not transmit genetic material during conjuga-
tion, the macronuclear genome of the progeny is clearly af-
fected in a nongenic way by the abnormal presence of these
deletion elements. This induced failure of DNA deletion ex-
hibits clear cytoplasmic dominance. The presence of micronu-
cleus-specific sequences in a single parent of a conjugating pair
is sufficient to cause failure to remove these sequences in all
four caryonidal progeny. Furthermore, the failure to remove a
particular deletion element becomes a heritable property of
the progeny lines and does not require the excessively high
copy numbers of the deletion element carried on the rDNAs.
This phenomenon is a clear example of non-Mendelian inher-
itance in T. thermophila described at the molecular level. DNA
deletion of the M and R elements is one of the best-under-
stood examples of DNA rearrangements in ciliates and there-
fore provides an excellent system to explore the nucleocyto-
plasmic interactions that permit a parental macronucleus to
affect inheritance.
The genetic enigma of non-Mendelian, nuclear inheritance

was recognized in studies of mating-type determination in Par-
amecium spp. (reviewed in reference 27). The early observa-
tion was that the primary determinant is the existing mating
type, either O or E, of each partner. In sexual reproduction,
the caryonidal progeny descending from the O conjugant dif-
ferentiate to express mating type O and the progeny descend-
ing from the E conjugant differentiate to express E, despite
each conjugant having identical zygotic genetic information.
However, if significant cytoplasmic exchange occurs, macronu-
clei that develop in an O cytoplasm can differentiate to express
E. Although these long-standing observations clearly demon-
strate that mating-type differentiation involves a cytoplasmic
component determined by parental macronuclei, the molecu-
lar basis for this phenomenon is not yet understood.
An initial connection between non-Mendelian inheritance

and DNA rearrangements occurring during macronuclear de-
velopment was provided by the Paramecium mutant d48. The
A surface protein gene is not expressed in d48 strains, because
the A gene is missing from macronuclei (10). The A gene is
present in micronuclei, but a defect in DNA processing during
development results in the loss of the end of the macronuclear
chromosome containing the gene (13). This defect is heritable,
but it is determined cytoplasmically within each mating part-
ner. Nucleoplasm from a wild-type cell (19) or even cloned
portions of the A gene itself (21, 39) are sufficient to rescue the
mutant phenotype in subsequent generations. Nonetheless, the
molecular mechanism for producing and rescuing the d48 mu-
tation remains unknown.
A recent observation has further established a possible link

between non-Mendelian inheritance and DNA rearrange-
ments in Paramecium spp. The excision of a 222-bp internal
eliminated sequence interrupting the G gene of Paramecium
tetraurelia is subject to epigenetic regulation (9). The rear-
rangement state, with or without the internal eliminated se-

quence, of the G gene within progeny is determined by the
state of the gene in parental macronuclei. That study has
shown that developmentally programmed DNA deletion oc-
curring in Paramecium spp. can be influenced by parental ma-
cronuclei, as we have shown above, quite independently, for
deletion elements in T. thermophila.
Examples of non-Mendelian inheritance (excluding organel-

lar inheritance) in organisms other than Paramecium spp. are
very limited. A possible precedent for nucleocytoplasmic in-
teractions affecting inheritance has been genetically described
in studies of mutants defective for SerH gene expression in T.
thermophila (8). Expression of some of these mutants could be
restored by the exchange of wild-type cytoplasm during conju-
gation. Proper SerH expression in the progeny was dependent
upon its prior expression in parental macronuclei. Although
defects in the developmental processing of the SerH gene have
been proposed to explain the behavior of these mutants, the
molecular basis for this inheritance is still unknown. Our study
clearly demonstrates that DNA deletion in T. thermophila can
be affected by the rearrangement state of the same sequence in
parental macronuclei. It shows that the ability of parental ma-
cronuclei to influence DNA rearrangement is not limited to
the Paramecium genus and could be a common property of
ciliates, as Tetrahymena spp. and Paramecium spp. are fairly
distant evolutionarily (6, 18). Our description of non-Mende-
lian inheritance in the well-studied system of Tetrahymena de-
letion elements is an important step toward dispelling the
mystery of these epigenetic phenomena.
Mechanisms and control of DNA deletion. The inhibition of

DNA deletion of the M and R elements provides us with a
better understanding of the mechanism of deletion as well.
First, we have found that the cell can distinguish among dif-
ferent deletion elements. The M and R elements greatly inhibit
their own deletion, but neither element severely blocks rear-
rangement of the other element or a third (cam) element. This
element specificity is not absolute, however, since the M ele-
ment does interfere with R element deletion, albeit to a much
lesser extent than with its own deletion. Because we have
examined only a few of the several thousand deletion elements,
it remains possible that other, unexamined elements are af-
fected also.
From this study, it is clear that the sequences entirely within

the micronucleus-specific DNA are sufficient to distinguish one
element from another. The internal, deleted region of the R
element blocks R element deletion even in the context of the
M element macronucleus-destined sequence (the MRint chi-
meric element). Although the DNAs immediately flanking de-
letion elements are sufficient to determine the boundaries of
deletion (these sequences are different between the M and R
elements) (16), M element-flanking DNA when present at a
high copy number had little or no effect on deletion. This
perhaps is not surprising, since these sequences are normally
found in macronuclei. trans-acting factors that function at
these flanking regulatory sequences may not be able to enter
old macronuclei, or the recognition of these sequences may
require the action of cis-acting sequences found within the
deletion elements. In support of the second possibility, a low
level of interference with M element deletion was observed in
matings of cells containing the MRint chimeric element
whereas no interference was detected when the M element-
flanking DNA alone was present in the parental rDNA.
Although the M, R, and cam elements appear to be mostly

distinct from one another, it seems unlikely that each of the
estimated 6,000 deletion elements is unique in regard to its
deletion requirements. It is possible that there are different
classes of deletion elements, each of whose members has sim-
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ilar or identical requirements for deletion. Alternatively, each
element may contain several sequence components that inter-
act with different trans-acting factors. The combined action of
these components would be necessary to promote efficient
deletion of each element. Any particular component may be
shared among some elements, but most elements would have a
unique combination of these components. Therefore, each el-
ement would specifically interfere with its own deletion and
also interfere with the deletion of other elements to different
extents if they have some common components. Such partially
overlapping deletion requirements may explain the ability of
the M element to interfere somewhat with R element deletion,
especially if the shared component is more important for R
element deletion than for the M element. Partial interference
may also explain the increase in aberrant deletion events ob-
served. While interfering with most or all of the cis-acting
sequence components results in complete failure of deletion,
inhibiting the action of fewer components may result in aber-
rant deletion. Consistent with this view, multiple regions of the
M element internal region appear to be required for full de-
letion activity (31).
One of the most striking properties of this phenomenon is

the dominant nature of the interference. Cytoplasm is known
to be exchanged in mating T. thermophila organisms. By radio-
labeling macromolecules in one partner of a mating pair, Mc-
Donald (23) showed that thorough mixing of cytoplasms can be
obtained between the time cells initially pair and the develop-
mental stage during which DNA deletion occurs. If the effect
we have observed is transmitted through cytoplasms, it must be
initiated sufficiently early in the developmental process in or-
der to permit cytoplasmic exchange between partners. The
interference with DNA deletion we have observed here must
be quite strong to affect the opposite mating partner. Despite
this strength, the effect appears somewhat variable since not all
copies of a deletion element are affected nor are both nuclei
that differentiated in the same cell equally blocked. One pos-
sible explanation could be that developing nuclei are sensitive
to the block during a limited period.
The epigenetic block of DNA deletion that we have ob-

served is manifested as a heritable trait. The F1 lines that
retained deletion elements in their macronuclei produced
progeny (the F2 lines) that also failed to delete these elements.
In this respect, this phenomenon is similar to examples of
non-Mendelian inheritance observed in Paramecium spp. At
first appearance, it seemed somewhat surprising that the F2
progeny also showed failure to delete the M elements. The F1
lines contained #50 copies of the Mmic sequences, and yet
their progeny appeared to be as affected in DNA deletion as
the progeny (the F1 lines) that came from parents containing
thousands of Mmic copies. However, it is possible that other
deletion elements which we have not examined are retained in
the macronuclei of these F1 lines, resulting in a much higher,
effective copy number of deletion elements. It is clear that the
presence of deletion elements in parental macronuclei serves
as an epigenetic means of establishing a heritable rearrange-
ment state. In addition, the ability to retain specific DNA
deletion elements in macronuclei gives us the potential to
study these usually germ line-limited sequences and thereby to
elucidate their normal micronuclear functions and their poten-
tial actions during development.
The mechanisms evoked to explain the inhibition of deletion

must account for the element specificity, the cytoplasmic dom-
inance, and the heritability that we have observed. The sim-
plest interpretation is that micronucleus-specific sequences in
the parental macronucleus sequester trans-acting factors nec-
essary for DNA deletion. Such factors must be in limited sup-

ply, must be able to pass through the conjugation junction
formed between mated cells, and must be able to enter paren-
tal macronuclei. To account for the observed element speci-
ficity, the factors used for M element deletion must be mostly
different from those required for R element deletion. The
cross-interference of R element deletion caused by the M
element could result from a common factor that recognizes a
component found in both elements, as discussed earlier. The
limiting factors sequestered must be expressed early to allow
diffusion from the wild-type conjugant in order to account for
the dominant nature of the block. It is formally possible that
the deletion elements themselves escape from old macronuclei
and diffuse to the wild-type conjugating partners to compete
for the limiting factors.
Putative sequestration of trans-acting factors would require

only passive roles of the deletion elements. However, we can-
not exclude the possibility that these sequences play more
active roles by sending signals to the developing macronuclei
directing which sequences are to be retained in the progeny.
These signals could be encoded by the deletion elements them-
selves, thus achieving the element specificities observed. The
presence of an unrearranged form would send an incorrect
signal, thus affecting normal deletion. This model can account
for inheritance in subsequent generations, since once a partic-
ular DNA sequence is found in macronuclei, the signal could
be sent repeatedly.
The potential involvement of a signal in the deletion process

raises the possibility that DNA rearrangement is directed by a
nucleic acid template molecule. This template, sent from old
macronuclei, would provide replicas of the parental rearrange-
ment patterns to be copied into developing macronuclei. Our
data argue against this possibility. If a template guides dele-
tion, we would expect that progeny macronuclei would reflect
the DNA composition of the parent. Contrary to this expecta-
tion, mating cells that contained either the 0.6- or 0.9-kbp
deleted form of the M element on high-copy-number rDNA
vectors did not give rise to progeny having a large proportion
of the deleted form present in the parent. Furthermore, mating
F1 lines (e.g., F1-2 3 F1-3) that contained only the unrear-
ranged form of the M element gave rise to progeny that con-
tained deleted forms of the M element without the preexis-
tence of a template for that form in these cells. These results
provide convincing evidence against the participation of a tem-
plate guiding normal deletion.
For decades, the intriguing phenomenon of non-Mendelian

inheritance has remained a challenging genetic enigma pecu-
liar to Paramecium spp. Recent molecular descriptions of this
process have begun to deepen our understanding, but a mech-
anism that would explain this mode of inheritance is still want-
ing. We have shown that parental macronuclei can impose
specific constraints on developmentally programmed DNA re-
arrangements in T. thermophila. Therefore, non-Mendelian in-
heritance is a phenomenon not limited to Paramecium spp. and
could be a common genetic property among ciliates. Using the
molecular tools available in T. thermophila and a well-studied
process of DNA rearrangement, we can move forward to a
clearer understanding of the molecular basis of these remark-
able effects on genetic inheritance.
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