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DNA deletion by site-specffic chromosome breakage and rejoining occurs extensively during macronuclear
development in the ciliate Tetrahymena thermophila. We have sequenced both the micronuclear (germ line) and
rearranged macronuclear (somatic) forms of one region from which 1.1 kilobases of micronuclear DNA are
reproducibly deleted during macronuclear development. The deletion junctions lie within a pair of 6-base-pair
direct repeats. The termini of the deleted sequence are not inverted repeats. The precision of deletion at the
nucleotide level was also characterized by hybridization with a synthetic oligonucleotide matching the
determined macronuclear (rejoined) junction sequence. This deletion occurs in a remarkably sequence-specific
manner. However, a very minor degree of variability in the macronuclear junction sequences was detected and
was shown to be inherent in the mechanism of deletion itself. These results suggest that DNA deletion during
macronuclear development in T. thermophila may constitute a novel type ofDNA recombination and that it can
create sequence heterogeneity on the order of a few base pairs at rejoining junctions.

Developmentally regulated DNA rearrangement via chro-
mosome breakage and rejoining is known to occur with
important phenotypic consequences in several diverse sys-
tems, from the cyanobacterium Anabaena sp. (21) to the
vertebrate immune system (reviewed in references 26 and
45). Among the genomes most extensively rearranged during
development are the macronuclear genomes of several cili-
ates; within the same nucleus, chromosome breakage is
followed by telomere addition in some cases and chromo-
some rejoining in others (reviewed in references 6, 8, and
32). Some of these rearrangement events result in the
elimination of significant amounts of micronuclear (germ
line) DNA sequence from the macronuclear (somatic)
genome. Studies of DNA renaturation kinetics have sug-
gested that 10 to 20% of the micronuclear genome of the
holotrich Tetrahymena thermophila (52) and over 95% of the
micronuclear genomes of the hypotrichs Stylonychia mytilus
(4) and Oxytricha sp. (34) are eliminated from the
macronuclear genomes of these ciliates.

Interstitial deletion (i.e., deletion-rejoining) is known to
occur in T. thermophila (11, 51, 54) during a specific stage of
macronuclear development (5, 9). Such rearrangements ap-
pear to be the primary mechanism of sequence elimination
(28, 51). Molecular cloning and Southern hybridization ex-
periments suggest that deletion occurs on average once
every 30 to 40 kilobases (kb) and that some 5,000 such sites
exist in the genome (51). Characterized deletion events
appear to be highly regulated, occurring in over 90% of the
cells in a conjugating population within a 2-h period (5). The
recognition sequences and the mechanism(s) responsible for
such extensive, developmentally regulated genome rear-
rangement, as well as the functions of these deletions, are
unknown.

In this paper, we present the sequences involved in a
previously characterized 1.1-kb deletion in T. thermophila
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(5, 51). The structure of the junction sequences bears sur-
prisingly little similarity to those of known DNA rearrange-
ment sites in other organisms, which raises the interesting
possibility that DNA deletion in T. thermophila involves a
novel mechanism of recombination. Using hybridization to
an oligonucleotide probe, we have also found the deletion
process in this region to be remarkably consistent at the
nucleotide level, although not without a potentially signifi-
cant degree of variability. The nucleotide sequence of the
deleted and flanking DNA suggests that this rearrangement
does not occur within or extremely near a coding region.

MATERIALS AND METHODS
DNA clones. As previously described (51), we isolated

recombinant bacteriophages containing part (cTt4O4) or all
(e.g., cTt455) of a unique EcoRI fragment from the
micronuclear genome of T. thermophila B1868-IV and
cloned the corresponding macronuclear sequences from the
same strain in four independently isolated recombinant
phages (cTtllO4, cTtllO7, cTtlllO, and cTtllll). Each of
the four macronuclear clones contains a faithful copy of the
same unique region of the macronuclear genome (51).
cTtllO7 was selected for previous studies (5, 51) because it
grows better than the others, probably because it retains the
vector stuffer fragment (C. Austerberry, unpublished obser-
vations). cTtlllO was chosen for sequence determination
because the absence of the vector stuffer fragment facilitates
gel purification of certain restriction fragments. Restriction
fragments of cTt4O4 and cTtlllO DNAs were prepared and
subcloned in plasmid pUC13 as described previously (5).

Sequencing. Most sequencing was done by the base-
specific chemical-cleavage method of Maxam and Gilbert
(36). CsCl gradient-purified plasmid DNAs were digested
with appropriate restriction enzymes and labeled by having
the 3' ends filled in with the large fragment of Escherichia
coli DNA polymerase. Subsequent procedures for DNA
sequencing were as described by Maxam and Gilbert (37).
Ambiguities were resolved by sequencing the regions in
question by the enzymatic chain termination method (42) as
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modified for denatured plasmid templates (25). Sequencing
gels 1-ft wide and 3-ft long (ca. 30 by 91 cm) were used for
the chemical cleavage method, and gels 20 by 38 cm were
used for the enzymatic method. Sequences were analyzed on
a VAX computer (Digital Equipment Corp.) by using soft-
ware written by Wayne Barnes, Biomedical Research Com-
puting Facility, Washington University, and on a Macintosh
computer (Apple Computer) by using DNA Inspector II
software (Textco).
Inbred T. thermophila strains. Strains B1868-III, B1868-

IV, B1868-V, CU399, CU401, CU409, CU427, and CU428
were generously provided by P. Bruns, Cornell University,
Ithaca, N.Y. Strains A*III, A1873-I, C1564-VI, and F1668-II
were generously provided by D. Nanney, University of
Illinois, Urbana. Strain C3-368-V was generously provided
by E. Blackburn, University of California, Berkeley. Cells
were maintained as stocks and grown for mating or DNA
isolation as described previously (23).

Caryonidal analysis. Mating was carried out essentially as
described by Martindale et al. (35). Exconjugants and
caryonides were isolated into individual drops. Caryonidal
clones were used to inoculate tube stocks in 1% proteose
peptone and were tested for resistance to cycloheximide and
6-methylpurine at 25 and 15 ,ug/ml, respectively.
Round I of genomic exclusion (2) was carried out by

isolating pairs from matings of CU427 or CU428 and A*III.
Round I exconjugants were subsequently isolated and estab-
lished as clonal cultures. Cells derived from the same round
I pair were remated in round II. Pairs, exconjugants, and
caryonides of the round II matings were subsequently iso-
lated and tested for drug resistance (cycloheximide and
6-methylpurine for CU427 and Cu428, respectively).
DNA isolation. Micronuclei and macronuclei were isolated

as described previously (23). DNA was purified from iso-
lated nuclei or whole cells of inbred lines as described
previously (51). DNA from caryonides and their subclones
was purified from whole cells by a rapid method. We have
used this method for cultures from 1.5 to 60 ml in volume.
Cells were collected by low-speed (400 to 1,100 x g)
centrifugation and suspended in 0.05 to 0.15 culture volumes
of NDS (1% [wt/vol] sodium decyl sulfate, 0.5 M disodium
EDTA, 10 mM Tris hydrochloride [pH 9.5]) containing 100
,ug of proteinase K per ml. The cells were lysed by incuba-
tion at 60 to 65°C for from 2 h to overnight. To the lysate was
added an equal volume of 12% polyethylene glycol (average
molecular weight, 8,000)-1.2 M NaCl. After being mixed,
the samples were kept on ice for at least 1 h. The samples
were centrifuged at 12,000 to 15,000 x g for 5 min or more
(depending on sample volume). The pellets were washed
twice with 70% ethanol, dried briefly in vacuo, and sus-
pended in a volume of TE (10 mM Tris hydrochloride [pH
8.0], 1 mM disodium EDTA) approximately equal to the
lysate volume. RNA was removed from some preparations
by digestion with 100 ,ug of ribonuclease A per ml in 0.3 M
sodium acetate-20 mM disodium EDTA-10 mM Tris hydro-
chloride (pH 8.0) at 37°C for 1 h. All samples were extracted
with equal volumes of phenol equilibrated with sample buffer
and then extracted with ether or chloroform (two or more
times) to remove phenol. DNA was precipitated with 2
volumes of ethanol, rinsed with 70% ethanol, dried in vacuo,
and suspended in TE.
Genomic Southern blots. Nuclear or whole-cell DNAs

were digested to completion with Hindlll (New England
BioLabs) in buffer recommended by the supplier and elec-
trophoresed in 1% agarose gels as described previously (50).
DNA fragments were transferred by capillary blotting to

nitrocellulose or Nytran nylon membrane filters (0.45 lim
pore size) (both from Schleicher & Schuell) by the method of
Southern (43) with slight modifications.

Hybridization probes. The 24-mer 5'-GATTTATA
AACAACAATTTGAATG-3' was made on an Applied Bio-
systems DNA synthesizer by the Washington University
Protein Chemistry Facility and was received in lyophilized
form. The oligonucleotide was desalted by chromatography
in a Sephadex (Pharmacia, Inc.) G-25 column and stored
frozen in TE. The oligonucleotide was labeled with 32P by
using T4 polynucleotide kinase (New England BioLabs) as
described previously (37). The oligonucleotide was partially
purified from other reactants by ethanol precipitation. Typ-
ically, ca. 33% of the input radioactivity was recovered in
the product.
A pUC13 plasmid subclone containing the BglII-EcoRI

fragment in region R of cTtlllO and a gel-purified XbaI-
HindIll fragment of this subclone (see Fig. 1) were also used
as probes. The XbaI-HindIII fragment was isolated from the
plasmid subclone on a low-temperature agrarose gel as
previously described (51). Both probes were labeled with 32p
by nick translation (40).

Hybridizations with JlllOR. Filters were preincubated at
the hybridization temperature (see figure legends) in oligo-
nucleotide hybridization solution, which contained 6x SSPE
(1 x SSPE is 0.18 M NaCl, 10 mM NaH2PO4, 1 mM disodium
EDTA [pH adjusted to 7.4 with NaOH]), 0.5% (wt/vol)
sodium dodecyl sulfate, 0.1 M Tris hydrochloride (pH 8.0),
and 2.5x Denhardt solution (15). Kinased oligonucleotide
(JlllOR) (107 dpm/ml) was added and incubated with filters
for at least 24 h. Filters were washed in 2x SSPE with 0.1%
(wt/vol) sodium dodecyl sulfate at room temperature and
subsequently in various concentrations of SSPE at room
temperature or 37°C for at least 30 min to obtain the desired
stringency.

Rehybridizations with the larger region R probes and
subsequent washings were carried out as previously de-
scribed (51), with SSPE substituting for SSC (1 x SSC is 0.15
M NaCl plus 0.015 M sodium citrate). These conditions (60
to 65°C) removed any remaining JillOR probe.

Filters were exposed to Kodak XAR-5 film at -80°C with
intensifying screens.

RESULTS

Sequence comparison of micronuclear and macronuclear
DNAs at a rearrangement site. We previously reported the
molecular cloning and characterization of a 9.5-kb EcoRI
fragment from the T. thermophila micronuclear genome
containing at least three distinct micronucleus-limited se-
quences (51). The corresponding macronuclear EcoRI frag-
ment was also cloned, and restriction maps of the two clones
were compared to further localize the micronucleus-limited
sequences. Both EcoRI fragments were divided into regions
specified as L (left), M (middle), and R (right), each
micronuclear region containing a micronucleus-limited se-
quence (5). All three micronucleus-limited sequences were
shown to be deleted and degraded and the flanking se-
quences to be rejoined in the developing macronuclei of
conjugating cells (5). We have now determined the sequence
of a 1.8-kb portion of the micronuclear region R DNA known
to contain a 1.1-kb micronucleus-limited sequence. The
sequence of the corresponding macronuclear region R DNA
was also determined. The sequencing strategy is shown in
Fig. 1.
The results (Fig. 2) reveal that the micronuclear sequence
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contains 1.1 kb of DNA that is absent from the macronuclear
sequence, as predicted by the restriction map. No other
differences were found between the micronuclear and
macronuclear sequences. The complete identity between the
clones from the two genomes for the sequences immediately
flanking the micronucleus-limited sequence, 327 bp flanking
the 5' end and 413 bp flanking the 3' end, reveals that the
deletion event was not accompanied by other rearrange-
ments in this region. The micronucleus-limited sequence is
1,085 bp in length. Both the micronucleus-limited and
flanking DNA sequences are rather consistently A+T rich
(83% A+T overall).
The junctions of the micronucleus-limited sequence lie

within a 6-base-pair (bp) direct repeat (5'-TAAACA-3'; Fig.
2). The circled A nucleotides in both repeats (nucleotides 328
and 1413) define the actual boundaries of the micronucleus-
limited sequence. One of these two A nucleotides is present
in the macronucleus; the sequence does not reveal which
one was deleted and which was retained. Nonetheless, it is
clear that neither repeat was entirely deleted.
Arrows in Fig. 2 identify the three additional 5'-TAAACA-

3' sequences in the 1,835 nucleotides examined; the comple-
mentary strand contains no 5'-TAAACA-3' sequences (data
not shown). Restriction mapping results suggest that none of
these additional sites are used as alternative deletion junc-
tions (C. Austerberry, unpublished observations).

Figure 3 shows the micronuclear and macronuclear junc-
tions and highlights some of the local sequence structure.
The terminal 6-bp direct repeats in which the strand break-
ages occur are identified by a shaded background. We also
noted that the first few base pairs immediately adjacent to
the outside of the direct repeats (arrows) are similar in
sequence on a given strand but opposite in 5'-3' orientation.
We shall refer to these structures as reverse repeats to
distinguish them from inverted repeats (in which the same
5'-3' sequence occurs on opposite strands and may poten-
tially form intrastrand secondary structures).
The termini of the region R micronucleus-limited DNA are

not inverted repeats of one another, nor are they related in
any other apparent way (Fig. 3). Compact inverted repeats
with 1-bp separations lie outside each junction in the nearby
flanking retained DNA and are shown in Fig. 3 as stem
structures arbitrarily displayed with the maximum number of
Watson-Crick base pairs. Several additional short direct,
reverse, and inverted repeat structures exist throughout the
micronucleus-limited and flanking sequence (data not
shown).
The direct repeat sequence (CCCCAA), found at the ends

of macronuclear DNA molecules (7, 53), and permutations
of this sequence, occur in multiple copies internally in some
micronucleus-limited DNA (10, 12, 49, 50, 54). Only a single
hexanucleotide sequence resembling the telomeric repeat
unit is contained in the region we analyzed, and it lies
roughly in the center of the micronucleus-limited DNA
(underlined in Fig. 2; nucleotides 1066 to 1071). On a random
basis, one such hexanucleotide would be expected in every
30 kb of Tetrahymena DNA. Whether it has any biological
significance in this particular instance is not clear.

Deletion in region R is highly sequence specific. Previous
restriction mapping studies (5, 51; unpublished observations)
showed that each occurrence of deletion in region R re-
moved the same length of DNA (1.1 kb) to within the
resolution of these experiments, approximately 20 to 50 bp.
Knowledge of the junction sequence formed in macronuclear
region R by one deletion event allowed us to begin charac-
terizing the precision of this process at the nucleotide level
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FIG. 1. Nucleotide sequencing strategy. Cloned micronuclear
(cTt404; top) and macronuclear (cTtlllO; bottom) DNAs from
region R of strain B1868-IV were sequenced by the strategy repre-
sented by arrows over the micronuclear and under the macronuclear
restriction maps. Open circles indicate that some (<10) bases most
proximal to the restriction site were not determined in the particular
experiment represented by the arrow; arrows with solid circles
indicate that all bases, up to and including the restriction site, were
determined. The triangles and connecting diagonal lines show the
locations of deletion junctions. The heavy bars beneath the
macronuclear map show the DNAs labeled by nick translation for
use as probes of region R. Abbreviations: Hh, HhaI; B, BglII; H,
HindIII; S, Sau3A; T, TaqI, F, Hinfl; X, XbaI; E, EcoRI.

as well. Of particular importance is knowledge of whether
any variation in the junction sequences resulting from DNA
deletion in region R is due to (i) differences among genomes
prior to rearrangement or (ii) epigenetic variability inherent
in the rearrangement process itself. The techniques of
caryonidal analysis and genomic exclusion in T. thermophila
provide an excellent system for distinguishing genetic from
epigenetic variation (reviewed in reference 3). The macro-
nuclei (and micronuclei) of caryonides are derived from two
identical zygotic nuclei, one formed in each conjugating cell
through a reciprocal exchange process. Genomic exclusion
(2) allows the construction of completely homozygous zy-
gotic nuclei in both conjugants. Because the genomes under-
going rearrangement in the second round of genomic exclu-
sion matings are homozygous, any diversity at a particular
locus in the resulting macronuclear genomes, whether within
one caryonide or between caryonides, must reflect variabil-
ity in the rearrangement process itself.

Hybridization experiments with oligodeoxyribonucleotide
probes have been used to distinguish between sequences
differing by as little as 1 bp in genomic DNAs bound to filters
(reviewed in reference 29). We therefore probed blots of
HindIll-digested DNAs from various strains of T. thermo-
phila with a 24-mer (JlllOR; Fig. 3) matching the sequence
surrounding the junction in region R of phage clone cTtlllO.
The junction is at the center of the oligonucleotide. Any
hybrids between the oligonucleotide probe and the filter-
bound DNAs that contained mismatches, especially in the
center of the oligonucleotide, would have significantly lower
thermal stability than perfectly matched hybrids would (47).
The hybridization conditions used in all experiments were of
low stringency, allowing imperfect hybrids to form. Strin-
gency was increased in steps through a series of washes at
progressively lower ionic strengths, with film exposures
obtained after each wash. The same filters were finally
rehybridized with a larger probe from cTtlllO (Fig. 1)
comprising a significant portion of macronuclear region R;
the larger probe should detect all junction-containing frag-
ments regardless of the precise sequence at the junction. We
probed Southern blots of genomic DNAs from caryonides of
normal matings (CU427 x CU428), genomic exclusion
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10 20 30 40 50 60 70 80 90 100 110 120
GTTAGAGTTTGATAATATTACAACAAAATTTTAACTATAAAAAAAGTAAAGAATTATCTAATAAACCTTTAAGTATTTTAGTGTTTTTTTATATCAAATTAAATACCAAATGTATGTATT

130 140 150 160 170 180 190 200 210 220 230 240
TATGTATACTCTAAAAATATCTAACTAATTAAATAAcTAAAATAcTAAATTATTcTTTATAATcTGAcTcTTTAATAAAAAATTTATAAAAATAAATAAAATGAAATcTTAAGTTAGAAT

HinfI

250 260 270 280 290 300 310 320 330 340 350 360
AGAAATTAATATAATTATAATTTTAAACAGTGTAAAACCCAAAAAGCTAATTAAAAATCAAAATCTATAAATCTAAGATTTATAAAX GTGATTCAAAAAAATGGTGGGAATTTTTGTAT
___> HinfI

370 380 390 400 410 420 430 440 450 460 470 480
TTTTTGGTTAAAATAAACTTTTTTATGAAAATAAAATTTTATTGTTGCCAAAATATTATTTTTTTATCAGCATATTTTTATTTGAAAAATACAAATAAATATGAACGAAGTATTTCCGTT

490 500 510 520 530 540 550 560 570 580 590 600
A6AAAAATATACTAAAATCCTATAACCTGACTAATTAAAATTAAATATAAAGTAAAAATAAATATATGATACTTAGAAATAATTAAACCTTTAAGGTAATATCATAAACTTTTATTTTCA

610 620 630 640 650 660 670 680 690 700 710 720
GAAAAATGATTAGTTTGAAGTAAGACAAGAAAAAATTTTTTTTTTTTAAGAGATAGCCAACATGAGGTAAATTGAGGAGGGGAGCAATCAACCAAAAATTAATTTTTGCGATGTTTTACT

730 740 750 760 770 780 790 800 810 820 830 840
TTTTAGGTGAGTAAGCTTTAATTGAAAAAAAACGTTTATAATATAAAAGTATTGGTTGATTATTTTTACAGTTATACACTATATTTAGGAAAAGTAATTATCAAGCTAAACATGATAATA

HindIIl -

850 860 870 880 890 900 910 920 930 940 950 960
AAGTTTATTTTAAAACAATATCTCATTAATAAGATACTCTAAGCATATTTAAATTTTTTGGGTTTCTGATAAAATATTAAAAATATGAACAAAAGATAATATTTTTTGTAAAAATTGAAA

970 980 990 1000 1010 1020 1030 1040 1050 1060 1070 1080
AAAGAAATTTAATATTAAGTACTCCACAATATTCATAAATATTAGTCACTGAATTAAAATTTTTATCTTCTTATTTTAGCTAAAATGTAAAAATCCTATTAAACTAACCCCATTAAGCAT

1090 1100 1110 1120 1130 1140 1150 1160 1170 1180 1190 1200
TTTTTTCATTCATTTTATATGCAAATAAATTAATTAATTCAAGACTAAATGTTTGATATATTTCTAACTCAAGAAATAATTTTCTGAGAATAGCTATAATAAGATGAAATAGCTAAAATT

1210 1220 1230 1240 1250 1260 1270 1280 1290 1300 1310 1320
AATAGTAATTAATTGAGTATCAAATCTTATTTTAATTGAATTATTTTTATTTAATTATTCTAGAATATCTATATTATATTTTGAGAGATCACTTAAAAAAAATAAGTTATTTAGTACCTT

XbaI Sau3A

1330 1340 1350 1360 1370 1380 1390 1400 1410 f 120 1430 1440
AATTCACGTAATCAAGGACTACTAATATTTTTTATTTTTTAATACACATAGTTACTCAAAAATTAATCTATTTTTCTCAAATTTCTTCCTTA CAATTTGAATGAAAAAATTATTTTTC

1450 1460 1470 1480 1490 1500 1510 1520 1530 1540 1550 1560
AAAAATATTTTTGTCTTATTCTAGAACTATCTTACAGTAAATCTTATTTAAATATTTAGTTTTTTAGTTAATTAGTTATTTAAAAAAAATTTTGCTTAGAATATTAAAAAATAAATTGAA

XbaI

1570 1580 1590 1600 1610 1620 1630 1640 1650 1660 1670 1680
ATAATTATATATTCCTAACAAATTGAATTTATTTTTAAAAATAAAAGTAAAATAAACAATTATTAATTTTTTGTTGGATATTATTAATTAATTTAATAATTGATTTTAATAAACTTGGTA

1>
1690 1700 1710 1720 1730 1740 1750 1760 1770 1780 1790 1800

AGAGATTATAAACTAATGCGTTTTTTACAAAATATAAGACGAAATAACAAAATGGTTTAAGCATACTTACAAATAAAAACATGAATAATAAATGGAATTTAATAAAACATAAAATAATAA

1810 1820 1830
TGCATTCAAATTTTTAATTATTATAA GCTAATCGA

TaqI

FIG. 2. Nucleotide sequences of micronuclear and macronuclear region R DNAs. The entire sequence determined in micronuclear clone
cTt404 is shown. The two blocks of sequence enclosed by lines exist as one uninterrupted sequence in macronuclear clone cTtlllO; in
micronuclear clone cTt404, these sequence blocks are separated by 1,085 bp of micronucleus-limited sequence as shown. The deletion
breakpoints are adjacent to the circled A nucleotides (see Results). The last 9 nucleotides shown are presumed to be identical in the
macronucleus as well (e.g., the TaqI site is retained) but were only determined for cTt404. Arrows indicate the TAAACA repeats containing
the junctions and the three other TAAACA sequences found. The only telomerelike sequence found, a nonrepeated hexanucleotide
(AACCCC), is underlined (see Results).

matings (Cu427 or Cu428 x A*III), and several inbred
strains by this method.
Many bands appeared after low-stringency washes of

JlllOR hybridizations to all samples (data not shown).
Washes at 37°C in dilutions of SSPE at 0.25 x (45 mM NaCl)
or 0.15x (27 mM NaCl) removed all probe with the excep-
tion of one band, which remained in most lanes. Results
obtained from selected strains are shown in Fig. 4. The
remaining band always corresponded in size (2.8 kb) to the
macronuclear HindIII fragment created by deletion of
micronucleus-limited DNA from region R (51; unpublished
observations); this was confirmed when the same filters were

later rehybridized with the larger probe and the same 2.8-kb
band appeared in every lane (Fig. 4, upper panel). JlllOR
did not hybridize under stringent conditions to the
micronuclear DNA cloned in cTt4O4 or to genomic
micronuclear DNA from any of several strains tested (data
not shown). We conclude that the JlllOR probe hybridized
under stringent conditions specifically to the region R junc-
tion created by deletion during macronuclear development.
We expect that the nonvariant macronuclear junction

sequences (those hybridizing with JlllOR under stringent
conditions) differ from the cloned and sequenced junction in
cTtlllO by no more than 1 or 2 nucleotides, if at all, while
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A
T - A
C - G
T - A
A - T
A - T
A - T
T - A

300 A - T 330
T-A

CAAAATC AACAGTGATT

c
T - A
T - A
T - A
T - A
T - A
A - T
T - A
T T
A - T
A - T

1420 A - T 1460
AA-T

TAAACAAM11TGMTGAA GTCTTA1T

300 350 1390 1440
- *

AAAATCAAAATCTATAAATCTAAGATTTATMACAGTGATTCAAAAMATGGTGGGMrATTTGT/ /ATTMTCTAT1TrTCTCAAATTTCTTCCTTAMCMATTGAATGAAMATAIITCAAA

280 1460

TTAAACAGTGTMAAAACCAAAAAGCTAATTAAAAATCAAAATCTATAAATCTAAGATTTATAAACAACAATTGAATGAAAAAATTATTTTT1CAAAAATATT 11 IGTCTTATTCTACGAACTATCTTACAG

J111OR

FIG. 3. Sequence structure of deletion junctions. The macronuclear sequence in cTtlllO (lower) may be derived from the micronuclear
sequence in cTt404 (upper) by simple deletion of the micronucleus-limited sequence. The deleted sequence includes one of the two underlined
A bases in the TAAACA direct repeats (shaded background). Inverted repeats near the junctions are arbitrarily shown as stems containing
the maximum number of Watson-Crick base pairs. Reverse repeats immediately flanking the direct repeats are indicated by arrows. The
sequence of JlllOR, a synthetic oligonucleotide probe used to characterize the consistency Qf the deletion process (see text), is indicated on
the macronuclear sequence.

1 2 3 4 5 6 7 8 9 10111213 141516171819

X - X m5

FIG. 4. Consistency ofDNA deletion in region R. Macronuclear
or whole-cell (>90%o macronuclear) (1 to 5 ,ug) DNAs from inbred
strains (lanes 1 to 3), caryonides from CU427 x CU428 matings
(lanes 4 to 11), and caryonides from CU427 x A*1II genomic
exclusion matings (lanes 12 to 19) were digested with HindIII,
fractionated in an agarose gel, blotted onto a nitrocellulose filter,
and hybridized sequentially with two probes. The intial hybridiza-
tions (lower panel) were with ca. 107 dpm of kinased oligonucleotide
JlllOR per ml at 42°C; the filters were washed at 37°C in 0.25x
SSPE (lanes to 11) or0.15 x SSPE (lanes 12 to 19) and exposed for
39 h (lanes 1 to 11) or 94 h (lanes 12 to 19). The same filters were
subsequently hybridized with ca. 106 dpm of nick-translated plasmid
per ml containing a BgII-EcoRI fragment of cTtlllO comprising
almost all of macronuclear region R (Fig. 1) under standard condi-
tions (see Materials and Methods) and exposed for 1 to 2 days. The
same 2.8-kb band previously appearing in most lanes after hybrid-
ization with JlllOR (lower panel) appeared in all lanes (upper
panel). Lanes: 1, B1868-IV macronuclear DNA; 2, C3-368-V
macronuclear DNA; 3, CU428 whole-cell DNA; 4 to 7 and 8 to 11;
whole-cell DNAs from CU427 x CU428 caryonides lA to lD and
2A to 2D, respectively; 12 to 15 and 16 to 19, whole-cell DNAs from
CU427 x A*III round II caryonides lA to lD and 4A to 4D,
respectively. Within each caryonidal set, caryonides A and B are
sister caryonides, as are caryonides C and D.

the variant junctions could be highly mismatched. Washes of
filters in 0.5 x SSPE at 37°C were already of sufficient
stringency to remove all probe from the variant junctions, as
described below and shown in Fig. 5. Higher-stringency
washes in 0.15x SSPE at 37°C, however, failed to remove
JlllOR from any of the nonvariant junctions (see, e.g., Fig.
4). Washes at only slightly lower ionic strength (0.10x
SSPE) at 37°C removed all JlllOR from the DNAs of all
strains, including B1868-IV, as well as from the perfectly
matched DNA in cTtlllO (data not shown). Thus, the
sequences at the nonvariant junctions are indistinguishable
from that in cTtlllO and are most probably identical to it.
The same approach used with another oligonucleotide
(20-mer) probe of similar base composition was capable of
distinguishing between two filter-bound DNAs, one contain-
ing a perfect match to the oligonucleotide probe and the
other known to contain a 1-bp mismatch (M.-C. Yao and
C.-H. Yao, submitted for publication). We did not, however,
observe lower thermal stability in hybrids between JillOR
and any of the nonvariant junctions than in perfectly
matched hybrids.

HindIII-digested macronuclear DNAs from 12 inbred
strains were analyzed by oligonucleotide hybridization.
Seven of these strains hybridized with JillOR under strin-
gent conditions (B1868-IV, F1668-II, CU399, CU401,
CU409, CU427, and CU428), and five did not (A1873-I,
B1868-III, B1868-V, C1564-VI, and C3-368-V). Results for
strains B1868-IV, C3-368-V, and CU428 are shown in Fig. 4
(lanes 1 to 3). We also analyzed DNAs from 40 caryonides
(10 sets of four each) from the following matings: A1873-I x
B1868-III (one set), CU427 x CU428 (three sets), CU427 x
A*III (round II of genomic exclusion, four sets), and CU428
x A*III (round II of genomic exclusion; two sets). All 40
caryonidal DNA samples contained 2.8-kb Hindlll frag-
ments that hybridized with JillOR under stringent condi-
tions; four sets are shown in Fig. 4 (lanes 4 to 19). All
caryonides therefore contained sequences closely related or
identical to the 24-bp sequence surrounding the macronu-
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FIG. 5. Assortment of variant macronuclear regio

Whole-cell DNAs (5 ,ug) from postassortment
caryonide 1B from CU427 x CU428 matings (A) or of
from CU427 x A*III genomic exclusion matings (B)
and electrophoresed as in the legend to Fig. 4, blott
filters, and hybridized sequentially with two probes a
to Fig. 4. The initial hybridizations with 107 dpm of.
(lower panel) were at 37°C; the filters were washed a
SSPE and exposed for 70 h. A smaller fragment ap
lated to region R (most visible in lane 1 of panel B) i!
all lanes washed under these conditions; washes o

gency, such as 0.25x SSPE at 37°C (see, e.g., Fig. 4
shown) removed this band without reducing the in
2.8-kb band containing region R DNA. The sam,
subsequently hybridized with 2.7 x 105 dpm of a r
HindIII-Xbal fragment of macronuclear region R (Fig
described in Materials and Methods, and exposed fo

clear region R junction cloned from strain B186
high frequency of occurrence suggests that t
identified in this study are the major ones
deletion events in region R and that the deletioi
is highly consistent at the nucleotide level.

Deletion in region R is not invariant at the nu(
The identification of inbred strains whose maci
tain no region R junctions closely related to J
C3-368-V; Fig. 4, lane 2) shows that variat
macronuclear junctions exists. All of the car)
genomic exclusion matings contained nonvaria
Comparisons between the lanes containing cary
in the lower panel of Fig. 4, however, sh
intensities of the bands are not the same in ever)
quantitative differences are not due to difference
amount of region R DNA present in the lanes,
rehybridization of the samples with the larger p
top panel). The simplest explanation is t}
intracaryonidal variability, i.e., individual cells
heterogeneous populations of junction sequ(
matching the JlllOR sequence better than oth
in region R occurs at a stage of macronuclear de
which the genome copy number is four to eight
least four region R deletion events occ
macronuclear anlagen. Caryonides showing red
ization to JillOR could contain proportionately
Rjunction sequences identical or nearly identic

If indeed the deletion in region R can cre
junctions in a given macronucleus, the vario
would be expected to assort during vegetative
viewed in reference 8), if such junctions are
tested this hypothesis with two caryonides sel
basis of reduced hybridization of their DNAs i

caryonide 1B of the CU427 x CU428 matings (I
and caryonide 1A of the CU427 x A*III genon

5 6 7 8 matings (Fig. 4, lane 12). Cultures of these two caryonidal
cell clones were grown vegetatively for approximately 40

_ _mam generations, and several postassortment subclones were
established. Whole-cell DNAs from the subclones were
analyzed by hybridization (Fig. 5) with JlllOR (lower panel)
and a larger probe (upper panel). We found, as predicted by
our hypothesis, that the original caryonides generated veg-
etative descendants with various proportions of junctions
capable of hybridizing with JlllOR under stringent condi-
tions. DNAs from some postassortment cell clones hybrid-
ized as well as or better than the original caryonidal DNAs
(Fig. 5A, lane 2 and Fig. SB, lanes 1, 5, 7, and 8), and others
hybridized less well or not at all. Hybridization with the
larger probe (Figure 5, upper panel) showed that the total

n R junctions. number of macronuclear DNA molecules containing region
subclones of R was relatively constant in the postassortment subclones
f caryonide 1A and hence was presumably under normal copy number
were digested control.
Led onto nylon
,sin the legend DISCUSSION
J111OR per ml
t 370C in 0.5x Restriction mapping studies of DNA in micronuclei, ma-
~parently unre- marnc
s detectable in ture macronuclei, and developing macronuclear anlagen of
f higher strin- T. thermophila identified DNA deletion events that are site
1, and data not specific, developmental stage specific, and highly efficient (5,
tensity of the 51). These observations, combined with data suggesting that
e filters were thousands such deletions occur throughout the genome (51),
nick-translated raised questions as to the function of these events and the
J. 1) per ml, as mechanisms responsible for such extensive, highly regulated
r45 h. genome rearrangements. Hovlever, thus far, no sequence

information has been available on the DNAs involved in
i8-IV. Such a deletion in T. thermophila. We have now characterized the
he junctions region R deletion at the nucleotide level and identified the
involved in junctions by comparing the sequences of cloned region R

n mechanism DNAs from the micronuclear and macronuclear genomes of
inbred strain B1868-IV. Surprisingly little repeated-sequence

cleotide level. structure is apparent, upon comparison of the two
ronuclei con- micronuclear junctions, other than small direct repeats con-
J[llOR (e.g., taining the breakpoints and small reverse repeats immedi-
ion in these ately flanking the direct repeats.
yonides from Three internal eliminated sequences were found in the
mnt junctions. micronuclear form of a gene in the hypotrichous ciliate
onidal DNAs Oxytricha nova (31). These internal eliminated sequences
ow that the are much shorter (49 bp in two cases and 32 bp in the other)
y case. These than the region R micronucleus-limited sequences in T.
es in the total thermophila. The termini of each of these internal eliminated
as shown by sequences are bounded by short direct repeats of 3 or 4 bp,
)robe (Fig. 4, with one copy deleted and the other retained in the
hat there is macronucleus. No reverse repeats flank the outsides of the
may contain direct repeats. The termini of these internal eliminated
ences, some sequences, however, are inverted repeats. Terminal inverted
ers. Deletion repeats are also characteristic of transposable elements
velopment in (reviewed in references 16, 20, and 30). Such repeats have
C (5); thus at been shown to be required for efficient transposition-
ur in each independent excision of some transposons in E. coli (17, 19).
luced hybrid- Terminal inverted repeats, however, are not recognizable in
fewer region the region R micronucleus-limited sequence.
al to JillOR. Short (5- to 8-bp) direct repeats alone are frequent
ate different endpoints of small spontaneous deletions in E. coli (18), but
)us junctions longer (>10-bp) repeats are much more frequently involved
growth (re- in deletions of over 700 bp (1) and in regulated, efficient
viable. We deletions such as phage X excision (33) and niJD gene

lected on the rearrangement in Anabaena spp. (21). Mechanisms relying
with JillOR: heavily on sequence homology between deletion junctions
Fig. 4, lane 5) seem unlikely in the case of the region R deletion in T.
nic exclusion thermophila. The inverted repeats with 1-bp separations
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found outside both micronuclear junctions are possible pro-
tein-DNA recognition sites for site-specific recombination.
The extremely A+T-rich (83% A+T) sequence throughout
the deleted and flanking DNA contains several similar pal-
indromes, however, which suggests that caution be exer-

cised in interpreting the significance of such structures.
The oligonucleotide hybridization studies provide impor-

tant information on the deletion process in region R. Most
significantly, they show that the junctions identified on the
basis of sequence characterization of DNAs cloned from
strain B1868-IV are not rare or artifactual, but rather are
representative of junctions found in the macronuclear DNA
of strain B1868-IV and many other strains as well, including
all caryonidal strains studied here. Because deletion in
region R occurs early in macronuclear development before
much endoreplication of the genome has taken place (5), a

limited number of homologous chromosomes (between four
and eight) go through this rearrangement in each caryonide.
In every one of the 40 caryonides tested, at least one of these
four to eight chromosomes acquired, after deletion, a rejoin-
ing junction identical or nearly identical to the junction
sequence cloned from strain B1868-IV. The caryonidal DNA
exhibiting the least intense hybridization to JlllOR (CU427
x CU428 1B) may have had a minority of these junctions,
but the other caryonidal DNAs hybridized with severalfold-
greater intensity. Most caryonidal DNAs hybridized with
JlllOR at a standard, maximal intensity equal to that of the
seven hybridizing inbred strains. The site specificity of
deletion in T. thermophila, at least in region R, is highly
precise at the single-nucleotide level.
The uniformity and sequence specificity of deletion from

region R in T. thermophila are greater than those observed in
most known examples ofDNA rearrangement in eucaryotes.
Deletion in region R could not involve the extent of junc-
tional site diversity and junctional insertion diversity char-
acteristic of immunoglobulin gene rearrangement (reviewed
in reference 45). Transposable-element excision is also quite
variable. Precise excision of P elements in Drosophila
melanogaster does occur (39) but is probably less frequent
than imprecise excision. Genetic and standard Southern
hybridization experiments measuring the frequency of im-
precise excision of P elements produced minimum estimates
of 35% in one study (46) and 75% in another (14). Events
indistinguishable from precise transposon excision at the
resolution of such experiments are often shown to be impre-
cise when sequence analysis is performed. Such is the case

in the plant transposable elements studied to date (reviewed
in reference 41). The oligonucleotide method we used here
could also be used as a rapid and accurate way to determine
the precision of large numbers of transposable element
excision or other DNA rearrangements.

Variant rejoined junction sequences, i.e., those not hy-
bridizing with JllOR, are created by deletion in region R in
at least some developing macronuclei. Assortment of
subclones containing only variant macronuclear junctions
from caryonides containing both variant and nonvariant
macronuclear junctions suggests that the inbred strains
containing only variant macronuclear junctions also could
have arisen by assortment. This does not exclude the possi-
bility of germ line sequence variation at the micronuclear
region R junctions among those inbred strains. Our data
show, however, that both variant and nonvariant
macronuclear junctions can be formed in the same

macronucleus from a completely homozygous germ line
through the process of deletion. The variation was not
detected in restriction mapping experiments, and therefore

the sequence heterogeneity must not be very extensive.
Complete characterization of the variant junctions awaits
seqencing of these junctions. Variation on a larger scale,
detectable by restriction mapping, is characteristic of some
other similar rearrangement sites in T. thermophila (5, 28,
48). One example is a deletion within 3 kb of the region R
deletion, in region M of the same EcoRI fragment (5). These
two classes of variability, on the order of a few versus
several hundred base pairs, may be distinct in mechanism
and function. If the region R deletion is representative of
other deletions occurring during macronuclear development
in T. thermophila, the potential phenotypic effects of this
small-scale variation could be enormous if such deletions
occur in coding regions or other functional DNA sensitive to
minor sequence changes.
We do not believe that protein is encoded by any of the

micronuclear or macronuclear DNA we have sequenced in
region R. The data available cannot unambiguously prove
this point, however; only one stop codon is known in T.
thermophila (13, 24, 27); therefore, open reading frames are,
in theory, frequent. When compared with the base compo-
sition of known coding regions in T. thermophila (>40%
G+C; M. Gorovsky, personal communication), the base
composition of the sequenced region R DNA strongly sug-
gests that it is noncoding. The function of the micronucleus-
limited DNA in T. thermophila is unknown; if it has a
micronuclear function, this function may be related to activ-
ities of the micronuclear genome not shared by the
macronuclear genome (reviewed in reference 22), e.g., mi-
tosis and meiosis. Another intriguing possibility is that the
deletion of micronucleus-limited DNA is directly required
for the major function of the macronuclear genome, i.e.,
gene expression. The micronuclear genome appears not to
be expressed during vegetative growth (38; reviewed in
reference 22). DNA deletion during macronuclear develop-
ment may release genes from some form of constitutive
repression. We should note that an approximately 1.3-kb,
poly(A)+ RNA appears to be transcribed from DNA lying
within 1 kb to the left (5') end of the sequence shown in Fig.
2 (M. Altschuler and M.-C. Yao, unpublished observations).
The recently developed ability to transform T. thermophila
by microinjection of DNA (44) may allow questions of
function to be investigated experimentally. It would be
informative to observe the effect of DNA not normally
retained in the macronucleus on the expression of nearby
genes. The mechanism of deletion may also be investigated;
if micronuclear DNA introduced into young macronuclear
anlagen is shown to be faithfully rearranged along with the
endogenous DNA, then the fate of DNA appropriately
mutagenized in vitro might reveal what sequence structures
are important in the deletion process.
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