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ABSTRACT

DNA sequence elimination and rearrangement occurs during the development of somatic cell
lineages of eukaryotes and was first discovered over a century ago. However, the significance and
mechanism of chromatin elimination are not understood. DNA elimination also occurs during the
development of the somatic macronucleus from the germinal micronucleus in unicellular ciliated
protozoa such as Tetrahymena thermophila. In this study foldback DNA from the micronucleus was
used as a probe to isolate ten clones. All of those tested (4/4) contained sequences that were repetitive
in the micronucleus and rearranged in the macronucleus. The presence of inverted repeated sequences
was clearly demonstrated in one of them by electron microscopy. DNA sequence analysis showed that
the left portion of this clone contains three tandem, directly repeated copies of a 340-bp sequence, a
120-bp portion of which appears in inverted orientation at a 1.6-kb distance. This clone, pTtFBI,
was subjected to a detailed analysis of its developmental fate. Subregions were subcloned and used as
probes against Southern blots of micronuclear and macronuclear DNA. We found that all subregions
defined repeated sequence families in the micronuclear genome. A minimum of four different families
was defined, two of which are retained in the macronucleus and two of which are completely
eliminated. The inverted repeat family is retained with little rearrangement. Two of the families,
defined by subregions that do not contain parts of the inverted repeat, one in the “loop” and one in
the “right flanking region,” are totally eliminated during macronuclear development—and contain
open reading frames. A fourth family occurs in the “loop” region and is rearranged extensively during
development. The two gene families that are eliminated are stable in the micronuclear genome but
are not clustered together as evidenced by experiments in which DNAs from nullisomic strains are
used to map family members to specific micronuclear chromosomes. The inverted repeat family is
also stable in the micronuclear genome and is dispersed among several chromosomes. The significance

of retained inverted repeats to the process of elimination is discussed.

OME 100 years ago—first NUssBAUM—and then
AuGUST WEISMANN proposed the germ line the-

ory which recognized the separate roles of the germ
cells from somatic cells (reviewed by TOBLER 1986).
The germ cells are those which maintain the geneal-
ogy of the species. The somatic cells are those which
build up the organism. Accompanying the germ line/
soma differentiation in some organisms are the phe-
nomena of chromatin diminution and chromosome
elimination. This was first observed by BoveR1 (1887)
in a nematode. Subsequent research by many cytolo-
gists showed that chromosome/chromatin elimination
occurs not only in nematodes, but in six orders of
insects, arachnids, copepods, in some vertebrates, and
in plants (TOBLER 1986). More recently, molecular
analysis has shown that somatic cell variations may
arise during normal development as a result of DNA
loss and rearrangements. Rearrangements have been
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found in such diverse systems as immunoglobin
switching in mammals (TONEGAWA 1983), antigen
variation in Trypanosomes (BORST and Cross 1982),
and mating type interconversion in yeast (NASMYTH
1982). Each of these rearrangements may involve
some sort of DNA elimination.

Chromatin elimination also occurs in the ciliated
protozoa during formation of the somatic macronu-
cleus from the germinal micronucleus. In certain
groups of ciliates (holotrichs) DNA elimination is mod-
est. For example, 10-20% of the micronuclear ge-
nome is eliminated from the macronucleus of Tetra-
hymena thermophila. In other groups of ciliates (hypo-
trichs) 90-95% of the micronuclear genome is absent
from the mature macronucleus, since elimination of
DNA sequences occurs on a grand scale during ma-
cronuclear development. The ciliate macronucleus
can therefore be used as a convenient model system
for studying the process of DNA elimination.

In T. thermophila other genomic reorganizations
occur with development. The retained 80-90% is
rearranged, fragmented into 300-500 subchromoso-
mal molecules to which are added tandem repeats of
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the C4Aq hexanucleotide the new telomeres, and then
amplified to produce a mature macronucleus contain-
ing 45 genomic equivalents of DNA (reviewed in
BRUNK 1986).

With the advent of DNA cloning and Southern
analysis, elimination of micronuclear DNA sequences
could be examined directly. Many different DNA
clones of T. thermophila have been investigated as to
their fate during macronuclear development. Analysis
of randomly selected micronuclear clones suggests
that 20-25% contain sequences that are lost from the
mature macronucleus (KARRER 1988; Yao 1982),
Some cloned micronuclear sequences are completely
eliminated, especially those that contain C,Ay repeats
(BRUNK et al. 1982; CHERRY and BLACKBURN 1985;
Yao 1982; YokovyaMa and Yao 1984). Others are
retained but rearranged (HOWARD and BLACKBURN
1985; WHITE and ALLEN 1985, 1986; WHITE, EL-
GEWELY and ALLEN 1985; Yao et al. 1984). Although
both repetitive and single copy sequences are repre-
sented among the cloned sequences that are elimi-
nated, families of repeated sequences are especially
abundant. Thus most of the sequences that are re-
tained in the macronucleus are present in single copy,
with only a few exceptions to the rule so far reported
(ALLEN et al. 1985; ALLITTO and KARRER 1986; KiM-
MEL and GOROVSKY 1976; MARTINDALE, MARTINDALE
and BRUNS 1986).

Elimination of sequences occurs at two different
types of sites (reviewed in BRUNK 1986). It occurs at
or near fragmentation sites, and it occurs at sites
internal to the subchromosomal macronuclear DNA
molecules. At the sites internal to the macronuclear
DNA molecules deletion of DNA is accomplished by
breakage and reunion of the retained flanks (YAO et
al. 1984). An analysis of 20 randomly selected ma-
cronuclear DNA clones suggested that there are about
5000 of these deletion sites in the genome, each
separated on the average by about 38 kb of DNA
(Yao ¢t al. 1984).

In the vicinity of each elimination site a “signal”
sequence would be expected to be present that would
facilitate the deletion process. Especially important
might be a sequence capable of folding up to produce
a particular secondary structure. One such type of
sequence would be inverted repeated sequences. In-
deed, short inverted repeats have been reported at
sites where DNA is eliminated (KLOBUTCHER, JAHN
and PREscoTT 1984; YA0, ZHU and YA0 1985). Much
longer inverted repeats were identified in the foldback
DNA fraction from the amicronucleate strain of T.
pyriformis GL (BORCHSENIUS; BORKHSENIUS et al.
1978) but have not been studied in either the micro-
nuclear or macronuclear genomes of micronucleate
strains of the 7. pyriformis complex. The foldback
DNA fraction studied by BORCHSENIUS and his col-
leagues had interesting properties. It was present in

4%, or more, of the macronuclear genome and its
average percentage of G + C content was similar to
unfractionated DNA, Each repeat unit was at least
280 bp in length and present in low copy number in
the genome. Some of the units appeared to be orga-
nized as large blocks into which single copy DNA was
imbedded. These segments appeared to be discrete in
length and of different lengths since sharp bands were
seen in 5% polyacrylamide gels (BorcHSENTUS and
MERKULOVA 1980).

The purpose of this study was to isolate clones of
micronuclear DNA which contain long inverted re-
peated sequences and then investigate whether they
played a role during macronuclear development and
differentiation. Ten foldback DNA clones were iso-
lated. One clone (pTtFB1) includes both halves of a
120-bp inverted repeat separated by a central loop
sequence. The “left” half is part of a larger 340-bp
sequence which is itself tandemly repeated, A segment
of the loop and the right flanking sequences are
eliminated from the mature macronucleus. However,
the inverted repeated sequences define a family of
sequences that is retained in the macronucleus, with
little rearrangement, and is present in significant copy
number,

MATERIALS AND METHODS

Straine: The following cell lines of T. thermophile were
used in this stud;: DI21481 (inbred strain D X congenic
strain D/1), B2079X86 (inbred strain B), CU362 (nulli-3),
CU383 (nulli-4), CU3B4 (nulli-B), CU3BS (nulll-2,3,5),
CU871 (nulli-2R,1R), CU414 @ulli-2,3,4,5) and CU373
(nulli-1R). The origin of the Inbred stralns and congenic
strains has been Freviousl outlined (ALLEN and GIBSON
1973; ALLEN et al. 1984). The nullisomic strains were de-
rived from B strain clones in P, J. BRUN'S laboratory (Cornell
University), and have been described in detail (BrtNs and
BRUSSARD 1981),

Growth of cultures and DNA lsolation: Cultures were
maintained in 1% proteose-peptone at 16° and transferred
monthly. When fungal contamination was present, as it was
in the cultures of the nullisomic strains, the culture medium
was amended with the two fungicides Funglzone (0.25 mg/
ml) present in Antibiotic-Antimyeotle (Gibeo Laboratories)
and nystatin (B units/ml) sold as Mycostatin (Squibb),
Growt of‘larF r cultures for nuclear isolation was described
by ALLEN et al. (1983). Micronuclei and macronucle! of high
purity were isolated by the Percoll procedure us detatled gy
ALLEN et al. (1983). Micronuclear preparations routinely
had only 0.2-0.5% macronuclear DNA contamination,
while macronuclear preparations were contaminated with
only 0.02-0.05% micronuclear DNA, After lysls of the
nuclei, the DNA was purified on a cesium chloride gradient.

Isolation of a foldback fraetlon from mieronuclear
DNA: Micronuclear DNA in 0.12 M potassium phosphate
buffer (KPB), pH 6.8, was broken by sonication to give
fragments 200=2000 bp in length, The sonicated DNA was
denatured by boiling for 5 min, cooled on ice, and passed
through a 50° hydroxylapatite column. Up to 0.5 hr eY:psed
between boiling and completing the passage through the
column; thus a Gt value of 8.3 was theoretically attained.
Some repeated DNA would have renatured by then, but
not unique sequences (ALLEN and Lt 1974; BORCHSENTUS et
al. 1978). The column was rinsed with 0.12 M KPB to elute
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the single-stranded DNA and then with 0.5 M KPB to elute
the double-stranded DNA. The double-stranded DNA frac-
tions were pooled, dialyzed against 0.1 X SSC (S§SC = 0.15
M NaCl, 0.015 M sodium citrate), and concentrated by means
of butanol extraction.

The concentrated fraction of foldback DNA was ethanol
precipitated and resuspended in S1 buffer (30 mM acetate
buffer, pH 4.6, 300 mM NaCl, 4.5 mM ZnCly), using pro-
portions of 27 pg foldback DNA/100 ml volume/9 units of
S1 nuclease (Bethesda Research Laboratories). Digestion
was carried out at room temperature for 30 min. The
digestion mixture was deproteinated by adding half a vol-
ume of 20% diethyl pyrocarbonate in chloroform/isoamy}
alcohol (24:1), shaken for 2.5 hr in the cold, centrifuged to
separate the phases, and the aqueous layer was reextracted
once more with 1 hr shaking. To the aqueous phase ¥
volume of 4 M ammonium acetate was added before ethanol
precipitation,

Cloning, screening, subcloning, and isolation of plas-
mid DNA: Micronuclear DNA from strain DI21481 was
partially digested with Mbol and cloned into the BamHI site
of pKH47, a pBR322 derivative. The clones were trans-
formed into Escherichia coli strain RH202 (ADAMS et al.
1979) and the transformed colonies were stored at —80°,
The clone bank was screened by colony hybridization using
S1 nuclease digested, foldback fraction from micronuclear
DNA that had been labeled by nick-translation with [a-**P}-
dATP (RIGBY et al. 1977; MANIATIS, JEFFREY and KLEID
1975).

Subclones were also made. After separating fragments by
electrophoresis through low melting point agarose, the frag-
ments to be used as vector and insert were cut out. The
DNA was extracted by adding four volumes of buffer [0.3
M NaCl, 10 mM Tris-HCI, pH 7.4, 2 mM disodium ethylene-
diamine tetraacetate (EDTA), 1% (w/v) SDS], melting at

65°, mixing and then serially extracting the protein first

with buffer-saturated phenol, then with (25:24:1) phenol/
chloroform/isoamyl alcohol, and last with (24:1) chloro-
form/isoamyl alcohol. The DNA was precipitated by addi-
tion of ethanol. In the latest experiments, fragments were
separated on regular agarose, cut out and extracted by
means of the IBI Analytical Electroeluter (International
Biotechnologies, Inc.) according to their instructions. Liga-
tions to the plasmid vector pPBR322 were carried out ac-
cording to MANIATIS, FRITSCH and SAMBROOK (1982). The
subclones were transformed into E. coli strain HB101 and
the transformed colonies were stored at —80°.

Small amounts of plasmid DNA were isolated according
to BirnBOIM and DoLy (1979). For greater purity, phenol
and chloroform extractions were done before the ethanol
precipitation step. When 1-2-mg quantities were needed, a
modified SDS/high salt cleared lysate procedure was used
(GunsaLus, ZURAWSKI and YANOFsKY 1979), followed by
CsCl/ethidium bromide gradient centrifugation in a vertical
rotor.

Heteroduplexes and electron microscopy: Denaturation
solutions contained 12-15 ug/ml PstI-cut pBR322, 12-15
ug/ml Pstl-cut clone, 0.02 M EDTA, pH 7.4, and 0.1 M
NaOH. Denaturation was carried out for 10 min at room
temperature. The denaturation solution was adjusted to
about 0.1 M Tris, pH 7.1, and 50% formamide, and incu-
bation was continued for 30 min at room temperature to
allow renaturation. For mounting the DNA onto grids, the
hypophase solution was 5% formamide in water or in 0.0}
X TE (0.01 M Tris, 0.001 M EDTA), pH 8.5. Because of
the low percentage of G+C content of T. thermophila (25%
G+C) a 35% hyperphase spreading solution was used: 35%
formamide, 0.1 M Tris, pH 8.5, 0.01 M EDTA, 0.5 ug/ml
of heteroduplexed DNA and of each molecular standard

(pBR322 for double-stranded DNA, M13 phage for single-
stranded DNA), and 0.04 mg/m! cytochrome ¢, type VI
(Sigma C-7752). This hyperphase was spread immediately
and the DNA was mounted onto grids. The grids were then
stained with 5 X 10™® molar uranyl acetate, destained with
90% ethanol, and shadowed, with 80:20 platinum-palladium
in a Kinney SC-3 High Vacuum Evaporator (The New York
Air Brake Company). A Phillips 300 electron microscope
and Kodak electron microscope film 4489 were used.

Restriction mapping, gel electrophoresis and blotting:
Digestions using tenfold excess of enzyme were carried out
by the method of MANIATIS, FRITSCH and SAMBROOK (1982)
using restriction endonucleases purchased from Bethesda
Research Laboratories, Amersham, Boehringer-Mannheim,
and New England Biolabs. Several different DNA prepara-
tions for each nuclear source were used in replicate experi-
ments. The use of excess enzyme and different DNA prep-
arations helped to control the potential problem of partial
digestion. Genomic DNA was allowed to digest overnight.
Plasmid DNA was digested for a few hours. For cloning
purposes Pvull was allowed to digest only 15 min to avoid
damage to the DNA ends by contaminating exonucleases in
the Puull enzyme preparation. When DNA was to be di-
gested with two different enzymes which required two dif-
ferent buffer conditions, the enzyme requiring the lower
salt concentration was allowed to digest first. Then the
solution was adjusted to the second buffering conditions.

Submarine gels consisted of 0.6-2.4% agarose with ethid-
ium bromide (50 pg/100 ml) dissolved in Tris borate buffer
(89 mm Tris, 89 mM boric acid, 2.5 mm EDTA, pH 8.3).
One-fifth volume of 30% glycerol saturated with brom-
phenol blue was added to the DNA sample, and the mixture
was incubated at 65° for 10 min before loading. Electro-
phoresis of genomic DNA fragments was usually carried out
at 35 mA for 2-3 days. Electrophoresis of digested plasmid
DNA was carried out at higher amperage for a shorter
period of time.

The method of SOUTHERN (1975) was employed to trans-
fer DNA from the gel to a nitrocellulose filter, with slight
modifications. The agarose gels were irradiated for 5 min
on a 360 nm transilluminator to nick the DNA and thus
improve the transfer to nitrocellulose. The gel was then
soaked in: 0.5 M NaOH, 1.5 M NaCl for 30 min, water for
5 min, 0.5 M Tris-HCI (pH 7), 3 M NaCl for 30 min and last
20 x SSC for 5 min. The nitrocellulose (0.45 pm pore size)
was equilibrated in 2 X SSC for 5 min. The blot was left
overnight. Then the nitrocellulose filter was soaked, DNA-
side up, in 2 X SSC for 5 min, air-dried for 30 min, and
baked for 1.5-2 hr in an 80° vacuum oven.

Radioactive DNA labeling, hybridization and autora-
diography: The nick-translation kit from Bethesda Research
Laboratories was used according to their instructions. DNA
was labeled with [«-**P]JdATP and routinely gave 10° cpm/
ug of DNA. Unincorporated nucleotides were separated
from the DNA by passing the mixture through a 10 ml
Sephadex G-50 column, rinsing with TE buffer (10 mm
Tris-HCL, pH 8, 1 mM EDTA).

Prehybridization, hybridization and all of the rinses were
done at 62° because of the low (26%) G+C content of
Tetrahymena DNA. In a heat sealable bag, the nitrocellu-
lose filter was soaked in prewarmed 3 X SSC for 30 min at
62°. This was replaced with the prehybridization solution:
0.2% bovine serum albumin, 0.2% Ficoll, 0.2% polyvinyl
pyrrolidone, 0.1% SDS, 3 X SSC, 50-100 ug/ml sheared
calf thymus DNA, which had been boiled 10 min and cooled
on ice. After 6 hr at 62° the solution was replaced with the
hybridization solution: for a full-sized 350 cm? filter, 30 ml
of prehybridization solution plus 4 X 107 cpm of probe,
boiled 10 min and quick-cooled on ice. Hybridization at 62°
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proceeded for at least 36 hr. The filters were then rinsed at
62° six times in 2 X SSC, 1% SDS for 20 min each, once in
0.2 X S8C, 1% SDS for 30 min, and once in 2 X SSC for 10
min. The filters were briefly air-dried, wrapped in Saran
wrap, and exposed to Kodak XAR-5 film with an intensify-
ing screen at —80°C. In some experiments the radioactive
probe was stripped from the filter using several washes at
90° in probe-stripping buffer (modified slightly after S.
Horowitz, University of Rochester, personal communica-
tion). The buffer contained: 0.02% w/v bovine albumin,
0.02% Ficoll, 0.02% polyvinyl pyrrolidone, 0.02% SDS, 0.4
mM sodium pyrophosphate, 0.4 mm EDTA (free acid), 0.2
mM disodium EDTA, 5 mm Tris (pH 8.0) in 0.3 X SSC.
The filter was then reprobed with a different labeled se-
quence.

Biotin labeling of DNA: The DNA was labeled by nick-
translation with two different biotin nucleotides present
simultaneously (biotin-11-dUTP and biotin-7-dATP). The
prehybridization and hybridization procedure was the same
as for *?P-labeled probes except that incubation was done at
54° due to the lower affinity of biotin-labeled probes for
DNA. The protocols followed for the post hybridization
rinses and the color detection assay were modifications of
the procedure provided by Bethesda Research Laboratories
with their biotin detection kit.

DNA sequencing: The **S-dideoxy (Sanger) sequencing
method was used. The directions provided with the sequenc-
ing kit from Bethesda Research Laboratories were followed
with few modifications. The DNA fragments to be se-
quenced were cloned into the RF (replicative form) of
M13mpl0 or M13mpll. E. coli strains JM101 or Tgl were
transformed with these clones. Using the minipreparation
procedure of BIRNBOIM and DoLy (1979), RF preparations
were made from numerous putative positive clones (clear
phages on X-gal overlay). RF preparations were digested
and the resulting fragments were separated by electropho-
resis to determine the size of the inserts. The sequence of
clones with inserts of the correct size was then determined.
Valid sequences were those that (a) were from M13 clones
having inserts of correct sizes, (b) had the correct cloning
junction, and (c) had all of the restriction sites known from
the detailed restriction map. The sequences were analyzed
by several of the BIONET programs (IntelliGenetics, Inc.,
Palo Alto, California).

RESULTS

Isolation and preliminary characterization of
foldback DNA clones: The foldback fraction of mi-
cronuclear DNA makes up only 1-2% of the micro-
nuclear genome as determined by hydroxylapatite
chromatography. A similar percentage was found for
macronuclear DNA. The fraction from micronuclear
DNA was isolated, purified, digested with Sl-nu-
clease, radioactively labeled by nick-translation, and
used as a probe in colony hybridization. A library of
micronuclear DNA clones in pKH47 was probed in
duplicate. Ten of the colonies showing intense hybrid-
ization were restreaked and reprobed with another
preparation of the foldback fraction of micronuclear
DNA. All ten hybridized with the probe. All ten
putative clones were retransformed into E. coli strain
HB101.

The ten clones were tested by a dozen restriction
endonucleases to find enzymes that (a) cut singly into

the vector (needed for linearization), or (b) cut the
plasmid in the insert (needed for restriction mapping
of the clone). Crude maps were made of all ten clones.
When tested for cross homology, the clones could be
arranged into about five groups (1, 3, 4, 8; 7, 9, 10;
2; b; 6). Four of the clones that showed no cross-
reactions were then tested for their repetitiveness in
genomic DNA and for rearrangement during macro-
nuclear development. HindlIIl or EcoRI digests of
micro and macronuclear DNA were blotted and hy-
bridized in duplicate with each of the clones. In each
case the cloned sequence appeared to be repeated in
the micronucleus, and repeated but rearranged in the
macronucleus (data not shown).

Presence of an inverted repeated sequence (IRS)
in the clones: The foldback DNA clones (pTtFB
clones) were originally isolated by probing the micro-
nuclear DNA library with S1-nuclease digested fold-
back fraction of micronuclear DNA and choosing the
colonies which hybridized most strongly. This screen-
ing procedure may have yielded clones containing (a)
a full IRS, (b) half of an IRS only, or (c) one or more
copies of a repeated non-inverted sequence, which
was isolated because enough undigested copies of tail
sequences were left in the probe, or because some of
the most highly repeated sequences of the genome
could renature quickly enough to be isolated on
hydroxylapatite along with the foldback DNA frac-
tion. Therefore, the presence of an IRS in the pTtFB
clones cannot be assumed but must be demonstrated.

Heteroduplexes of each of the ten clones with
pBR322 were examined electron microscopically for
the presence of a full IRS in the insert. The homo-
duplex structure of a very short IRS would look the
same as two DNA strands lying across each other.
Thus this procedure selects for inverts that are at a
minimum 50-100 bp in length. Only clone pTtFB1
clearly showed a homoduplex structure in the insert.
Under 50% formamide hyperphase conditions, half
of the molecules showed an apparent IRS bounding a
large loop sequence (i.e., transposon-like structure).
Under less stringent conditions—35% formamide,
which is the correct renaturing condition for Tetra-
hymena’s 25% G+C content—all heteroduplexes
show this homoduplexing IRS. In addition, most also
show an apparent point of contact within the loop
near the IRS (Figure 1).

There was noticeable heterogeneity in the distance
of the major homoduplexed region from the two ends
of the insert as indicated by the arrows in Figure 1.
The ratio of the lengths of two flanking regions is
about 1:1 in Figure la, about 1:1.5 in Figure 1b, and
about 1:4 in Figure lc. The DNA sequencing data
explain this heterogeneity. Clone pTtFB1 does indeed
contain a large 120 bp IRS; however, the “left” copy
of the IRS is part of a 340 bp sequence which is
tandemly repeated three times at the “left” end of the
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FIGURE 1.—Electron micrographs of heteroduplexes of pBR322 and pTtFBI1 (35% formamide). Note the heterogeneous location of the
homoduplexed region within the loop. The ratio of the lengths of the two flanking regions is (a) 1:1, (b) about 1:1.5, (c) about 1:4. Also, (a)

and (b) show a second point of contact within the loop.

clone (Figure 2). Clone pTtFBI therefore has four
copies of the repeated 120 bp sequence—from left to
right the directly repeated 3L, 2L, and 1L copies and
the inverted R copy. The R copy is separated from
the 1L copy by the 1.6-kb “loop” region. When the
“R” copy of the IRS family bonds to the “1L” copy of
the left tandem repeat, the flank length ratio is 900
bp:900 bp, or the observed 1:1 ratio. When the “R”
copy bonds to the “2L” copy, the flank length ratio is
600 bp:900 bp, or the observed 1:1.5. When the “R”
copy bonds to the “3L” copy, the ratio is 250 bp:900
bp, or the observed 1:4.

Computer analysis of the sequence data revealed
the following features: (a) The R copy of the 120 bp
sequence is approximately 83% homologous to 2L,
the middle member of the three left end representa-
tives (see top section of Figure 3 for their comparison).
(b) Within each copy of the 120 bp sequence occur
pairs of short direct repeats (Figure 3). (c) Homology
between two copies of the inverted repeat (2L and R,

for example) deteriorates gradually at the ends. (d)
Because the ends of the inverted repeated sequence
are not clearly delineated, it is difficult to look for
transposon-like target site duplications. The repetition
of the left part of the IRS argues against this IRS
being a typical transposable element. (e) The two
tandem repeats of the 340 bp region for which the
sequence is completely known are approximately 93%
homologous to each other (Figure 4). (f) There are
several possible short inverted sequences within the
A+T-rich loop region which could correspond to the
minor contact point seen electron microscopically
(data not shown).

Restriction map, terminology and subclones: Fig-
ure 2 also shows the restriction map of pTtFB1. The
sites containing six base pair sequences recognized by
restriction enzymes are indicated above the top map.
Sites with 4 or 5 bp recognition sequences are indi-
cated below the maps. Note that the 6 bp sequences
are clustered in the right flanking region and that the
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FIGURE 2.—Restriction map and subclones of pTtFBI1. In the middle is the restriction map, with six-cutters shown above and a four-
cutter shown below the map. Above the map are indicated the ten subclones generated, O] through @0, as well as the Alul fragment, Ahalll
fragment and EcoRI fragment used as probes in the experiments. Below the map is the Ddel (D) map and the Alul (L) map. Horizontal
arrows below these maps indicate the locations of the 120-bp inverted repeated sequences (black arrows) and the 340-bp direct repeats (open
arrows). The location of a single copy of the C4A; hexanucleotide is indicated. The BamHI site was recreated only at the cloning junction on
the right. A = Ahalll, B = Bglll, C = Clal, D = Ddel, H = Hindlll, L = Alul, M = BamHI, N = Hincll, R = EcoRI, 8 = Sau3A, T = Haelll,

X = Xbal. The sequence of 3.3 kb of the 3.7-kb insert is known.
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FIGURE 3.—Homology between the “2L,” “I1L” and “R” copies
of the inverted repeated sequence family. (Refer to Figure 2.) Top:
alignment of the “2L” sequence (upper line) and the “R” sequence
which is shown inverted (lower line). Bottom: Alignment of the “R”
sequence which is shown inverted (upper line) and the “1L” sequence
(lower line). Pairs of short, direct repeats are indicated. BIONET’s
ambiguity code: 0 = may be G, 8 = may be T.

restriction enzyme Ahalll has eleven sites in pTtFBI.
This abundance of Ahalll sites is not surprising be-
cause Tetrahymena DNA has only 25% G+C content
and the recognition site for Akalll is the hexanucleo-
tide TTTAAA.

The “left” portion of the clone is defined as that
portion which contains the tandem, directly repeated
sequences and is the end of the insert closest to the
EcoRI site of the vector DNA in clone pTtFB1. The

i1 21 31 41 51
TITCTTTTTC TTTTTATTGA GCTTGCTTTT TTTTGTTCTT TCTTTGTTAA 1L
*
TTTCTITTTC TTTTTATTGT GCTTGCTTTT TTTTGTTCTT TCTTTGTTAA A
10 20 30 40 50
61 71 8l 91 101
TTTAGCTCAT CATTTTATTT TCAACTTTTG CTTTTATTAT TAATTAATCT 1L
*
TTTAGCTCAT CATTTTATTT TCTACTTTTG CTTTTATTAT TAATTAATCT 2L
60 70 80 90 100
111 121 131 141 151
TATTATTTCA TATTTTTTCC TCATTTTTTC CTTCTAATAA ATTATTTAAT 1L
Jdk
TATTATTTCA TATTTTTTCC TCATTTTTTC CTTCTAATAA GCTATTTAAT A
110 120 130 140 150
160 170 180 189 199
CATATA-TTT TTCTTCAATA TTTAAAAAGT AACAATTA-A ATTGGTGCAT 1L
* * 4 * * * *
GATATATTTT TTCTTCAATA TTTAAAAAGT TAGAAQOTAGA ATTGGTG-AT i
160 170 180 190 199
209 216 226 236 246
TTGGGTGCAT -CAG-GCT-T AGGTTCTGGT TTAGCAAATT 8GCATTAATC 1L
* * k% * L *
ATGGGTGCAT OCAGTOCTOT AGGTTATGGT TTAGCAAATT -GCATTAATC .8
209 219 229 239 248
256 266 276 286 296
TCTCAAATT4 GACACTTTAT CTTAGGTAAA AACAGTTTAT TTGTTTTGGA 1L
* * * *
TCTCARATTT GAAACTTGAT CTTAAGTAAA AACAGTTTAT TTGTTTTGGA Y.
258 268 278 288 298
306 316 326 336
TTGTGATATT TTTAATTATA AAAACTAATT AAAAACAATA AAGCTCTTT 1L
*
TTGTGTTATT TTTAATTATA AAAACTAATT AAAAACAATA AAGCTCTTT A
308 318 328 338

FIGURE 4.—Alignment of the middle 340-bp sequence (2L) and
the right 340-bp sequence (1L). BIONET’S ambiguity code: 0 = may
be G, 8 = may be T, 4 = probably T.

“right” portion of the clone contains the cluster of
Xbal-Clal-BglII restriction sites and is the end of the
insert closest to the Sall site of the vector DNA in the
clone.

Various subregions of clone pTtFB1 were cloned
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FIGURE 5.—Genomic repetitiveness and developmental rear-
rangement of subregions of pTtFB1. Haelll-digested micronuclear
(MIC) and macronuclear (MAC) DNA was probed with subclones
1, 2, 3 and 4. Size markers are indicated (lambda DNA digested
with Aval plus Bglll).

into pBR322 to obtain the ten subclones indicated in
Figure 2. “Region 2" or “sequence 2" of pTtFBI is
cloned to give “subclone 2" which is labeled to give
“probe 2.” When “probe 2" is hybridized to Southern
blots of digested genomic DNA, the resulting banding
pattern defines “family 2.”

pTtFB1 is a valid micronuclear DNA clone: To
check for cloning artifacts, micronuclear DNA was
digested with various combinations of enzymes whose
sites bracketed region 2. Southern blots of the gels
were probed with subclone 2. In each digestion, a
genomic fragment of the expected size (based on the
restricted map) did hybridize to the probe (data not
shown). These data argue against pTtFB1’s being a
cloning artifact.

Clone pTtFB1 is not a contaminating macronuclear
DNA clone from the clone bank because region 2 (in
the loop) and region 4 (right flank) are absent from
the macronuclear genome (see below).

Genomic organization: Four of the subclones of
pTtFB1 were used as probes in hybridization experi-
ments against genomic blots of micronuclear and ma-
cronuclear DNA. Figure 5 shows the results of an
experiment in which micronuclear DNA and macro-
nuclear DNA were separately digested with Haelll.
The fragments were separated by electrophoresis,
transferred onto nitrocellulose by Southern blotting,
and probed with subclones 1 (left flank), 2 (portion of
the loop), 3 (right copy of the inverted repeated
sequence), and 4 (right flank).

In the micronuclear genome, all four subclones
define families of repeated sequences (Figure 5). Fam-
ilies 1 and 3 (defined by subclones 1 and 3) are present
in higher copy number than the loop and right flank
families (2 and 4, respectively). Subclone 10 (which
contains the left-most 240 bp Sau3a-Ahalll subregion
of subclone 1) and subclone 8 were labeled with biotin
in order to get clearer bands in the hybridization
patterns. These two subclones defined micronuclear
families having similar banding patterns (data not
shown). The similarity of the two patterns may be due
to (a) the homology of the partial 3L copy of the
inverted repeated sequence family in subclone 10 and
the R copy in subclone 3, or (b) false cross homology
due to the low %G+C content of the DNA flanking
these inverted repeated sequence copies in the sub-
clones.

In the macronuclear genome, the inverted repeated
sequence family (families 1 and 3) remains abundant
(Figure 5). Using biotin-labeled probe 1, an array of
thin, tightly spaced bands was observed in micronu-
clear and macronuclear DNA in contrast to the black
smudges seen when the probe was labeled with **P
(compare Figures 5 and 6). This allowed comparison
of the banding patterns in micronuclear and macro-
nuclear DNA. The patterns were very similar espe-
cially if the filter was held at a slant in examining the
lanes. (The pattern of thin, closely spaced bands was
stronger on the filter than in the photograph). The
similarity in banding pattern is also evident in auto-
radiograms using short exposure times (see Figure
8a). Thus, the majority of the bands are not rear-
ranged in the macronucleus.

In contrast to the behavior of the inverted repeated
sequence family, all members of family 2 (a 220-bp
portion of the loop) and family 4 (in the right flanking
region) appear to be eliminated during macronuclear
development (Figure 5). The procedure was sensitive
enough to detect plasmid DNA at concentration levels
equivalent to single copy DNA (data not shown).

Extent of loss in the loop region: Although family
2 is eliminated, the whole loop region bounded by the
inverted repeated sequence is not eliminated during
macronuclear development. This retention was deter-
mined initially by using a 1.2-kb EcoRI fragment from
the loop region as a probe against micronuclear as
well as macronuclear DNA which had been singly
digested with Hindlll, Haelll, or Hpal (daia not
shown). This 1.2-kb loop probe hybridized to a re-
peated micronuclear family as expected. However,
this family was retained and extensively rearranged
during macronuclear development. Thus the se-
quences present in the entire loop region do not act
as a unit during macronuclear development.

The 1.2-kb EcoRI fragment encompasses the subre-
gions cloned in subclones 7 and 8 (see Figure 2).
Subclone 7 includes the region cloned as subclone 2
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FIGURE 6.—Double biotin-labeled probe hybridized against mi-
cronuclear and macronuclear DNA. Either HindlIIl or Haelll was
used to digest 10 ug of micronuclear DNA (m) and of macronuclear
DNA (M). A 1300-bp EcoRI-Sall fragment which contains the insert
was isolated from subclone 1 doubly-labeled with biotin-11-dUTP
and biotin-7-dATP, and used as a probe. Size markers are indicated
(lambda DNA digested with Aval plus BglII).

as well as the Sau3 A-EcoRI region immediately to the
right. When subclone-7 was used as a probe against
micronuclear and macronuclear DNA which had been
singly digested with HindlIIl or Haelll, it hybridized
to a repeated micronuclear family but it did not hy-
bridize to macronuclear DNA (Figure 7b). Thus all
of subregion 7 is eliminated. When subclone 8 was
used as a probe against micro- and macronuclear blots,

it hybridized to a family of sequences that was retained
and rearranged in the macronucleus (Figure 7a). Thus
the region of the loop retained in the macronucleus
occurs within the subregion represented by subclone
8. The “left” junction between eliminated and re-
tained sequences also should occur within subregion
8.

The differences in fragment pattern observed be-
tween micro- and macronuclear blots using subclone
8 or the 1.2-kb EcoRI probe were reproducible and
cannot be attributed to differences in DNA methyla-
tion. N-6-Methyl adenine is the only modified base
found in Tetrahymena and comprises 0.6-0.8% of
the adenine in macronuclear DNA. It is not found in
micronuclear DNA. The methylating enzyme recog-
nizes the sequence 5’-AT-3’ (BROMBERG, PRATT and
HATTMAN 1982). The three restriction enzymes used
in our experiments (Hindlll, Haelll, Hpal) cut at
sequences that do not contain this site—and differ-
ences in fragment pattern were observed between
micro- and macronucleus for all three enzymes.

Extent of loss in the right flanking region: The
eliminated family in the right flanking region was
defined by probing genomic DNA with subregion 4
which starts 200 bp to the right of the sequence 5'—
CCCCAA—3’. An open reading frame begins im-
mediately 3’ of this sequence (A. H. TscHUNKO, K.
H. BLAKLEY, R. H. LOECHEL, N. C. MCLAREN, and S.
L. ALLEN, manuscript in preparation). The location
on the map of the C4;A; hexanucleotide is shown in
Figure 2. We wished to locate the junction between
sequences that are eliminated and those that are re-
tained in the right flanking region in the macronu-
cleus. To this end, several probes were used that
extended for various distances to the left: subclone 4;
subclone 5, which contains the segment found in
subclone 4 as well as an additional 240 bp and extends
40 bp to the left of the C4A, hexanucleotide; subclone
6, which contains the segment found in subclone 5 as
well as an additional 50 bp and extends 90 bp to the
left of the C4;A: hexanucleotide; an Alul fragment,
which overlaps subclone 6 and extends 260 bp to the
left of the C4A; a 450 bp Ahalll fragment which
overlaps the Alul fragment and lies totally to the left
of the C4As; and subclone 3, which overlaps the Akalll
fragment and contains a copy of the inverted repeat.
These probes were used against Southern blots of
micronuclear and macronuclear DNA digested with
Hind1ll, Bglll, or EcoRI. In the HindIII experiment
the autoradiograms were exposed for different time
spans—from 1 hr to 120 hr. Some of the results are
shown in Figure 8. The micronuclear pattern of bands
was similar in the blots probed with subclones 4, 5, 6,
the Alul fragment, and the Ahalll fragment, but
differed from the pattern in the blot probed with
subclone 3. The latter represents the family of se-
quences expected for the inverted repeat family.
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FIGURE 7.—Two families in the loop region behave differently
during macronuclear development. Micronuclear (m) or macronu-
clear (M) DNA was digested with HindIII (H) or Haelll (T), and 5
ng of digested DNA was loaded in each lane (In this experiment
Haelll may not have cut completely.) The blots were probed with
(a) subclone 8 or (b) subclone 7. Size markers are indicated (lambda
DNA digested with Aval plus Bglll). The autoradiograms shown
were exposed for 30 hours. In a 14 day exposure (not shown) a few
very faint bands were seen in the macronuclear DNA blots probed
with subclone 7. These lined up with prominent micronuclear DNA
bands, suggesting that the macroniiclear signal was due entirely to
contaminating micronuclear DNA.

There are a couple of bands that differ in the blots
probed with the Alul fragment compared to those
probed with subclones 4, 5, and 6, and a few more
differences in the blots probed with the Ahalll frag-

ment. Since the patterns are basically the same, the
same family of sequences is being revealed. Thus, the
1 kb segment in the right flanking region appears to
hybridize to a single family.

Retention of sequences in the macronucleus was
seen for the inverted repeat family, as expected. Note
that the pattern and the intensity of the bands in the
macronuclear blot were quite similar to that of the
micronuclear blot probed with subclone 3 (Figure 8a);
for all other probes the signal given off by the ma-
cronuclear blots was reduced. It was considerably
reduced in the case of subclones 4, 5 and 6. Note that
the intensity and pattern of bands seen in the macro-
nuclear blots at 120 hr for these probes was similar to
that observed for a I-hr exposure of the micronuclear
blots (Figure 8, d, e and f). The purity of the macro-
nuclear DNA used in these experiments was known
with respect to the degree of micronuclear DNA
contamination. This figure was 0.0167%, or on an
equivalent weight basis—1 pg micronuclear DNA/
6000 pg macronuclear DNA—for single copy se-
quences. If there were 100 copies of the sequence per
genome, the signal expected from micronuclear con-
tamination in the macronuclear DNA would be 1/60.
This is roughly similar to the observed signal at 120
hr. For these probes (subclones 4, 5, 6) we conclude
that the signal we are seeing in the macronuclear
DNA blots is due to contaminating micronuclear
DNA. When the Alul and Ahalll fragments were used
as probes, a reduced but slightly stronger signal was
given off by the macronuclear blots (Figure 8, b and
c). Moreover, the macronuclear pattern is not similar
to the micronuclear pattern; instead, it is more like
the macronuclear pattern seen for probe 3 (Figure
8a). Thus the sequences that are retained are shared
by those hybridizing to probe 3. The most likely
interpretation of these results is that the region be-
tween the inverted repeat and the C;A. hexamer
contains or has homology to the junction between
eliminated and retained sequences.

Nullisomic mapping of families 2, 3 and 4: In
nullisomic strains of T. thermophila the micronucleus
lacks both copies of one or more of its five chromo-
somes. These strains are viable because the macro-
nucleus, normal in these strains, is the nucleus respon-
sible for gene expression. Chromosomal mapping of
the members of family 2 (loop), family 3 (inverted
repeat), and family 4 (right flank) was accomplished
by hybridizing the subclone of interest to the HindI11-
digested micronuclear DNA of various nullisomic
strains and of the normal B strain. For example, a 2.3-
kb fragment is present in the micronuclear DNA of
the normal B strain (panel b of Figure 9). This frag-
ment was assigned to chromosome 3 because it is
absent in the micronuclear DNA of the nulli-3 strain
(CU362, missing chromosome 3) but is present in the
micronuclear DNA of the nulli-4, nulli-5, and nulli-
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FIGURE 8.—Developmental alterations in the right flanking region of pTtFB1. Micronuclear (m) and macronuclear (M) DNA was digested
with HindIIl and probed with (a) subclone 3, (b) the Ahalll fragment, (c) the Alul fragment, (d) subclone 6, (e) subclone 5, and (f) subclone
4. Each lane contained 5 ug of digested DNA. Three sets of digestions were loaded into alternating lanes of a single gel, electrophoresis was
carried out, the DNA was transferred to nitrocellulose filters, and the blots were probed with subclone 4, 5 or 6, using a total of 2 X 107
cpm for each probe. The probes were stripped off the blots and then the blots were probed with subclone 3 (1 X 107 cpm), the Ahalll
fragment (5 X 10° cpm), or the Alul fragment (5 X 10° cpm). For (d), (e) and (f) the autoradiograms were exposed for 1, 20 and 120 hr at
—80°. For (a), (b), and (c) the autoradiograms were exposed for 2 and 18 hours. Size markers are indicated (lambda DNA digested with Aval

plus BglII).

1R,2R strains. Some fragments cannot be mapped
because the chromosomal deficiencies of some nulli-
somic strains are incompletely characterized. For ex-
ample, the 1.2-kb fragment in panel b of Figure 10 is
absent from nulli-5 and nulli-2,3,5 (mapping it to
chromosome 5) but it is present in nulli-2,3,4,5 and
absent in nulli-1IR (mapping it to chromosome I). In
spite of the discrepancies between some nullisomic
strains, it was determined that members of family 2
are on all five chromosomes but are nonrandomly
distributed (Figure 9). About half (18) of this family’s
39 Hindlll bands are missing from the nulli-3 lane
and mapped to chromosome 3 while only three to at
most nine bands mapped to chromosome 1.

The members of family 4 are also nonrandomly
distributed among the five chromosomes (Figure 10).
Of this family’s 65 Hindlll bands, about half (at least
27 bands) mapped to’chromosome 1 and only four
bands mapped to chromosome 3. Thus the relative
arrangement of the loop and the right flank as seen
in pTtFBI1 is not tightly conserved throughout the
genome.

Only three of the nullisomic strains were used in
experiments with family 3, the inverted repeat family.

The strains included were CU362 (nulli-3), CU359
(nulli-2,3,5) and CU414 (nulli-2,3,4,5). Some of the
fragments mapped to chromosome 3, some to chro-
mosome 1, a few to chromosome 4, and the remainder
mapped to chromosome 2 or 5 (data not shown). Thus
members of the inverted repeat family are distributed
on at least four of the five chromosomes.

Stability of families 2, 3 and 4 in the genome: All
three families appear to be quite stable in the micro-
nuclear genome. When Hindlll-digested micronu-
clear DNA from the distantly related DI and B strains
were probed with subclone 2, about four of the 39
bands were different between these strains (Figure
11a). Thus the loop sequence, flanked by an inverted
repeated sequence in pTtFB1, is probably not a mem-
ber of a family of highly mobile transposable elements.
Similarly, when the Haelll-digested micronuclear
DNA from the DI and B strains were probed with
subclone 6, about three or four of the 35 bands were
different between these strains (Figure 11b). Finally,
as far as we can tell, the pattern of bands seen in blots
of Hindlll-digested micronuclear DNA from the DI
and B strains was similar, if not identical, when probed
with subclone 3 (data not shown). However, the in-
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verted repeat family is abundant, and differences
would not be seen easily.

DISCUSSION

Foldback DNA occurs generally in eukaryotes but
varies in its content and complexity from short palin-
dromes to long interrupted inverted repeats, such as
the FB elements of Drosophila, which range in length
from 300 to 1500 bp (POTTER 1982). These sequences

FIGURE 9.—Nullisomic mapping
of subregion 2 of clone pTtFB1. Mi-
cronuclear DNA of strains B2079X6
(normal), CU362 (nulli-3), CU383
(nulli-4), CU354 (nulli-5), CU359
(nulli-2,3,5), CU414 (nulli-2,3,4,5),
CU373 (nulli-1R), and CU371 (nulli-
1R,2R) were digested with HindIll
and probed with subclone 2. Panel a
was a 0.7% agarose gel; panel b was
a 1% agarose gel. Size markers are
indicated (lambda DNA digested
with Aval and Bglll).

are thought to play various regulatory and structural
roles because of their potential for assuming alternate
structures as the DNA breathes. The foldback DNA
of T. thermophila may also be special. We found that
it comprises a similar but small percentage of the
micro- and macronuclear genomes. This percentage
was less than half of that reported by BORCHSENIUS et
al. (1978) for the amicronucleate strain GL of T.
pyriformis.

One of the ten FB micronuclear DNA clones was
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shown by heteroduplex analysis to contain both halves
of a 120-bp inverted repeat. DNA sequencing showed
that this was not a typical inverted repeat, since the
left copy is part of a 340-bp sequence which is tan-
demly repeated at least three times. This more com-
plex structure may explain BORCHSENIUS observations
that individual inverts were organized into larger
units. The G+C content of the 120 bp invert is 25%,
the same percentage as the G+C content of unfrac-
tionated DNA. A similar finding was reported by
BORCHSENIUS and his colleagues for their foldback

-IR,2R

Kb
~14.9
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FIGURE 10.—Nullisomic mapping
37 of subregion 4 of clone pTtFBI1. Mi-
cronuclear DNA of strains B2079X6
(normal), CU362 (nulli-3), CU383
(nulli-4), CU354 (nulli-5), CU359
(nulli-2,3,5), CU414 (nulli-2,3,4,5),
CU373 (nulli-1R), and CU371 (nulli-
1R,2R), were digested with Hindlll
—24 and probed with subclone 4. Panel a
was a 0.7% agarose; panel b wasa 1%
~22 agarose gel. Size markers are indi-
cated (lambda DNA digested with
-9 Aval and BgllIl).

b

DNA fraction (BORKHSENIUS et al. 1978). However,
the G+C content of the direct repeat portion of the
340-bp sequence is much lower (18-19%). This sug-
gests an organization on the left in which the inverts
are imbedded in low G+C DNA.

The uncharacteristic presence of not just one but
three tandem copies in inverted orientation on the
left argues against pTtFB1 being a typical transposa-
ble element. So does the lack of any obvious direct
duplication of the host sequence on either side of the
inverted repeat. Moreover, the inverted repeat rep-
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FIGURE 11.—Stability of families 2 and 4 (6) in genome. HindII1-
digested micronuclear DNA of strains DI21481 and B2079X6 were
probed with subclone 2 (panel a) and Haelll-digested micronuclear
DNA of strains DI21481 and B2079X6 were probed with subclone
6 (panel b). Size markers are between the two panels (lambda DNA
digested with Aval and BgllI).

resents a family that has some 100, or more, members
in the micronucleus, is stable in the micronuclear
genome, and is retained in the macronucleus with
little rearrangement. The only reported transposable
element of T. thermophila is the Tel-1 family of ele-
ments which is completely eliminated from the macro-
nucleus (CHERRY and BLACKBURN 1985).

The inverted repeat family has 100, or more mem-
bers which are retained in the macronucleus with only
about one-third rearranged. The size of this family is
much larger than that of the inverted repeats de-
scribed in the macronucleus of T. pyriformis GL by
BORCHSENIUS and his colleagues. There, 80% of the
zero-time renaturation fraction included single copy
sequences and 20% included sequences repeated “tens
of times” (BORKHSENIUS et al. 1978). The size of the
inverted repeat family reported here is considerably
larger than the small families described by ALLITTO
and KARRER (1986) or MARTINDALE, MARTINDALE
and BRUNS (1986) but is similar in magnitude to the
5S RNA or tRNA gene families which number in the
hundreds in the macronucleus (ALLEN et al. 1985;
KIMMEL and GOROVSKY 1976; PEDERSEN et al. 1984).

A single C;A; hexanucleotide is observed 5’ of the
start of the open reading frame in the right flanking
region. Direct repeats of this hexanucleotide make up
the macronuclear telomeres, with variations of this
sequence occurring in multiple copy internally in mi-
cronuclear limited DNA (reviewed in BRUNK 1986).
Since a single hexanucleotide would be expected on a
random basis every 33 kb of micronuclear DNA, it is
not clear what biological role, if any, is played by the
single copy of this sequence in the region we have
analyzed.

The different developmental fates of the regions
that lie between or surround the inverted repeats of
clone pTtFB1 are summarized in Figure 12. Within
the loop region that lies between the left and right
copies of the inverted repeat are two types of families.
The right portion of the loop defines a repeated,
eliminated family while the rest of the loop region
defines a repeated, retained and rearranged family.
The right flanking region located to the right of the
“R” copy of the invert contains a repeated family that
appears to be completely eliminated. Thus the in-
verted repeat sequences are retained in the macro-
nucleus but are surrounded by sequences that are
eliminated or highly rearranged during development.
Is this arrangement of sequences coincidental or do
the retained inverted repeat sequences play a role in
the elimination process?

On the one hand we know that the inverted repeat
family and the two eliminated families appear to be
conserved in the genome judging from the few
changes in restriction patterns seen between distantly
related strains. On the other hand, the exact organi-
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FIGURE 12.—Summary of the repetition and developmental al-
terations of the subregions of pTtFB1. Above the restriction map
of pTtFB1 is indicated the repetition in the micronucleus (MIC) of
the various subregions. Below the restriction map are indicated the
repetition and developmental fate in the macronucleus (MAC) of
the various subregions. The restriction map in the center has above
it the six-cutters and two of the 11 Ahall sites, and below it only a
few pertinent Sau3A and Alul sites. (A = Ahglll, C = Clal, H =
Hindll], L = Alul, N = Hincll, R = EcoRI, S = Sau3A, T = Haelll).
Of the wide arrows below the map, the black ones represent the 120-
bp inverted repeated sequences, the open ones represent the 340-bp
direct repeats. The location of the G,A¢ hexanucleotide is indicated.

zation of sequences seen in clone pTtFBI does not
appear to be preserved at numerous positions within
the genome judging from the results of nullisomic
mapping. We know that the inverted repeat family is
dispersed to several micronuclear chromosomes; thus
each of the eliminated families could be located near
an inverted repeat. However, the two eliminated fam-
ilies are not located together as a rule. This conclusion
is reached by the following reasoning. On chromo-
some 3 at least 18 members of family 2 (within the
loop region) occur, but only four members of family
4 (within the right flanking region). On chromosome
1 at least 27 members of family 4 occur, but only
three to nine members of family 2. If each of the
bands seen in the autoradiograms (Figures 9 and 10)
are single-copy, then there are at most 7-13 cases in
which members of family 2 and 4 are potentially near
each other, although not necessarily in the arrange-
ment seen in pTtFBI.

Elimination of micronuclear sequences occurs at
fragmentation sites and at deletion sites internal to
the subchromosomal macronuclear DNA molecules
(reviewed in BRUNK 1986). The number of fragmen-
tation sites should be equal to the number of different
subchromosomal DNA molecules in the macronu-
cleus, i.e., 300-500. The number of deletion sites is
estimated at about 5000, each site separated by about
33 kb of DNA, provided the sites are evenly distrib-
uted in the micronuclear genome (YAO ef al. 1984).
Thus the number of internal deletion sites is ten to
twenty times the number of fragmentation sites. The
average amount of DNA eliminated at each site is
about 8 kb (BRUNK 1986). This value was estimated

using the following considerations. The total amount
of DNA eliminated from the micronuclear genome
{220,000 kb) is about 20%, or 44,000 kb. The total
number of elimination sites is 5000 (from deletion)
and 500 (from fragmentation). Dividing 44,000 kb by
5,500 sites gives the value of 8 kb. This is, however,
an average value. Many of the well-characterized sites
contain small deletions although clones with longer
deletions are known. Those with repetitive sequences
or with C4A; repeats tend to be the longest (BRUNK et
al. 1982; HOwARD and BLACKBURN 1985; WHITE and
ALLEN 1986).

If elimination is completely random, we would ex-
pect deletion sites spaced 33 kb apart in the micro-
nuclear genome. However, complete randomness in
the distribution of sites may not occur. We know, for
example, that the spacing may depend, in part, on the
type of sequence eliminated. Unique sequences are
less likely to be eliminated than are repetitive se-
quences, and sites involving repetitive sequences ap-
pear to be spaced more closely together (HOwWARD
and BLACKBURN 1985). MARTINDALE, MARTINDALE
and BRUNs (1986) estimated that a total span of 50-
75 kb surrounded their nonrepetitive genes that were
found to be unrearranged. Their results suggested
that elimination may not be random with respect to
the genes near which it occurs. Out of eight cloned
genes, seven of the genes were unique and none were
associated with rearranged sequences, whereas all cop-
ies of the one repetitive cloned gene were associated
with rearranged DNA. Nonrandomness of eliminated
sequences also occurs in the hypotrichs. For example,
BOSwWELL ¢t al. (1983) found that micronuclear-des-
tined genes were clustered in the micronuclear ge-
nome while large blocks of repetitive DNA appeared
to be eliminated. Nonrandomness of eliminated se-
quences also occurs in other eukaryotic organisms
(reviewed in TOBLER 1986). Heterochromatic regions
and particular chromosomal parts, such as telomeres
and centromeres, tend to be eliminated.

What about long inverted repeats and elimination?
What would the expected frequency be of random
association of the retained inverted repeats with elim-
mnated sequences? The foldback fraction represents
1-2% of the T. thermophila DNA, or 2200-4400 kb
of the 220,000-kb micronuclear genome. On a ran-
dom basis—with deletion sites spaced 33 kb apart—
we would expect a total of 67-133 sites of elimination
in this DNA fraction. Four of the ten foldback DNA
clones were tested with respect to their developmental
fate. All four contained repetitive DNA that was rear-
ranged in the macronucleus. Altogether the cloned
segments make up a 20-kb length of DNA. With a
minimum of one elimination site per clone, the sites
are spaced about 5 kb apart. In the case of pTtFB1
there are two segments eliminated that are about 500
bp apart, provided that the “R” copy of the inverted
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repeat is retained during the processing of this region
during macronuclear development. Thus sites of elim-
ination do occur more frequently in the foldback
DNA fraction than expected. It is, however, repetitive
DNA that is eliminated, and repetitive DNA appears
to be more frequently eliminated.

Short inverted repeats appear to be associated with
DNA breakage during gene conversion of several
different eukaryotic genes (KRAWINKEL, ZOEBELEIN
and BoTHWELL 1986). In this case it was suggested
that these sequences form stem-loop structures that
promote recombination. In Tetrahymena short in-
verted repeats have been discovered at or near the
fragmentation sites associated with the processing of
ribosomal RNA, and a stem-loop structure was pro-
posed as an intermediate in the excision of this region
from the micronuclear chromosome (Yao, ZHU and
Yao 1985). Here, the inverted repeats are also elimi-
nated.

Long inverted repeats have been found at the ends
of certain transposons in Drosophila, sea urchins, and
Dictyostelium (POTTER 1982; LIEBERMANN et al.
1983; CAPPELLO, HANDELSMAN and LobpisH 1985) but
for the reasons given earlier we do not believe the
structure of the inverts found in pTtFB1 are typical
of transposons and therefore suggest that they have
another role. In their case they are not eliminated but
sequences that lie between or flank them may be
eliminated. Their structure is also more complex in
that the 120-bp invert on the left is imbedded in a
larger (340 bp) direct repeat. We propose that these
regions participate in the elimination process by gen-
erating structures that are recognized by specific DNA
binding proteins that are involved in processing the
DNA during macronuclear development. Perhaps
these proteins protect the inverted repeats from being
eliminated while they or other proteins cause sur-
rounding regions to be cleaved.

Of particular interest and the subject of a subse-
quent communication is the nature of the germ line
specific sequences that are eliminated. It was sug-
gested by HOWARD and BLACKBURN (1985) that a
primary function of eliminated sequences is in the
DNA rearrangements that occur concomitantly with
their elimination rather than the possible micronu-
clear-specific products which such sequences might
encode. This may indeed be true for the eliminated
sequences previously studied. However, the elimi-
nated sequence families described here differ in being
associated with inverted repeats that are retained in
the macronucleus. Both the loop family and the family
in the right flanking region are relatively stable in the
micronuclear genome, since distantly related strains
show similar restriction fragment patterns. Both fam-
ilies are totally eliminated from the macronucleus. In
both regions in pTtFB1 there occur open reading
frames, and both families may have members which

are functional (A. H. TscHUNKO, K. H. BLAKLEY, R.
H. LoecHeL, N. C. McLAREN, and S. L. ALLEN,
manuscript in preparation). Perhaps one or both of
these sequences encodes proteins that bind to the
inverted repeat sequence under certain structural con-
ditions to facilitate the processing of DNA during
macronuclear development. An important outcome is
their own elimination.
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