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After mating, hypotrichous ciliated protozoa transform a set of their micronuclear chromosomes into
thousands of short, linear DNA molecules that form the macronuclear genome. To examine micronuclear
genome organization in the hypotrich Euplotes crassus, we have analyzed two cloned segments of micronuclear
DNA as well as the macronuclear DNA molecules that are derived from them. E. crassus was found to display
a number of features characteristic of other hypotrich genomes, including (i) clustering and close spacing of the
precursors of macronuclear DNA molecules, (ii) the frequent occurrence of internal eliminated sequences
within macronuclear precursors, (iii) overlapping macronuclear precursors, (iv) lack of telomeric repeats at the
ends of macronuclear precursors, and (v) alternative processing of the micronuclear chromosome to yield
multiple macronuclear DNA molecules. In addition, a moderately repetitive, transposonlike element that
interrupts the precursors of two macronuclear DNA molecules has been identified and characterized. This
transposonlike element, designated Tecl, is shown to be reproducibly removed from one of the macronuclear
precursors during independent episodes of macronuclear development.
occurs, resulting in the loss of up to 95% of the sequence
complexity of the micronuclear genome. The vesicles then
break down, and the remaining DNA molecules undergo
additional rounds of replication to form the highly amplified
macronuclear genome. Thus, macronuclear development
includes steps of micronuclear chromosome fragmentation,
DNA elimination, and DNA amplification.
On the basis of the comparison of cloned macronuclear
DNA molecules with their developmental precursors, a
number of additional features of micronuclear genome organization and reorganization have been deduced. First, macronuclear DNA molecules have been found to be clustered
in the micronuclear genome and are generally separated by
fewer than 500 bp (9, 34, 25, 26). Second, macronuclear
telomeres, consisting of repeats of the octanucleotide 5'CCCCAAAA-3' (C4A4 repeats), are not present at the ends
of the micronuclear precursors of macronuclear DNA molecules but are added during the course of macronuclear
development (11, 31, 39). Third, the micronuclear precursors
of macronuclear DNA molecules frequently contain short
blocks of DNA (internal eliminated sequences [IESs]) that
are not present in the mature macronuclear DNA molecule
(23, 31, 40), which implies that nucleic acid splicing also
occurs during development. In Oxytricha nova, IESs range
in size from 14 to 500 bp, and approximately 60,000 have
been estimated to occur in the micronuclear genome (40).
Large, moderately repetitive DNA elements that are eliminated during development also exist in the micronuclear
genome, but their significance is poorly understood (9, 25,
26). These elements are often found in association with
clusters of macronuclear DNA precursors, and Jahn et al.
(25) have presented preliminary evidence that such a repetitive element interrupts the micronuclear precursor of a
macronuclear DNA molecule in Eiuplotes crasslus. Similarly,
Herrick et al. (22) have found that two members of a
transposonlike family of elements interrupt a putative precursor of a macronuclear DNA molecule in Oxytrichafallax.

Hypotrichous ciliated protozoa undergo an extensive genome reorganization process during their life cycles (for
reviews, see references 32 and 47). The ability of these
unicellular organisms to drastically alter their genome yet
maintain genetic continuity stems from the fact that each cell
contains two distinct nuclei. The micronucleus, which contains chromosome-sized DNA, is transcriptionally inactive
but plays a major role during the sexual phase of the life
cycle and is often referred to as the germ line nucleus. In
contrast, the macronucleus is responsible for all nuclear
transcription during vegetative growth and is equivalent to a
somatic nucleus. The macronuclear genome is unusual in
that it is composed of 10,000 to 20,000 different short, linear,
gene-sized DNA molecules with an average size of approximately 2 kilobase pairs (kbp). There are generally 1,000 or
more copies of each linear DNA molecule per macronucleus,
and each appears to be an independent genetic unit which
contains the information required to encode and express a
single gene product (20, 27) as well as to allow its own

replication.
Despite its unusual genetic organization, the macronucleus replicates and divides during each vegetative cell
cycle. However, after the sexual phase of the life cycle, the
macronucleus is destroyed and a new one is generated from
a mitotic copy of the micronucleus. It is during this process
of macronuclear development that extensive genomic
changes occur, giving rise to the unique genetic organization
of the macronucleus. At the cytological level, macronuclear
development begins with the replication of the micronuclear
chromosomes to form polytene chromosomes. The polytene
chromosomes are then broken into many pieces, and the
individual fragments are encased in vesicles. Once the
vesicles form, extensive but selective DNA degradation
*
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These results suggest that development removal of transposons may occur during macronuclear development.
The above general features of macronuclear development
are not unique to the hypotrichous ciliates. Holotrichous
ciliates, such as Paramecium tetraurelia and Tetrahymena
thermophila, undergo similar types of developmental DNA
rearrangement events (15, 28), although to a more limited
extent. For example, macronuclear development in T. thermophila entails only a few hundred chromosome fragmentation events (3) and approximately 5,000 DNA breakage and
joining events similar to those of the IES removal phenomenon described above (50).
Although the above studies have provided insights into the
type of events occurring during hypotrich macronuclear
development, they provide little information on the molecular mechanisms involved in the various rearrangement
events. Further progress in this area would be aided greatly
by an experimental system that would allow one to follow
the processing of defined segments of micronuclear DNA
durng the course of macronuclear development and ultimately to develop in vitro systems for particular rearrangement processes. Unfortunately, the most well-studied hypotrichs at the molecular level present major difficulties in
pursuing such studies. Stylonychia lemnae has a very complex micronuclear genome (5) with a variable chromosome
constitution (4). This has made it difficult to obtain cloned
precursors of macronuclear DNA molecules. In contrast,
well-characterized cloned segments of micronuclear DNA
are available for the hypotrichs 0. nova and 0. fallax, but
the common laboratory strains of these organisms have lost
the ability to mate efficiently and to produce viable sexual

offspring.
In view of these limitations, we have sought to develop the
hypotrich E. crassus as a model organism to study the
dynamics of macronuclear development. E. crassus has a
relatively small micronuclear genome of 1.7 x 109 bp (32), so
that obtaining recombinant clones of desired regions of the
micronuclear genome is relatively straightforward. In addition, this organism possesses a defined mating system (19)

that allows control of the sexual cycle and, hence, of
macronuclear development. The ability to generate large
numbers of cells synchronously proceeding through macronuclear development and the utility of the system for detecting developmental DNA intermediates have both been demonstrated (42, 43).
In this report, we address the question of whether genome
organization and macronuclear development in E. crassus
are similar to those in previously studied hypotrichs. Two
cloned segments of micronuclear DNA containing the precursors of macronuclear DNA molecules have been isolated
and characterized in detail. The results indicate that the
organizations of the E. crassus genomes is generally very
similar to those of previously studied hypotrichs. In contrast
to other previously studied species, however, two macronuclear gene precursors were found to be interrupted by large,
repetitive, transposonlike elements. Additional studies demonstrate that the repetitive element is reproducibly removed
from macronuclear gene precursors during development.
MATERIALS AND METHODS
E. crassus cell lines. The E. crassus cell lines used in these
studies were derived from cells originally isolated from a site
in San Terenzio, Italy by P. Luporini (University of Camerino, Italy). Recombinant DNA libraries were constructed
from strain G1, a partially inbred mating type I cell line
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(mt'/mt'; see reference 19 for a discussion of the mating type
system). Other cell lines used were NcC10, a mating type III
cell line (mt3/mt1), and strains CC102, CC103, CC104, and
CC106, which were derived from a mating of G1 and NcC10.
E. crassus cell lines were grown and maintained in supplemented artificial seawater (Instant Ocean; Aquarium Systems, Mentor, Ohio) with the marine alga Dunaliella salina
as a food source as described by Roth et al. (42).
DNA isolation. For the isolation of total cellular DNA, 10
to 20 liters of E. crasslus were grown until the algal food
supply was exhausted and then were starved for an additional 1 to 2 days. The cultures were then filtered through a
35-p.m nitex membrane (Tetko, Inc., Lancaster, N.Y.) to
remove large algal debris. The cells were harvested by
collection on a 15-,um nitex membrane, and the concentrated
cells were centrifuged at 100 x g for 1 min. DNA was then
isolated from cells as described for the hypotrichous ciliate
0. nova (33).
Micronuclear DNA was isolated from total cellular DNA
by taking advantage of the fact that micronuclear DNA has
a high molecular weight, while the macronuclear DNA
consists of small molecules. Thus, it was possible to purify
micronuclear DNA from macronuclear DNA by centrifugation of whole-cell DNA through linear 5 to 20% potassium
acetate gradients (36). Alternatively, total cellular DNA was
subjected to electrophoresis in a 1% low-melting-point agarose gel, and the region of the gel containing high-molecularweight DNA was excised. The gel slice was then melted by
heating it to 65°C and was loaded on a second 1% lowmelting-point agarose gel. The micronuclear DNA was again
excised, digested in situ with the appropriate restriction
enzyme when required, and purified from the gel as described by Kuhn et al. (35).
DNA from recombinant bacteriophage was purified as
described by Maniatis et al. (36). Recombinant plasmid DNA
was prepared as described by Godson and Vapnek (17) with
minor modifications (36).
Construction and screening of recombinant libraries. The
construction of the E. crassus Gl macronuclear library
(LEMAC library) has been described previously (6). In brief,
synthetic EcoRI linkers were added to total macronuclear
DNA that had been previously treated with EcoRI methylase
and blunt ended by treatment with T4 DNA polymerase. The
resulting DNA molecules were then ligated into the EcoRI
site of the bacteriophage vector XgtlO (24). The resulting
recombinant clones contain essentially full-length macronuclear DNA molecules and lack only the single-stranded
telomeric region (33).
An E. crassus G1 micronuclear recombinant DNA library
(LEMIC library) was constructed by first performing a series
of partial Sau3A digestions on total micronuclear DNA,
pooling the digests, and fractionating them by electrophoresis on a 1% low-melting-point agarose gel. Sau3A fragments
in the 9.4 to 23 kbp size range were excised from the gel,
eluted, and ligated with lambda EMBL3 vector arms (16)
(Stratagene, Inc., San Diego, Calif.) that had been generated
by digestion with BamHI. The resulting DNA was packaged
into phage particles by using the Gigapack system (Stratagene, Inc.). A total of 5.5 x 105 recombinant phage were
produced and amplified on plates before storage of the
library. On the basis of a micronuclear genome size of 1.7 x
109 bp (32), the library was estimated to have a 0.96
probability of containing any micronuclear sequence.
The recombinant libraries were screened by using the
plaque lift method of Benton and Davis (8).
Restriction endonuclease digestions, gel electrophoresis, and
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Southern hybridization. DNAs were digested with restriction
enzymes in accordance with the directions of the manufacturer (New England BioLabs, Inc., Beverly, Mass., and
Bethesda Research Laboratories, Bethesda, Md.). Sizes of
DNAs were determined by electrophoresis through agarose
or low-melting-point agarose gels prepared with and run in
TBE (89 mM Tris borate, 89 mM boric acid, 2 mM EDTA).
For hybridization analyses, DNA was transferred to nitrocellulose filters (46), which were then incubated with radiolabeled probes at 65°C as previously described (34). Unless
otherwise noted, the filter received two 30-min washes in 2x
SSC-0.5% sodium dodecyl sulfate (SDS) (lx SSC is 0.15 M
NaCl plus 0.015 M sodium citrate) and then two 30-min
washes in 0.1x SSC-0.5% SDS.
Restriction fragments used as hybridization probes were
excised directly from low-melting-point agarose gels and
radio labeled with [cx-32P]dATP by the random hexamer
priming method (13).
For quantitative analysis of Southern blots, band intensities on autoradiograms were compared by using a model
1650 scanning densitometer (Bio-Rad Laboratories, Rockville Centre, N.Y.) interfaced with an Apple II plus computer (Apple Computer, Inc., Cupertino, Calif.) equipped
with Chromatochart software (Interactive Microware, Inc.,
State College, Pa.). Alternatively, two-dimensional scanning
densitometry was performed by using a Bio-Rad model 620
video densitometer and 2-D Analyst software (version 1.10).
DNA sequence analysis. DNA fragments were cloned into
bacteriophage M13 mplO or M13 mpll and sequenced by
the dideoxy-chain termination method (44), using kits purchased from New England BioLabs or United States Biochemical Corp. (Cleveland, Ohio) and [a-thio-355]dATP as
the labeled nucleotide triphosphate. In some cases the
chemical cleavage sequencing method was used with DNA
fragments labeled at a 3' end (37).
RESULTS
Isolation and characterization of E. crassus micronuclear
recombinant clones. Two recombinant clones containing
segments of E. crassius micronuclear DNA were isolated
from the LEMIC bacteriophage lambda library, and the
developmental fates of sequences in the clones were determined. The first clone, LEMICD, which contained a 13.2kbp segment of micronuclear DNA, was selected from a
group of randomly chosen micronuclear clones on the basis
of its ability to hybridize to macronuclear DNA. The second
clone, LEMICV, contained a 14.2-kbp micronuclear DNA
insert and was isolated during a screen of the micronuclear
library by using a previously cloned 0.9-kbp macronuclear
DNA molecule referred to as V2 (clone pMACV2) as a
hybridization probe. Restriction maps of these two micronuclear clones were generated and are shown in Fig. 1.
To determine the developmental fates of sequences within
each of these clones, a series of restriction fragments spanning the length of the clones was generated, and each
fragment was used individually to probe a Southern blot of
native (i.e., undigested) E. cralssis total cellular DNA.
Conceivably, these clones could contain three types of
sequences which were distinguishable in the hybridization
analysis: (i) sequences which give rise to macronuclear DNA
molecules during development; (ii) unique, or low-copynumber, micronuclear DNA sequences that are eliminated
during the development of the macronucleus; and (iii) highly
repetitive micronuclear DNA sequences that are eliminated
during macronuclear development. In the Southern hybrid-
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ization analyses, regions of the micronuclear clones that give
rise to macronuclear genes will show hybridization to discrete. low-molecular-weight DNA molecules (<20 kbp). In
contrast, the micronuclear DNA contained within the total
cellular DNA has a high molecular weight and migrates at
the limit of mobility in the agarose gels. Under the conditions
used, unique and low-copy-number micronuclear-limited
sequences showed no hybridization, as homologous sequences are present in very small amounts. Repetitive
micronuclear-limited sequences (>100 copies per genome),
however, showed hybridization to high-molecular-weight,
limited-mobility DNA. For these experiments, as well as for
others presented below, it was assumed that high-molecularweight DNA is equivalent to micronuclear DNA. Micronuclear DNA has been demonstrated to be chromosomal and of
high molecular weight in a number of hypotrich species (for
a review, see reference 32), but it remains possible that some
macronuclear sequences also fall into the high-molecularweight class.
The results of this type of analysis are shown for clone
LEMICD (Fig. 2). Fragments A, B, C, and D, which were
derived from the left end of the clone, hybridized exclusively
to high-molecular-weight DNA and hence contained repetitive micronuclear DNA sequences that are eliminated during
macronuclear development (Fig. 1A and 2). Similarly, the
left end of clone LEMICV contained repetitive micronuclear-limited sequences (Fig. 1B).
Both clones also contained regions that hybridized to
macronuclear DNA molecules. In the case of LEMICD,
restriction fragments E, F, and G, derived from the central
region of the cloned micronuclear DNA segment, detected
1.65- and/or 1.55-kbp macronuclear DNA molecules (Fig. 1A
and 2), indicating that these regions of LEMICD contain the
micronuclear precursors of these macronuclear DNA molecules. We have designated the 1.65- and 1.55-kbp macronuclear DNA molecules D7 and D8, respectively. The rightward region of LEMICV shared homology with a number of
macronuclear DNA molecules (Fig. 1B). Fragments derived
from this clone hybridized to 3.8-, 0.90- (this corresponds to
the cloned V2 macronuclear DNA molecule used to select
clone LEMICV), 1.8-, and 1.6-kbp macronuclear DNA
molecules (Vl, V2, V3, and V4, respectively, in Fig. 1).
Fragments L and M, located near the right end of LEMICV,
hybridized to both V3 and V4 (Fig. 1B). This presumably
represents a case of alternative processing in which two
macronuclear DNA molecules are derived from the same
segment of micronuclear DNA, as has been observed for
other hypotrich species (23, 30).
The remaining regions of LEMICD (fragments H, I, J, and
K. Figs. 1A and 2) showed no hybridization to whole-cell
DNA and thus contained unique or low-copy-number sequences that are eliminated during macronuclear development.
Isolation and characterization of macronuclear DNA molecules derived from LEMICD and LEMICV. Recombinant
clones of all of the macronuclear DNA molecules derived
from LEMICD and LEMICV were isolated to characterize
their micronuclear organization more thoroughly. This was
done by using selected restriction fragments from the two
micronuclear clones to screen a recombinant library of
macronuclear DNA molecules (the LEMAC library). The
clones isolated were designated by the name of the macronuclear DNA molecule preceded by LEMAC (e.g.,
LEMACD7, Fig. 1A) or by p in cases in which the macronuclear DNA insert was subcloned into the plasmid vector
pUC12 (49) to facilitate analysis (e.g.. pMACV3; Fig. IB).
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FIG. 1. Restriction maps of cloned micronuclear and macronuclear DNA segments. (A) Restriction map of LEMICD. Boxed areas of map
and associated letters (A, B, C. etc.) indicate restriction fragments used in hybridization experiments. Regions of LEMICD containing
micronuclear repetitive DNA (O) and micronuclear-limited unique or low-copy-number sequences (LII) are shown, and regions which
hybridized with macronuclear DNA molecules contain the name of the homologous macronuclear gene (D7 or D8). The region of LEMICD
containing the precursors of macronuclear genes is enlarged for comparison with the restriction maps of the macronuclear clones LEMACD7
and LEMACD8-8. Positions of macronuclear gene ends in the enlarged region of the micronuclear clone ( .) are shown. IESs whose
positions and sizes are precisely known (U) and IESs whose precise positions have not been determined (@) are indicated. Regions
sequenced by the dideoxy-chain termination method (-) and the chemical cleavage methods (-) are indicated. The sizes of selected
restriction fragments referred to in the text are indicated. A variable Htaelll site in the macronuclear D8 gene is indicated (*). Note that the
terminal bracketed EcoRI sites of the macronuclear clones were created during the cloning process and are not present at the ends of native
macronuclear DNA molecules. H, HindIII; E, EcoRI; S. Sill-; Ss. Sstl; Xo. XloI: X. XbaIa B, BgIlI; Ha. HaeIIl; Bc, BclI; P, PstI; Pv, PiII;
and Xm, Xrnnl. Note that all BclI and Bglll sites have not been mapped. and HielIIl sites were only mapped in LEMACD8-8 and the
corresponding region of LEMICD. (B) Restriction map of the micronuclear clone LEMICV. with the region containing macronuclear gene
precursors enlarged. Also shown are restriction maps of the macronuclear gene clones pMACV1. pMACV2. pMACV3. and LEMACV4.
Other aspects of the figure are as described for panel A. Note that not all Bcll. Pvull. and Xmiznl sites are mapped.

Restriction mapping and hybridization experiments utilizing the macronuclear clones localized the regions of the
micronuclear clones responsible for giving rise to these
macronuclear DNA molecules (Fig. 1; data not shown).
Once this level of mapping was accomplished. DNA-se-

quencing studies were undertaken to localize the macronuclear gene precursors more precisely and examine their
organization in detail. In the case of LEMICD, regions
spanning the right end of the D7 gene, and both ends of the
D8 gene were sequenced along with the corresponding
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FIG. 2. Hybridizations of LEMICD restriction fragments to
Southern blots containing undigested E. crassus whole-cell DNA. A
Southern blot was prepared from a gel containing multiple lanes of
E. crassus whole-cell DNA, and the blot was cut into strips. The
blot strips were individually hybridized with restriction fragments A
through K of LEMICD (Fig. 1A), and the strips were reassembled
before autoradiographic exposure (probe B was hybridized to an
independent Southern blot). Sizes of hybridizing fragments are
indicated on the left in kilobase pairs. Note that fragments F and G
also showed weak hybridization to 1.65-kbp DNA molecules upon
longer autoradiographic exposure.

termini of the cloned macronuclear DNA molecules (Fig.
1A). The sequences of these regions are shown in Fig. 3A
and 3B. The sequences of the corresponding regions of the
macronuclear and micronuclear clones were in complete
agreement, providing strong evidence that the micronuclear
clones do indeed contain the true developmental precursors
of these macronuclear DNA molecules. However, as has
been observed for other hypotrichous ciliates (11, 31, 39),
the micronuclear precursors of the D7 and D8 macronuclear
DNA molecules lacked the telomeric C4A4 repeat sequences
present at the ends of all macronuclear DNA molecules.
These repeats are added to macronuclear DNA molecules
during the course of macronuclear development. The sequencing results also indicated that the micronuclear copies
of D7 and D8 are in close proximity, with only a 36-bp
intergenic spacer separating them (Fig. 3A). It should be
noted that two variant forms of D8, defined by the presence
or absence of a HaeIII restriction site (Fig. 1A), exist in the
macronuclear genome of E. crassus Gl, which was used to
construct the recombinant libraries. In previous genetic
analyses we have determined that these two forms are allelic
(6). The micronuclear and macronuclear clones analyzed
here both contain the HaeIII-plus form of D8.
In the case of LEMICV, a more extensive sequencing
analysis was undertaken. A 2,740-bp segment of the micronuclear clone (extending from the BglII site at the right end
of the VI gene precursor, through the entire region giving
rise to V2, and up to the HindlIl site at the left end of the V3
precursor) and the corresponding regions of the Vi, V2, and
V3 macronuclear clones were sequenced (Fig. 1B). As
described above, the sequences of the macronuclear and
micronuclear clones were in complete agreement (Fig. 3C),
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with the exception of the macronuclear telomeric repeats
and a number of IESs which are discussed further below. In
the micronucleus, the right end of V2 is separated from the
left end of V3 by a 400-bp intergenic spacer. In contrast, the
right end of Vl overlaps the left end of V2 by 6 bp; that is,
Vl and V2 share 6 bp of micronuclear DNA.
The sequence analysis included the entire V2 macronuclear DNA molecule. V2 was found to be 814 bp in length,
excluding the telomeric repeats. The function of V2 is not
clear, as no unambiguous open reading frame was found
within this macronuclear DNA molecule. The region most
likely to be involved in coding for a protein is an open
reading frame extending from base 1276 to base 1533 of the
sequence as shown in Fig. 3C. This region has a relatively
high G+C content of 49.7%, which is a feature of coding
regions in ciliated protozoa (28) and an elevated RNY/YNR
ratio (2.27), which is a general characteristic of coding
regions in many organisms (45). However, this open reading
frame does not begin with an initiation codon, which may
indicate that the protein coding region of V2 is interrupted by
an intron. Analysis of the transcript produced by V2 will be
required to clarify the function, if any, of this macronuclear
DNA molecule.
Finally, as noted above, hybridization analyses suggested that V3 and V4 are derived from the same region of
LEMICV by alternative processing (Fig. 1B). The sequencing data provide a strong indication that the V3 macronuclear DNA molecule is derived from the region of the
micronuclear genome represented in clone LEMICV. No
sequencing studies have been performed on the macronuclear V4 DNA molecule, so that alternative processing has
not been rigorously demonstrated. However, cross-hybridization analyses performed with the two macronuclear DNA
clones and LEMICV indicated that if alternative processing
is involved it is likely to be complex, involving at least two
distinct types of alternative rearrangement events. First,
while the majority of V3 and V4 were found to crosshybridize, the 0.27-kbp Hindlll-to-end fragment of V3 did
not hybridize to V4, and the 0.20-kbp EcoRI-to-end fragment
of V4 did not hybridize to V3 (data not shown). Thus, the
termini of V3 and V4 are distinct, and if a single region of
micronuclear DNA gives rise to both of these macronuclear
DNA molecules, then alternative use of chromosome fragmentation sites is likely involved. Second, there are a
number of differences in the restriction maps of the two
macronuclear DNA molecules and the cross-hybridizing
region of LEMICV (Fig. 1B), suggesting that alternative
internal rearrangements must also occur. For example,
fragment N of LEMICV (Fig. 1B) hybridized to V3 but not
to V4, indicating that this region would have to be removed
from V4 but not from V3.
IESs in the micronuclear precursors of macronuclear DNA
molecules. On the basis of the above sequencing analyses
and additional hybridization analyses, a number of conventional IESs were defined in the regions of LEMICD and
LEMICV that give rise to macronuclear DNA molecules
during development (large regions of repetitive DNA also
interrupt the Vl and D7 precursors and are discussed in the
following section). Comparison of the sequenced region of
LEMICV with the corresponding sequenced regions of the
macronuclear clones revealed that IESs of 374, 31, and 144
bp interrupt the micronuclear copies of the Vi, V2, and V3
genes, respectively (Fig. 3C). In common with IESs sequenced in other hypotrichs (23, 31, 40), each IES is
bounded by a short direct repeat, one copy of which is
retained in the mature macronuclear DNA molecule. The
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tat
TGCAGTACAGCTTGATGTAAATTCATCTATCTTTTTATTAAATATATTAACTAGTTCAITTTCAACTCAAATACAAMCAACAtgtaggtat t cca t 200

r4.D8L

ggct tatagtat ttctccaATTTTAGAGTACAGTAGCTGAATTAATAATTATTCCTGAATTTTCTrGATTAATGhAArrAGTCTGAGTCCTCAGCAT
V/
!IBgl TI/Hae I I

sfrr-r-rkr-rxrSrr.^rar.ATrrTATCAATAGATTGTCTGATTTTAmTTrTCTAGAGATCTGGC

B.

D8R..s

GATMTTCTTArTGAGGTTGCACACTCCCTCCTGTACAACGTTCATTCCCTACTTAAAGCMAATTAAAATTTCAAGTATTATAATTTA200
tttcataaatattgaaaatattat tgat tattaaataaaaatgcatt tgagggatct tatccccctct tt ttgtgaaatcctatctgaagtttctaaact
atgctaaattctt tqtaactaaactaa ta t t tcst tgtgtgt tgaaacct tggaagaaccacctccgaagaggggctatccaagggtgggaaaaat tat

C.
Li tt

AGATCTTATAGAGCTAGAGTTI-AIAAAAATTAAATTrTAGAACTAGGCTGCGTAGAACATMAATAAAGATrIAmAGAGAAGCGTTGTGAAGGACTT

200
nLIT
TAGACAGIC~GTGAGAACTTTAATCAGAA-XiGvi'GGTTATGCTTAAC TTAGACTATCAGTTAGGGTATATTTTCAGCTGATAAGCiACaTCG

GTCAGTTaaataaatattatgtttagcattaattcaagctataaaattatattttaatatgtgtagattaatccttaataaaccatccatcagtaaq
400
agtc-aaataaatgtttaaataacagaatatggcaaattttcaaagatttggagtaaataaatggagaaatcctcaaaggccaacaaaattctaaatctat
Hind TII
ggggtacataactttgagtatttaatagaacaaataatgggtaaaagtctgtaaagcttataaaactgtttgtccattctcaaataacattcttagaaat
=2a T
_,
600
gagttattttgtctagaattttcatgttgttatgaataataaagttctagattatttttaactcaataacgtaactatgtaa =TACTCAGCAhGTTATA
AGGCTGGAGAAACTCCTTCAAGAGTTCATTGGTTATGGTATGAAATATGAAATTTAACAACTACGTAmTTATTTAGAGTACGTAIITTLATGTTTAAGC
800
GlCTTCATATGATCT
TATTTCACC GATAsAGGAGTGlAAATTTAATGAGAATCGAT
GTrGATAGTTGGAACTTGGCTrAGAAAAGAGGTTATGGATAGTGTGTAGAGGGTTATTCTTTCCGTCTCTAAAGACTATCAGTrCACCAAGACCTAATC
1000

TcTrATGcGTGTAAGCTCTrGTGGTAT1lTrAGAATGAAGGATrcTTATTAGGAAATTAAAATATGGTAGATrITGTT1'AATrATGAAAT

TTAITTGAGATTGGGTGAACTTACTCTAGTTCAACTC TATGT*CGTTCGCCTAGATTTTGTACCCTCTSSTATAAACTCTCGCTCATATTTAA
VORt
Xba.L_ 1200

TATAATArimTACTV ATATAAATATTAAGTATTCnTITGTTGATC

GACCMAAAcacctaaaacaaaaccccaaccccttaac tAACTTC TCCAGCCTATCTACCCTCACTTATCCTAAAACACCCTC CW@GCGCTTAAAC
1400
GTCCCAAAACTCCTCTAAACCTCCCCTCCACGACTCCTAAACACTCTACTCCACTCATTCTCAACTCCCCTTCCCACATAACTCCCACTGGCCTTAACC
CCAGTTATCTCCAGCCCGATCGGGCAAGAAAACTGAGTG1
TCCITGAAAACCTACTAATCTACCCGACCCCCTTAGTTCCTCCC-TTTTC"I
C

TTTTGGGG

1600
TTGGCCTGGTGATTAATGAGATGTGTATTAGGTGTTGTAATGATTTGTTTGATTGGGAGAGGATTATTTTTAAA^GAAA

1800

AAAATTAACATATCTTTCTTGTCAAAAAGCTCAATCTCATATATAATATAAMTTTTTGGTTTATATGATAATACATCTACCTCTTTAGTCTGATAATAT
ATTTGCTATAAATTCATCCCC-TATCAAAAACTATAGTTAGCTCCTTAACTCTTAACTCTGTTTAATCTTATCTTCAATTTAACCATAAATTATACCCCA

V2R.1
2000
AAAGATCTAATACAATCACCATTTATAATCTAACCAACCCCCACCACTTAAATCccccCaaattcccaacctcccctcacctctacccccaacccctcaa

gtaatctcccaaccccctaat tctcccctct tcacctccaccctcgt tcctcccctcccacctaccccctattatctcagtcat tctcccatccataaac
2200
£XsQ-U

ttcttggctgaattctgagccgtggtatagtctgccagagcacgtgtgttttaggtgaggttgaggtagatggtttggggttaaggaattatggggtg

-

------

-----------

~~~~~~~~~~~~~2400

t t t ta t tggggt t t t taagt tgt tagagaaa t tagWaatcaat t t t t t tgggaCAAAATATTCAAATlTMTTAATTTAAAAGCAG

CTAAGACACAGAGGAAGAAGAAGGAAGGTAAGGCT
=

ttgcaaaattgataaagggt ataagagaatagtagagactttgagtcataaaaattagaata
b
2600

tctgaggcttctcatcgccatactaactcaacactc-tagaataaaaatatccttcttattcaatatcccatattcata-CTGACTATArrrCTCTT
TTATCCCTTATAATTCGTATAT-TCTTCCTAATTATCAAATGGTATATrTCCAGTCTnTTGGACCTAATTACCCTCAATCAACAAAATGAAACCAGATT
Hirnd III

TATICCCIAGAACTAICITA~CATACCATTTAAGT
FIG. 3. Sequences of regions of micronuclear clones LEMICD and LEMICV. (A) Sequence of the region of clone LEMICD containing
the right end of the precursor of the D7 macronuclear DNA molecule, a 36-bp intergenic spacer, and the left end of the D8 precursor. (B)
Sequence of the region of clone LEMICD containing the right end of the D8 precursor and flanking micronuclear DNA. (C) Sequence of the
region of clone LEMICV beginning at the BglII site at the right end of the Vl precursor, extending through the entire V2 precursor, and ending
at the HindlIl site at the left end of the V3 precursor. In each case, sequences which will form macronuclear DNA molecules are shown in
uppercase letters, IESs are shown in lowercase letters, and intergenic spacers are shown in lowercase italic letters. The positions of the ends
of macronuclear gene precursors are indicated (e.g., D7R is the right end of the D7 precursor). A number of restriction sites are shown to aid
alignment with the restriction maps shown in Fig. 1. The direct repeats at the ends of IESs are doubly underlined, and IES inverted repeats
are underlined by arrows, with gaps denoting mismatches. The sequences of macronuclear DNA molecules D7, D8, Vl, V2, and V3 are not
explicitly shown, but they were found to be identical to the LEMICD and LEMICV sequences shown, with the exception of the IESs
indicated. In addition, all ends of the cloned macronuclear DNA molecules possessed 28 bp of the telomeric repeat sequence C4A4.

direct repeats for the 374-, 31-, and 144-bp IESs are 5'ATAT-3', 5'-TA-3', and 5'-ATA-3', respectively. Short imperfect inverted repeats, also a common feature of IESs in
other hypotrichs, were found near the termini of the 374- and
144-bp IESs but not near the termini of the small 31-bp IES
(Fig. 3C).

In addition to the IESs detected in the sequenced region of
LEMICV, evidence for other IESs in the two micronuclear
clones was obtained in hybridization analyses. For example,
the 420-bp restriction fragment extending from the PstI site
to the rightmost BglII site of the macronuclear Vl gene
hybridized to the 700-bp PstI-BgIII fragment of LEMICV
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FIG. 4. Detection of IESs by hybridization analysis. (A) hlybridization of the 0.42-kbp PstI-Bglll fragment of pMACV1 to a Southern blot containing PstI-BglII digests of pMACV1 (lane 1) and
LEMICV (lane 2). (B) Hybridization of the 0.46-kbp SstI-BgIII
fragment of pMACV3 to a Southern blot containing SstI- and
BglII-digested pMACV3 (lane 1) and LEMICV (lane 2). Sizes of
hybridizing fragments are indicated in kilobase pairs. For both A
and B, filters were washed at 65°C in 1x SSC-0.5% SDS.

(Fig. lB and 4A). This implies that one or more IESs
totalling approximately 280 bp are removed from this region
during the maturation of the Vl gene. In the case of V3, the
460-bp SstI-BgIII fragment of the macronuclear clone hybridized to a 900-bp SstI-BglII fragment in LEMICV (Fig.
1B and 4B), indicating that one or more IESs totaling 440 bp
are present in this region of the V3 precursor. Similarly, the
220-bp EcoRI-HindIll fragment near the right end of macronuclear D7 corresponded to a 550-bp EcoRI-HindIlI fragment in micronuclear clone LEMICD, and the 330-bp
Hindlll fragment of LEMACD7 corresponded to a 1,400-bp
HindIII fragment in LEMICD, implying that one or more
IESs totalling 330 and 1,070 bp are present in the respective
regions of the micronuclear copy of D7 (Fig. IA; data not
shown).
The single macronuclear gene precursor for which no
evidence of IESs exists is the D8 gene. No IESs were found
within the regions of D8 sequenced (Fig. 3A and B), and all
restriction fragments derived from internal regions of the
micronuclear and macronuclear copies of D8 appeared to be
identical in size when subjected to side-by-side gel electrophoresis. This is the first instance in which a micronuclear
copy of a gene in a hypotrichous ciliate has been found to
lack an IES.
Large repetitive DNA elements interrupt the precursors of
Vl and D7. During the above analyses it became evident that
the entire precursors of Vi and D7 were not contained in
their respective micronuclear clones, despite the fact that
the inserts were sufficiently large to contain them in their
entirety. To determine the extent of Vl sequences in the
micronuclear clone, LEMICV was hybridized to a Southern
blot of EcoRI- and BglII-digested pMACV1 DNA. Only the
0.78- and 0.74-kbp fragments were detected (Fig. 5A); these
fragments correspond to approximately the right half of
macronuclear Vl (see Fig. 7). Similarly, LEMICD hybridized only to fragments to the right of and including the
0.33-kbp HindIll fragment of D7 (Fig. 1A; data not shown).
Comparisons of the macronuclear and micronuclear restriction maps indicated that the repetitive DNA sequences
in both micronuclear clones were at or near the boundaries
of the Vi and D7 homologous regions and thus appear to

LEMICV

LEMICGM6

FIG. 5. Hybridizations of LEMICV (A) and LEMICGM6 (B) to
Southern blots containing pMACV1 doubly digested with BgllI and
EcoRI. Sizes of hybridizing fragments are indicated in kilobase
pairs. Filters were washed in lx SSC-0.5% SDS at 65°C.

interrupt the precursors of these macronuclear DNA molecules. As such, it was of interest to further characterize the
blocks of repetitive DNA.
To determine whether the repeated DNA regions of the
two clones were related, restriction fragments from the
repetitive region of LEMICD were isolated and used to
probe Southern blots containing restriction digests of
LEMICV. The results of this analysis are summarized in
Fig. 6A. Fragment C of LEMICD hybridized to fragment A
of LEMICV, while fragment D of LEMICD hybridized to
both fragments A and C of LEMICV (note that under the gel
electrophoresis conditions used, the small restriction fragments B and D of LEMICV ran off the gel and were not
included in this analysis). Other restriction fragments of
LEMICD and LEMICV showed no detectable hybridization
to the opposite clone. Thus, the two clones contain related
repetitive DNA elements. However, two lines of evidence
indicate that the repetitive elements in the two clones are not
identical. First, the restriction maps of the cross-hybridizing
regions of the two clones cannot easily be aligned (Fig. 6A).
Second, repetitive fragments E, F/G, and H of LEMICV did
not hybridize with LEMICD.
To determine whether the repetitive regions represented a
large repetitive element or were composed of a smaller
tandemly repeated unit, a series of intraclonal hybridizations
were performed (data not shown). With the exception of
fragments C and H of LEMICV (Fig. 6A), none of the
restriction fragments derived from the repetitive regions of
the micronuclear clones hybridized to other fragments
within the clone, indicating that the repetitive regions represent a large element (the basis for the cross-hybridization of
fragments C and H is discussed below). The entire repetitive
region will be referred to as a Tecl element (the basis for this
designation is given in the Discussion).
To investigate the general organization of related Tecl
elements in the micronuclear genome, repetitive restriction
fragments of LEMICD were used to probe Southern blots
containing E. crasslus whole-cell DNA digested with a number of restriction enzymes. These results are summarized in
Table 1. Hybridizations with fragment C of LEMICD were
representative of the overall results. Fragment C, a 1.1-kbp
HindIII fragment, showed hybridization to discrete fragments in whole-cell DNA digested with a number of restriction enzymes as well as lesser hybridization to a broad
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FIG. 6. Characterization of repetitive sequences in LEMICD and LEMICV. (A) Summary of cross-hybridization analyses for repetitive
regions of LEMICD and LEMICV. Restriction maps of the repetitive regions of the two clones are shown. Letters denoting restriction
fragment probes are as described for Fig. 1. Arrows indicate fragments of LEMICD that cross-hybridized with fragments of LEMICV. The
maps have been aligned such that cross-hybridizing regions of the two clones overlap. Cross-hybridization between LEMICV fragments C
and H is also indicated. (B) Autoradiographs from a Southern blot containing total cellular DNA digested with PstI (lane P) and XbaI (lane
X) and probed with the 1.1-kbp HindIll fragment of LEMICD (fragment C, Fig. 1A). Sizes of the major hybridizing fragments are indicated
in kilobase pairs. (C) Hybridization of the 1.1-kbp Hindlll fragment of LEMICD to a Southern blot containing HindIll (lane H) and EcoRI
(lane E)-digested whole-cell DNA with various amounts of EcoRI-digested LEMICD DNA, calculated to be equivalent to 103, 104, and 105
copies per cell of the 1.1-kbp HindlIl fragment (lanes 3, 4, and 5, respectively) relative to the amounts of cellular DNA present in the HindIll
and EcoRI lanes. The LEMICD lanes were used as copy-number standards for scanning densitometry.

spectrum of DNA fragments as revealed by a general background smear (Fig. 6B and C). We interpret these results as
indicating that most of the Tecl elements in the micronuclear
genome have a conserved restriction map, but that degenerate or rearranged elements which have lost or gained restriction sites are also present. The elements in both LEMICD
and LEMICV differed from the conserved element and thus
appear to be degenerate copies. For example, fragment C of
LEMICD detects predominantly 1.4- and 1.6-kbp fragments
in EcoRI and Hindlll digests of whole-cell DNA (Fig. 6C),
respectively, while the corresponding EcoRI and HindIII

fragments in the clone are of 1.9 and 1.1 kbp, respectively
(Fig. 1A).
These genomic hybridization experiments also provided a
minimum estimate of the size of the majority of the Tecl
elements in the micronuclear genome. Fragments A, B, C,
and D of LEMICD, which encompass a contiguous region of
5.4 kbp in LEMICD, all detected 4.7-kbp PstI fragments in
whole-cell DNA (Table 1). This suggests that sequences
corresponding to the four LEMICD fragments are generally
adjacent in other repetitive elements in the genome. The PstI
sites that define the 4.7-kbp genomic fragments are appar-

TABLE 1. Summary of hybridization analyses on repetitive regions of micronuclear clones
Hybridization probe

Size (kbp) of homologous fragment in total cellular DNA digested with:
EcoRl

HindIII

PstI

Copies per cell"

XbaI

LEMICD fragments
2.1 x 104
1.5
1.8
4.0, 2.6
A (1.0-kbp Sall)
4.7, 2.5
5.0 x 102
Smrb
4.7, 2.5, 1.3
1.7
4.0, 2.8, 2.6, 1.25
B (1.85-kbp SaIl-HindllI)
1.5 x 104
1.4
1.6
4.0, 2.8, 2.6
C (1.1-kbp HindIll)
4.7, 2.5
1.3 x 104
1.5
1.4
4.0, 2.8
D (1.5-kbp HindIll)
4.7, 2.5
6.4 x 104c
Smr
Smr
Smr
1.9, 1.4
LEMICGM6 fragment (0.28-kbp BglIl-AatII)
' Copy numbers are based on densitometric comparisons of the predominant homologous fragments in total cellular DNA with known amounts of cloned DNA.
as in Fig. 6C.
b Smr, No discrete fragments detected; only a general smear of hybridization was observed.
' Hybridization was done at 55'C; filter was washed in 2x SSC-0.5% SDS at 550C.
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FIG. 7. Restriction map of micronuclear clone LEMICGM6. H. Hindlll; E, EcoRI; and B, BgllI (not all Bglll sites were mapped in the
right half of the clone). Also shown are the restriction map of macronuclear VI and a portion of the restriction map of LEMICV, including
the region that generates a portion of macronuclear Vi. The putative micronuclear orientation of clones LEMICGM6 and LEMICV ( ..... ),
regions of the micronuclear clones that form parts of macronuclear Vi ( ), IESs in the micronuclear clones where they have been
sequenced (U) and where their precise position is unknown (@), and repetitive DNA sequences (C) are indicated. The region of each clone
sequenced is indicated by arrows, and positions of Tecl element-associated inverted repeats are indicated by arrowheads on the micronuclear
restriction maps (arrowheads are pointed downward where the orientation of the inverted repeat is unknown). Sizes of selected restriction
fragments referred to in the text are indicated in kilobase pairs.

ently conserved internal restriction sites that place the
minimum size of the Tecl element at 4.7 kbp.
The copy number of the repetitive element was determined by hybridizing restriction fragments of LEMICD to
restriction digests of whole-cell DNA as well as to restriction
digests of known amounts of the LEMICD clone which
served as copy-number standards. Figure 6C shows the
hybridization of the 1.1-kbp HindlIl fragment of LEMICD
(fragment C) to HindIll- and EcoRI-digested whole-cell
DNA. Densitometric scanning of the major discrete bands
on the autoradiogram indicated that there were 1.5 x 104
Tecl elements per micronuclear genome. Similar values
were obtained when other LEMICD restriction fragments
were used as probes (Table 1). On the basis of a micronuclear DNA content of 1.7 x 109 bp (32) and 1.5 x 104
elements 4.7 kbp in size, we estimate that the element
constitutes at least 4.1% of the micronuclear genome. These
values should be considered a minimum estimate of the
number of copies of the element in the micronuclear genome
for the following reasons: (i) this analysis considers only the
major hybridizing bands and not the background smear of
hybridization, (ii) the calculation of copy number relies on a
minimum estimate for the size of the Tecl element, and (iii)
more intense hybridization signals were obtained when the
stringency of the hybridization washes was reduced (data
not shown).
The Tecl elements interrupting macronuclear precursors
resemble transposons. To investigate the interruption in the
micronuclear copy of the Vl gene more thoroughly, we
sought to isolate a micronuclear clone containing the parts of
the Vi precursor not contained in micronuclear clone
LEMICV. Therefore, the 2.0-kbp XbaI-PstI fragment of
pMACV1 was used to screen the micronuclear recombinant
library, which resulted in the isolation of micronuclear clone
LEMICGM6 (Fig. 7). When LEMICGM6 was used to probe
a Southern blot containing EcoRI and BglII-digested
pMACV1 DNA, it hybridized to the Vi restriction fragments
that were not detected by LEMICV (Fig. 5B). Additional
hybridization experiments were performed to localize the
regions of LEMICGM6 sharing homology to VI and are
summarized in Fig. 7. The left end of LEMICGM6 shared

homology with Vi extending rightward from the single
HindIll site of Vl and into the 0.74-kbp BglII fragment that
is derived in part from LEMICV. Sequences to the left of the
HindlIl site in macronuclear Vl were not found in
LEMICGM6 but presumably are immediately adjacent to
the segment of micronuclear DNA contained in this clone.
The region of LEMICGM6 sharing homology with Vi was
found to be interrupted by 3.4 kbp of nonrepetitive DNA,
which represents one or more IESs (Fig. 7).
The rightmost 8.8 kbp of the micronuclear insert in
LEMICGM6 were found to be composed of repetitive DNA
(Fig. 7). We suggest that this repetitive region is an extension
of the interruption encountered in LEMICV, but this has not
been proven since the inserts of LEMICGM6 and LEMICV
do not overlap. Repeated attempts to isolate a clone that
includes the entire interruption in the Vi precursor were
unsuccessful. It is likely that the size of the interruption is
larger than the maximum insert size of the cloning vector
used to construct the micronuclear library. For purposes of
discussion, it will be assumed that the micronuclear sequences represented by the insert of LEMICGM6 are located to the left of the LEMICV insert on the same micronuclear chromosome.
The insertion point of the Tecl element was localized to
regions of the two micronuclear clones that give rise to the
0.31-kbp BglII-PstI fragment of the macronuclear Vi DNA
molecule (Fig. 7). To examine the ends of the repetitive
element, the sequence of the 0.31-kbp BglII-PstI fragment of
pMACV1 was determined, as well as the regions of micronuclear clones LEMICGM6 and LEMICV that contained
the ends of the element (Fig. 7 and 8A). The exact length of
the macronuclear DNA fragment was found to be 312 bp.
The first 270 bp of sequence to the left of the single PstI in
LEMICV (Fig. 7) matched the macronuclear sequence (Fig.
8A). Thereafter, the homology to macronuclear Vi ended,
which defined the start of the Tecl element (Fig. 8a). The
remaining 42 bp required to generate the 312-bp BglII-PstI
macronuclear fragment were found in the region of
LEMICGM6 sequenced, with the homology again breaking
down immediately after that sequence. Comparison of the
sequences at the ends of the interruption indicated that a
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Pst I

LVICV

CTGCAGACAGTATTGAAGACAAAAAGGAGCTACAGGGACCAGATACATCTCTGACACAAAAAGCCTTGGAAAAGCTCTGGGATAGACTGA

LEVICV

AATTTTTGCTTTCAAGTGGTTATGAGATTAAAGACATTTTCATAAAAACCAAATGTACCGGTTTCTTTAAAGATTTCCATATCACCTCAA

LXMICV
LVIXCV
LEVICV
LVXICV

GGATGACTGAAGAAGACATTAGTAATTATGTTGATCCTTTTGCTGTTCTTTCTCAACATGATGGATATAGCTCCGAATTTGCTTCGGAGC
atataaagggaatattatattgaaacaatataaattaataattataattaataagtgaaagatttaatcttaattaatagtctttccttc

LXICGM6

BC1 I

tacccttctagtctcacttaccctccacataagcaagccttaatttcgcatccttatgatcatcactttgtttgtcttttcagaccttta

ctataaaacacgatcaatgttgaattttagggccaagaaggg................................................
Aat II
.........

tatagtcagcaccgcaggcaaaccagacgtcatttt

LVI CGV6 agaggctatttggcataattcattagaatttggtaatattttgggatagtaaaggtctgaaaagacaaacaaagtgatgaccataaggat
LEVICGM6 gcgaaattatgtcttgcttatgtggagggttaatgagactagaagggtagaaggaaagactattaattaagattaaatctttcacttatt
Bql

II

LVI CGV6 aattataattattaatttatattgtttcaatataatattccttttataATACCACTAAAACTAAGACAGCAAAAAGTATCTCTAAGATcT

B.
LEVICD

Hind III
AAGCTTTGCACAAAATACTAtagagggaataaaatattgaatcaaaataaattaaatataattattattaattgaaagatttagtcttaa

LEVICD

ttaattgttattctatttacctctctagcctccattagttcccacataggctaaactccattccttatcatcatctctctgtattccgtt

LEVICD

ttaaaccctttactatcttcaaaatttccccaaactctaatgaattatgctaaatagcctcaaaatagctctctgg

C.
LVIXCV
TAAAGGGAATATTATATTGAAACAATATAAATTAATAATTATAATTAATAAGTGAAAGATTTAATCTTAATTAATAGTCTTTCCTTCTAC
LVXICGM6 -AAAaGGAATATTATATTGAAACAATATAAATTAATAATTATAATTAATAAGTGAAAGATTTAATCTTAATTAATAGTCTTTCCTTCTAC
LVXICD
TAgAGGGAATAaaATATTGAAtCAAaATAAATTAAatATaATtATTAtTAAtTGAAAGATTTAgTCTTAATTAATtGTtaTTCtaTtTAC
LEVICV
CCTTCTAGTCTCACTTA-CCCTCCACATAAGCAAGCCTTAATTTCGCATCCTTATGATCATCACTTTGTTTGTC-TTTTCAGACCTTTAC
LVI CGV6 CCTTCTAGTCTCA-TTAaCCCTCCACATAAGCAAGaCaTAATTTCGCATCCTTATGgTCATCACTTTGTTTGTC-TTTTCAGACCTTTAC
LEIXCD
CtcTCTAGcCTCcaTTA-gttcCCACATAgGCtAaaCTccAT------TCCTTATcATCATCtCTcTGTaTtcCgTTTTaAacCCTTTAC
TAT<END o0 IXNVRTED REPEAT
LEVICV
LEVICGV6 TATCc-CAAAATaTtaCCAAAtTCTAATGAATTATGCcAAATAGCCTCtAAAatGacgTCTGG
TATCttCAAAATtTccCCAAAcTCTAATGAATTATGCtAAATAGCCTCaAAAtaGctcTCTGG
LEMICD
FIG. 8. Terminal sequences of Tecl elements in LEMICV, LEMICGM6, and LEMICD. (A) The sequence of LEMICV to the left of the
PstI site (Fig. 7) is shown with a portion of the sequence of LEMICGM6 beginning within the Tecl element and extending to a BgIll site (Fig.
7). Bases which form the 312-bp Pstl-BglIll fragment of macronuclear Vl are shown in uppercase letters, while the terminal bases of the Tecl
element are shown in lowercase letters. The 3-bp direct repeats bracketing the Tecl element are underlined. The sequence of the 312-bp
PstI-BglIl fragment of pMACV1 is not explicitly shown but it was in complete agreement with the relevant regions of the micronuclear
sequences. (B) Sequence of LEMICD beginning at the Hindlll site adjacent to the Tecl element (Fig. 1A). The first 20 bp (uppercase letters)
generate a portion of the 0.23-kbp Hindlll fragment of macronuclear D7, while the bases in lowercase letters constitute the end of the Tecl
element. (C) The sequences of the inverted repeats at the Tecl element ends in micronuclear clones LEMICV, LEMICGM6, and LEMICD
are aligned to display their similarity. Bases in LEMICGM6 and LEMICD which differ from the LEMICV sequence are shown in lowercase
letters. Dashes indicate gaps which were introduced into the sequences to obtain maximum alignment. Sequences beyond the inverted repeats
are shown for LEMICGM6 and LEMICD to illustrate their similarity (base differences between the two clones are shown in lowercase letters
in this region).

3-bp direct repeat (5'-ATA-3') defines the ends of the Tecl
element. For LEMICGM6, there are actually two adjacent
3-bp direct repeats, the first being the last 3 bp of the Tecl
sequences removed during the formation of macronuclear
Vi and the second being the first 3 bp that form macronuclear Vl (Fig. 8A). The overall arrangement is similar to that
of IESs, in which one copy of the direct repeat is maintained
in the mature macronuclear DNA molecule, although in this
instance the double direct repeat in LEMICGM6 complicates the situation. In addition, the 180 bp following the
direct repeats in LEMICGM6 and the 181 bp following the
direct repeat in LEMICV were found to form an inverted
repeat. The two inverted repeats were 96% identical, differing only by a small number of single-base changes or 1-bp
insertions or deletions (Fig. 8C). Thus, the terminal structure
of the repetitive element interrupting the Vi precursor is
very similar to that of transposable elements, which frequently have inverted repeats at their ends and create short
sequence duplications at their insertion sites (14, 29).
In a similar manner, the terminal sequence of one end of
the Tecl element in the precursor of macronuclear D7 was

determined (Fig. 1A). In this instance the insertion was
localized to a region of LEMICD that gives rise to a part of
the 0.23-kbp Hindlll fragment of macronuclear D7 (Fig. 1A).
Sequencing of the 0.23-kbp Hindlll fragment of LEMACD7
and the corresponding region of LEMICD revealed that
LEMICD gives rise to the first 20 bp of the macronuclear
DNA fragment, after which the Tecl element is encountered
(Fig. 8B). Since the other end of the D7-Tecl element has
not been cloned, it was not possible to determine whether a
direct repeat was present at the end of the element. However, the first 177 bp of the D7-Tecl are very similar to the
inverted repeats of the Vl-Tecl element (73% identical to
the inverted repeat in LEMICV [Fig. 8C]). Beyond the
inverted repeat, the sequence of the D7-Tecl was very
similar to the sequence following the inverted repeat in
LEMICGM6 (Fig. 8C). The similarity in sequence beyond
the inverted repeat suggests that the Tecl elements in the Vl
and D7 precursors, as shown in the current restriction maps
(Fig. 1 and 7), are inserted in opposite orientations.
The conclusion that the Tecl elements are in opposite
orientations seemed at odds with the previous cross-hybrid-
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copies per cell (Table 1). This number is consistent with
copies of the inverted repeat residing at both ends of other
micronuclear Tecl elements. Hybridization of the inverted

3

repeat probe to total cellular DNA digested with EcoRI,

BgIII, XbaI, or HincII produced only a smear of hybridiza2.6-

m

-1.5

1.4-

FIG. 9. Hybridization of the 0.28-kbp Bglll-Aatll fragment of
an inverted repeat of the Tecl element, to a Southern blot containing BglIl-digested LEMICGM6
(lane 1). HindIll- and EcoRI-digested LEMICV (lane 2). and
HindIll-digested LEMICD (lane 3). Sizes of hybridizing fragments
are indicated in kilobase pairs. The blot was washed in lx SSC0.5% SDS at 65°C. Note that the two light bands seen in lane 1
represent hybridization to fragments generated by partial digestion.

LEMICGM6, which contains

ization experiments between the repetitive regions of
LEMICD and LEMICV (Fig. 6A), which indicated that the
cross-hybridizing regions were in the same orientation. A
possible explanation for this discrepancy arose from further
hybridization studies using an inverted-repeat probe. A
0.28-kbp BglII-AatII fragment containing the entire inverted
repeat was isolated from LEMICGM6 (Fig. 8A) and used to
probe a Southern blot containing the three micronuclear
clones (Fig. 9). For LEMICGM6 and LEMICD, only single
fragments were detected, corresponding to the positions of
the inverted repeats as determined by the sequencing analyses. In a HindIII-EcoRI restriction digest of LEMICV.
however, two bands were observed (Fig. 9): a 2.6-kbp
HindIII-EcoRT fragment (fragment H, Fig. 1B), which corresponds to the location of the inverted repeat found in the
sequence analysis, and a 1.4-kbp HindIll fragment (fragment
C, Fig. 1 B). This second fragment defines the end of the
LEMICV region that cross-hybridized with LEMICD (Fig.
6A) and is also the fragment that cross-hybridized with
fragment H of LEMICV, which is the fragment that contains
the sequenced inverted repeat. A straightforward explanation of these results is that fragment C contains an additional
inverted repeat that defines the start of a second Tecl
element inserted into the outer Tecl element (Fig. 7). The
internal Tecl element would be inversely oriented relative to
the external element on the basis of its homology to
LEMICD. The left inverted repeat of the proposed internal
element has not been detected. It may reside in the uncloned
micronuclear DNA separating LEMICGM6 and LEMICV.
Alternatively, the left internal inverted repeat could reside in
LEMICGM6 but could have diverged sufficiently so that it is
no longer detected by the short inverted-repeat probe.
Additional hybridizations of the inverted repeat probe to
total cellular DNA were performed to determine whether the
inverted repeat was generally associated with the termini of
Tecl elements. Quantitative hybridization experiments with
undigested total cellular DNA (performed under reduced
stringency and using LEMICGM6 as a copy-number standard) indicated that the repeat was present in 6.4 x 104

tion with no discrete fragments detectable (Table 1; data not
shown). This is consistent with a terminal location for the
inverted repeat on Tecl elements, as the positions of restriction sites in micronuclear DNA flanking the Tecl elements
are expected to be variable. However, when the inverted
repeat probe was hybridized to HinzdIII-digested total cellular DNA, two discrete fragments of 1.9 and 1.4 kbp were
observed above the background smear (Table 1). This result
suggests that many Tecl elements contain a HinidIII site
within their inverted repeats and that the 1.9- and 1.4-kbp
HindIII fragments represent the two immediately subterminal HinidIII fragments of the conserved Tecl elements in the
genome.
The VI Tecl element is reproducibly excised during macronuclear development. The ability to isolate sexual offspring of
E. crassius made it possible to determine whether the Tecl
element was reproducibly removed from the VI precursor
during macronuclear development. To do this, it was first
necessary to determine whether all micronuclear copies of
Vl in two cell lines of opposite mating type contained a Tecl
element. This was examined by hybridizing the 700-bp
BglII-PstI fragment of LEMICV (Fig. 1B) to restriction
digests of E. crassius micronuclear DNA isolated from
strains GI and NcC1O (Fig. 1OA and B). The restriction
digests and probe were chosen so as to detect fragments
which both contained homology to Vl and overlapped the
right end of the Tecl insertion. Fragments of 2.2, 3.4, and 5.7
kbp were detected in BglII, HinzdIII, and XbaI digests,
respectively, of micronuclear DNA isolated from both
strains of E. crassus. The sizes of these fragments were all in
agreement with the map of LEMICV (Fig. 1B), indicating
that both strains have a micronuclear copy of Vl containing
a Tec element. However, an additional band was also
observed in each micronuclear digest (Fig. 10A and B). The
sizes of these second bands corresponded to the fragments
that would be derived from the macronuclear copy of VI if it
was digested with each enzyme. Thus, these additional
fragments likely represent a small amount of macronuclear
DNA contamination in the micronuclear DNA preparations
rather than a second micronuclear form of VI that lacks a
Tecl element. This conclusion is supported by the observation that the additional bands varied in intensity in independent preparations of micronuclear DNA (e.g, compare Fig.
1OA and B; data not shown). Overall, the results indicated
that all micronuclear copies of Vl are interrupted by a Tecl
element.
To determine whether the Tecl element was reproducibly
removed from the Vi precursor during macronuclear development, strains GI and NcC1O were mated and four independent cell lines were established from the sexual offspring
(strains CC102, CC103, CC104, and CC106). A Southern blot
containing BglII-digested whole-cell DNA from each of
these new cell lines was then constructed and probed with
the 2.5-kbp HindIII-EcoRI (right terminus) fragment of clone
pMACV1. For each cell line, four fragments were detected
in the hybridization analysis (Fig. IOC) which all had sizes
predicted from the restriction map of macronuclear VI (Fig.
7). These included a 0.74-kbp BglII fragment, which corresponds to the site of the Tecl insertion in the micronuclear
copy of VI and whose size would be altered if the Tecl
element were not removed. The results thus indicate that the
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FIG. 10. (A) Hybridization of the 700-bp Bglll-PstI fragment of LEMICV to a Southern blot containing micronuclear DNA of E. crassus
Gl digested with BglII (lane B), Hindlll (lane H), and XbaI (lane X). (B) Hybridization of the 700-bp BglII-PstI fragment of LEMICV to a
Southern blot containing micronuclear DNA of E. crassus NcC1O digested with BgIll (lane B), Hindlll (lane H), and XbaI (lane X). (C)
Hybridization of the 2.5-kbp HindIIl-EcoRI (right terminus) fragment of pMACV1 to a Southern blot containing BgIII digested whole-cell
DNA of E. crassus CC102 (lane 1), CC103 (lane 2), CC104 (lane 3), and CC106 (lane 4). In each case, sizes of hybridizing fragments are
indicated in kilobase pairs. For A and B, hybridizing fragments resulting from macronuclear contamination of the micronuclear DNA
preparations are indicated by arrowheads.

Tecl element is removed from the micronuclear copy of Vl
during independent episodes of macronuclear development.
As there were no detectable size differences in the 0.74-kbp
BglII fragments, the removal of the Tecl element appears to
have been similar in each of the cell lines. However, the
hybridization method is not sensitive enough to conclude
that removal occurred precisely in each of the cell lines.
DISCUSSION
Micronuclear genome organization in E. crassus. The organization of two cloned segments of E. crassus micronuclear
DNA that contain precursors of macronuclear DNA molecules has been examined. The overall results indicate that
the micronuclear precursors of macronuclear DNA molecules are organized in a manner very similar to those of
previously studied hypotrich species (see Introduction),
particularly the well-studied 0. nova. Each of the two clones
possessed more than one macronuclear precursor; LEMICD
gives rise to both macronuclear D8 and a part of D7, while
LEMICV generates at a minimum all or parts of macronuclear Vi, V2, and V3. Thus, the precursors of macronuclear
DNA molecules appear to be clustered in the micronuclear
chromosomes rather than separated by large segments of
DNA that are eliminated during macronuclear development.
Sequence analysis indicated that the precursors are indeed
closely spaced. D7 and D8 are separated by only 36 bp, while
the precursors of V2 and V3 are separated by 400 bp. The
precursors of Vi and V2 were found to overlap by 6 bp.
Evidence for overlapping precursors has previously been
obtained for 0. nova (30), but the situation was complicated
by the presence of multiple variant forms of the macronuclear gene precursors analyzed. Since our data are consistent with only single forms of Vi and V2, the sequence data
provide strong evidence that macronuclear gene precursors
can overlap. Models for the resolution of overlapping macronuclear precursors are discussed elsewhere (7).

The sequence analysis also indicated that macronuclear
gene precursors completely lack telomeric repeat sequences,
which is consistent with results obtained for other hypotrich
species (11, 31, 39) and T. thermophila (51) and reinforces
the conclusion that the telomeric repeats are added to
macronuclear DNA molecules during development. The
current analysis also provides the sequences in the vicinity
of a number of chromosome fragmentation sites and the
opportunity to search for conserved sequences that might be
involved in directing chromosome fragmentation. This type
of analysis has been done and is discussed in conjunction
with data on the fidelity of the chromosome fragmentation
process in E. crassus (7).
An additional feature of the precursors of macronuclear
DNA molecules is the frequent occurrence of IESs. The
precursors of the five cloned macronuclear DNA molecules
contain a minimum of eight unique or low-copy-number
IESs. Although data concerning the number of macronuclear
DNA molecules in E. crassus are unavailable, all hypotrichs
examined to date have 10,000 to 40,000 macronuclear DNA
molecules (32). Assuming that E. crassus has a similar
number, extrapolation of our results suggests that tens of
thousands of IESs exist in the micronuclear genome and are
removed during development. The sizes of the sequenced
IESs ranged from 31 to 374 bp, which is similar to the sizes
of IESs in Oxytricha species (23, 40). On the basis of
hybridization analyses, even larger conventional IESs may
exist (Fig. 1). The three sequenced IESs are bounded by
direct repeats of 2 to 4 bp, and two of them contain short,
imperfect inverted repeats near their termini, which are also
features of Oxytricha IESs. Our results also indicate that the
macronuclear precursor of D8 lacks IESs. This is the first
instance in any hypotrichous ciliate where a macronuclear
precursor has been found to be free of IESs. Interestingly,
there is an approximately sixfold overamplification of D8
relative to most other macronuclear DNA molecules during
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macronuclear development (S. E. Baird and L. A. Klobutcher, unpublished results). It is not clear whether the
absence of IESs in the D8 precursor is related to its

developmental overamplification.
Preliminary evidence also indicates that alternative processing occurs in E. crassus, as has been observed in other
hypotrichs (23, 30). Both macronuclear V3 and V4 showed
strong hybridization to the same region of LEMICV. On the
basis of hybridization analyses, both the alternative use of
chromosome fragmentation sites and alternative internal
rearrangements would be required to generate these two
macronuclear DNA molecules. This suggests that internal
rearrangements may influence the position of chromosome
fragmentation. Forney and Blackburn (15) have observed a
similar phenomena in P. tetraurelia. V3 and V4 provide a
potential opportunity to further investigate the interrelationship of the two processes.
The results from our two micronuclear clones are also
consistent with those of a general survey of E. crassus
micronuclear genome organization recently reported by Jahn
et al. (25). In this study, the general organization of 24
micronuclear clones was examined by hybridization analyses with total cellular DNA. The cloned segments of micronuclear DNA fell into three classes: (i) one-fourth of the
clones contained only unique micronuclear DNA sequences
eliminated during development; (ii) approximately one-half
of the clones contained a large repetitive DNA element; and
(iii) one-third of the clones contained both the large repetitive element and homology to multiple macronuclear DNA
molecules. The two clones analyzed in this study would fall
into the third category, as they have both multiple macronuclear precursors and repetitive DNA. Although we have
analyzed only two cloned segments of micronuclear DNA in
detail, the frequent observation of a similar arrangement by
Jahn et al. (25) indicates that the features displayed by
LEMICD and LEMICV are generally representative of
regions of the micronuclear genome containing macronuclear precursors.
Overall, these two E. crassus micronuclear clones display
all the organizational and rearrangement features that have
been found previously in other hypotrich species. It will thus
be possible to use this organism to generate large numbers of
cells synchronously undergoing macronuclear development
(42) to further study the timing and mechanisms of DNA
rearrangement processes in hypotrichs.
Developmental excision of a transposonlike element from a
macronuclear precursor. The most unexpected finding during
the analysis of LEMICD and LEMICV was the observation
of related blocks of repetitive DNA interrupting the precursors of macronuclear D7 and Vi. Analysis of these repetitive
regions indicated that they are degenerate members of a
family of large repetitive elements present in at least 10,000
copies in the micronuclear genome. In the case of Vi, the
interruption is actually a composite of two, and possibly
more, repetitive elements. All micronuclear copies of Vl
contain the repetitive element, and it is reproducibly removed from the Vi precursor during independent episodes
of macronuclear development. Through sequence analysis of
a macronuclear clone and a micronuclear clone, the Vl Tecl
element was found to be bounded by a direct repeat of 3 bp.
In addition, the ends of the Vl element and one end of the D7
element possess an inverted repeat of approximately 180 bp.
This terminal organization is very similar to that of many
transposable elements (14, 29), some of which have been
shown to undergo excision (e.g., 12, 38) which resembles the
Tecl removal process. Although movement of the element
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to new sites in the genome has not been demonstrated, the
terminal structure of the element and its developmental
removal both suggest that the E. crasslus repetitive DNA
element may be a transposon.
The repetitive elements in LEMICD and LEMICV are, in
fact, the same repetitive DNA elements identified by Jahn et
al. (25). This was first suggested by similarities in the size,
copy number, and consensus restriction sites of the element
characterized above to those previously reported by Jahn et
al. (25). To more clearly demonstrate the identity of the
elements, these workers have hybridized probes derived
from their repetitive DNA elements to our two clones and
observed strong hybridization (L. A. Nilles and C. L. Jahn,
personal communication). We have jointly agreed to refer to
the repetitive blocks of DNA as Tecl (for Transposonlike
element, E. crassus) elements.
In their study, Jahn et al. (25) used hybridization analyses
to demonstrate that Tecl elements were frequently associated with clusters of macronuclear precursors in a series of
randomly selected micronuclear clones. More detailed hybridization analysis of one micronuclear clone suggested that
the Tecl element interrupted the precursor of a macronuclear DNA molecule in a manner similar to that which we
have observed. In combination with our data, these results
suggest that Tecl elements may frequently interrupt macronuclear gene precursors.
Repetitive elements have been observed in other hypotrich species. In 0. nova, a 25-kbp repetitive element is
preferentially associated with clusters of macronuclear precursors (9, 26). The preferential association of this element
with macronuclear precursors suggests that it also may
interrupt them, but detailed studies of micronuclear clones
harboring the element have yet to be performed. A situation
that is more clearly relevant to what we have found in E.
crassus exists in 0. fallax. Herrick et al. (22) have defined a

family of transposonlike elements (TBE [telomere-bearing
elements]) in the micronuclear genome of 0. fallax that are
eliminated during macronuclear development. Two such
TBE1 elements were found in sequences that hybridized to a
family of macronuclear DNA molecules generated by alternative processing. It was initially unclear whether the micronuclear sequences containing the elements actually generated the homologous macronuclear DNA molecules because
related micronuclear loci lacking the TBE1 elements were
found that do give rise to members of the family of macronuclear DNA molecules. More recent data from the laboratory of G. Herrick (D. Hunter, S. Cartinhour, and G.
Herrick, personal communication) suggest that the TBE1bearing locus is also active in generating macronuclear DNA
molecules, implying that the TBE1 elements can also be
developmentally removed from macronuclear gene precursors.

Developmental removal of transposable elements is not
limited to the hypotrichous ciliates. A family of transposons
has been identified in the holotrichous ciliate T. thermophila
that is largely eliminated during development of the macronucleus (10). In addition, at least some copies of a retroviruslike element in the nematode Ascaris lumbricoides are
eliminated from somatic cells but not from germ cells (1). In
these cases it is not clear whether the element excises
independently or is simply eliminated because it is embedded in other sequences destined to undergo developmental
elimination.
We and others have previously pointed out the similarity
of IESs and transposable elements on the basis of terminal
structure and suggested that the two might be related (22,
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40). That is, IESs might be degenerate transposable elements
that retain cis-acting sequences necessary for excision, but
intact elements present elsewhere in the genome would be
required to encode trans-acting excision factors. In 0. nova,
no evidence for this scenario was obtained, as hybridization
studies indicated that the IESs are unique sequences in the
micronuclear genome (40). The observation that E. crasslus
contains conventional IESs (unique sequences) and Tecl
elements, which are both removed from macronuclear precursors, again raises the possibility that the two are related.
Although no significant sequence similarity is consistently
observed between internal regions of the IESs and the
sequenced regions of the Vl-Tecl element, the direct repeats that bound the IESs (5'-ATAT-3', 5'-TA-3', and 5'ATA-3') and the Vl-Tecl (5'-ATA-3') are similar. All have
direct repeats that consist of two to four AT base pairs, and
the dinucleotide 5'-TA-3' is shared by all the direct repeats.
If the direct repeats arise by target site duplication during
insertion, as is the case with conventional transposable
elements, it is possible that both the IESs and Tecls insert
specifically at a 5'-TA-3' genomic site, creating a 2-bp
duplication. The fact that the Vl Tecl and some of the IESs
have longer direct repeats is not inconsistent with this, as the
length of the repeats we observed was, in effect, a maximum
length. In some cases, one expects nucleotides preceding or
following the functional direct repeats to be identical by
chance, giving the appearance of a longer direct repeat.
Interestingly, the Tcl transposable element of Caenorhabditis elegans appears to integrate exclusively at 5'-TA-3'
genomic sites (21).
The removal of Tecl elements and IESs from macronuclear precursors is also similar to developmental DNA
breakage and joining processes that are required for gene
assembly and expression. These include rearrangements
involving a gene encoding a sporulation-specific sigma factor
in Bacillus subtilis (48), nitrogen fixation genes in Anabaena
spp. (18), and immunoglobulin and T-cell receptor genes in
vertebrates (2). We expect that some Tecl elements will be
found to interrupt the coding regions of macronuclear gene
precursors, so that Tecl removal may represent an analogous means of activating genes during macronuclear development. Alternatively, it has been noted that the ciliate
micronucleus is an ideal haven for selfish DNA (25, 40).
Because the micronuclear genome is transcriptionally inactive, insertion of sequences such as IESs and Tecls into the
precursors of macronuclear DNA molecules would have no
immediate effect on the cell. If such sequences possess the
ability to be removed during macronuclear development,
they would also have little long-term effect on the organism
and would be expected to proliferate in the micronucleus.
It is possible that the Tecl elements are at least partially
responsible for their own removal. Some transposable elements are known to encode factors involved in their excision
(41). Similarly, in Anabaena spp., a gene has been located
within eliminated DNA that is required for the DNA breakage and joining event which forms an intact nitrogen fixation
gene (18). If Tecl elements are indeed transposons that
encode excision functions, further study of these elements
may provide insight not only into how they themselves are
developmentally removed but also into how IESs are removed. It will be particularly important to determine
whether Tecl elements are transcriptionally activated during
macronuclear development and whether they exist as free
forms. Again, the ability to produce synchronous cultures of
E. crassus undergoing macronuclear development will be
extremely useful in this regard.
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