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ABSTRACT

The chromosomes of the macronuclear (expressed) genome of Tetrahymena thermophila are generated
by developmental fragmentation of the five micronuclear (germline) chromosomes. This fragmentation
is site specific, directed by a conserved chromosome breakage sequence (Cbs element). An accompanying
article in this issue reports the development of a successful scheme for the genome-wide cloning and
identification of functional chromosome breakage sites. This article reports the physical and genetic
characterization of 30 functional chromosome breakage junctions. Unique sequence tags and physical
sizes were obtained for the pair of macronuclear chromosomes generated by fragmentation at each Cbs.
Cbs-associated polymorphisms were used to genetically map 11 junctions to micronuclear linkage groups
and macronuclear coassortment groups. Two pairs of junctions showed statistically significant similarity
of the sequences flanking the Cbs, suggestive of relatively recent duplications of entire Cbs junctions
during Tetrahymena genome evolution. Two macronuclear chromosomes that lose at least one end in
an age-related manner were also identified. The whole-genome shotgun sequencing of the Tetrahymena
macronucleus has recently been completed at The Institute for Genome Research (TIGR). By providing
unique sequence from natural ends of macronuclear chromosomes, Cbs junctions will provide useful
sequence tags for relating macro- and micronuclear genetic, physical, and whole-genome sequence maps.

HE ~300 chromosomes of the macronuclear (ex-

pressed) genome of Tetrahymena thermophila are
generated by developmental fragmentation of the five
micronuclear (germline) chromosomes. This fragmen-
tation is site specific, directed by a conserved 15-bp
sequence (TAAACCAACCTCTTT), the chromosome
breakage sequence (Cbs element) (YAO et al. 1987). The
Cbs element itself and 6-34 bp on either side are lost
during fragmentation. Telomeres are added de novo to
the macronucleus (MAC) chromosome ends generated
by fragmentation. The sequences that flanked the Cbs
become the telomere-adjacent regions in each pair of
MAC chromosomes (see the accompanying article by
HaMIiLTON et al. 2005, this issue, for additional details).

Sequence data from this article have been deposited with the
EMBL/GenBank Data Libraries under accession nos. AY653004—
AY653029.
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Genetic maps of T. thermophila, based on randomly
amplified DNA polymorphisms and other genetic differ-
ences between inbred strains B and C3, are available
(BRICKNER et al. 1996; WicKERT and ORr1as 2000; http://
www.lifesci.ucsb.edu/~genome/Tetrahymena,/). The
micronucleus (MIC) genome has been genetically mapped
by classical approaches exploiting the frequency of mei-
otic recombination as an indicator of marker distance.
In addition, DNA or other genetic polymorphisms in
Tetrahymena can be independently assigned to MAC
coassortment groups. This mapping is based on the
cosegregation of markers on the same MAC chromo-
some in the face of random distribution of MAC chro-
mosome copies at MAC division (LONGCOR et al. 1996;
WiICKERT et al. 2000). Detection of coassortment is
greatly facilitated by the rarity of MAC crossing over.
Since genetic coassortment groups physically corre-
spond to MAC chromosomes (WONG et al. 2000), any
genetic polymorphism identified with a phenotypic dif-
ference can, in effect, be physically mapped to a MAC
chromosome by segregation genetics.

The Tetrahymena genome sequence is considered to
be valuable for fundamental and biomedical research
for several reasons: Tetrahymena’s history of major dis-
coveries in molecular and cell biology, its important
phylogenetic position among eukaryotes, the complex-
ity of its eukaryotic biology, the high degree of func-
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TABLE 1

Additional primers used in coassortment tests

Primer Sequence Direction Location
Tt826G + 35 (Cbs 1R-1) ATAGTATTTTTTGTAATTATTTA Away 35
Cbs 1R-2 ISP-C TCCAAAATTACTTAAACTTGTAAGAG Toward 377
Cbs 1L-6 CVP TTTAATTAGGTTATTGAATTATAAA Away 42
Cbs 3L-1 CVP TTTTTATTTATTTTTTCTAACATTTT Away 21
Cbs 5-3 OSP-G AGAAAAATAAGTTACTAATC Toward 396

“Sequence” is 5'-3’. “Direction” is in the 5’3’ direction, away from or toward the Cbs element. “Location”
is the distance in nucleotides between the 5’-end of the primer and the nearest edge of the Cbs element.
Other primers are described in Table 2 of the accompanying article by HAMILTON et al. (2005, this issue).

tional conservation with the human genome, the experi-
mental tractability of the organism, and the availability
of powerful genetic and molecular technology for the
sequence-enabled investigation of in vivo gene function
(TurkeEwITZ et al. 2002; http:/www.nigms.nih.gov/
news/releases/tetrahymena.html).

The whole-genome shotgun (WGS) sequencing and
auto-assembly of the T. thermophila macronucleus has
recently been completed at The Institute for Genome
Research (TIGR). The WGS sequence has a depth of
coverage of ninefold sequence redundancy. Scaffold as-
semblies and gene predictions are publicly available
without restriction at http:/www.tigr.org/tdb/e2kl/
ttg/. Eventual closure of the WGS sequence should ide-
allylead to ~300 independent sequence assemblies, one
for each MAC chromosome. The ultimate objective of
the work reported here is to assemble a scaffold of the
MIC genome by concatenating complete MAC chromo-
somes using the sequence of consecutive Cbs junctions.
The rationale is that each chromosome breakage junc-
tion provides sequence tags for two MAC chromosomes
whose progenitor sequences are adjacent on the MIC
chromosome. In the accompanying article by Hamir-
TON et al. (2005, this issue), it was demonstrated that
functional chromosome breakage sites can be efficiently
cloned, identified, and deletion mapped to chromo-
some arms. The existence of DNA polymorphisms asso-
ciated with DNA segments flanking the Cbs element
(chromosome-breakage-site-associated polymorphisms,
or CBSPs) was also reported.

The objective of the work described in this article
was (a) to characterize the sequence flanking each Cbs
element to obtain sequence tags for every MAC chromo-
some end, (b) to determine the physical size of the two
MAC chromosomes (c) to genetically map CBSPs to
be able ultimately to relate the genetic, physical, and
sequence maps of the Tetrahymena genome. A total of
23 new and 7 previously described Cbs junctions were
characterized with respect to flanking sequence and
physical size of flanking MAC chromosomes. The se-
quence uniqueness of each junction was confirmed.
About a third of the Cbs junctions were genetically
mapped to linkage and coassortment groups. Evidence

for two novel phenomena is also reported: duplication
of entire Cbs junctions during genome evolution and
MAC chromosomes that lose at least one end in an age-
related manner.

MATERIALS AND METHODS

Strains: For genetic mapping, panels of meiotic segregants
derived from a B/C3 heterozygote (LyNcH et al. 1995; Wick-
ERT and Orias 2000; C. Van SLyYkE, E. HamiLToN and E.
Orias, unpublished observations) and a panel of terminal
assortants of 36 B/C3 heterozygotes (LONGCOR et al. 1996)
were used. Panel details are shown in supplementary Tables S1
and S2 at http:/www.genetics.org/supplemental/. As positive
and negative controls, DNA obtained from young mass cul-
tures of homozygous B and C3 strains was used (see HAMILTON
et al. 2005, this issue). For experiments to characterize junc-
tions 31-4 and 4L-3, inbred strain B nullisomic strains (esti-
mated to be older than 100 fissions; see HAMILTON ef al. 2005,
this issue) were also used.

Cbs-related nomenclature: Every functional Cbs has a name,
of the form Cbs XY-Z, where X represents the MIC chromo-
some number, Y is the chromosome arm (L or R for left or
right), and Z is a serial isolation number. Convergent specific
primers used to PCR amplify a Cbs junction are named with
the Cbs insert name followed by a G or C, depending on
whether the primer is downstream from the 3’-end of the
G-rich or the Cerich strand of the Cbs element, respectively.
The “G” specific primer was used with the Tel primer to am-
plify MAC chromosome DNA on the “G” side of the junction,
while the “C” specific primer was used with the Tel primer to
amplify MAC chromosome DNA on the “C” side of the junc-
tion (see Figure 1 in HAMILTON et al. 2005, this issue). An
analogous convention (Cbs name followed by G or C) is used
to refer to certain coassortment groups and to MAC chromo-
somes with known orientation with respect to the Cbs element.

Specific primers and PCR conditions for coassortment tests:
Convergent specific primers, SP-G and SP-C, were described
in Table 2 of the accompanying article by HAMILTON et al.
(2005, this issue). Additional specific primers, conditions, and
band sizes are described in Tables 1 and 2. To map some of
the CBSPs by coassortment, the Tel-primed PCR product was
digested with an appropriate restriction enzyme before elec-
trophoresis to separate the genetic polymorphism from the
developmental heterogeneity of the telomere addition site,
described in HAMILTON et al. (2005, this issue).

Detection of telomere-containing restriction fragments: To
detect telomere-containing restriction fragments, the fact that
electrophoresis of such fragments results in “fuzzy” bands be-
cause of heterogeneity in telomere length and telomere addi-



Genome-Wide Characterization of T. thermophila Chromosome Breakage Sites, 11 1625

TABLE 2

Genetic mapping of CBSPs

Linkage group

Coassortment group

Cbs name (MIC) (MAC) Primers Temperature Band size
1L-5 1L-mat 1L-JB10R SP-T, Tel 50° 0.35 —
1L-6 1L-mat 1L-RK5tR SP-T, 1L-6 CVP 50° 0.2 <
1R-1 1R-GAL1 Cbs1R-1A SP-A, Tt826A+35 45° 0.24 >
1R-2 1R-CHX1 1R-JO14 1R-2 ISP-T, Tel* 55° 04 <
1R-4 1R-GAL1 1R-SP18R SP-A, Tel 55° 0.65 <
1R-5 1R-GAL1 Cbs1R-5A SP-A, Tel 55° 0.27 -
3L-1 3L-FBR1 Cbs 3L-1 SP-A, 3L-1 CVP 50° 0.5 >
314 3L-FBR1 Cbs31-4A SP-A, Tel 47° 0.37 -
41-3 41.-AS01 NA

5-1 5JB04 NA

5-3 5-JP02 Cbsb-3A 5-3 OSP-A, Tel* 45° 0.4 >

“Primers” are specific primers; see MATERIALS AND METHODS. NA, not applicable because the polymorphic
DNA is absent from the MAC genome of terminal assortants, either because the macronuclear chromosome
end is incapable of long-term maintenance (Cbs 4L-3; see DISCUSSION) or because the CBSP is a short,
presumably MIC-imited duplication of the Cbs element (Cbs 5-1; see HAMILTON ef al. 2005, this issue).
“Temperature” is the PCR reannealing temperature. For “Band size,” B PCR product size (in kilobases) is
shown; “>,” “<,” and “—” indicate that the polymorphic C3 band is larger, smaller, or missing, respectively,

compared to B.

“ Prior to agarose gel electrophoresis, Asel was used to digest the Cbs 5-3A PCR product and Sspl was used
to digest the Cbs 1R-2T PCR product (see MATERIALS AND METHODS).

tion site was exploited. Whole-cell DNA from inbred strains
B and C3 was digested with Sau3A and separated on a 1.5%
agarose gel. The DNA was blotted to a positively charged
nylon membrane by standard Southern transfer procedures
(SAMBROOK et al. 1989) and then crosslinked. Southern blots
were probed with labeled Cbs insert DNA. Labeling, hybridiza-
tion, and wash conditions were as in HAMILTON and ORIAS
(2000).

Determination of sizes of macronuclear chromosomes asso-
ciated with cloned Cbs regions: To determine the size of the
flanking macronuclear chromosomes associated with each
Cbs, Southern blots of clamped homogeneous electric field
(CHEF) pulsed-field electrophoresis gels, referred to as
“CHEF Southern blots” below, were probed.

Preparation of blots of macronuclear chromosomes: High-molecu-
lar-weight DNA was prepared by embedding living cells from
strain CU428.2 (CoLE and BRUNs 1992) in agarose plugs and
lysing them using a modification of the method described in
BirreN and Lar (1993). The DNA plugs were inserted into
the wells of a 1% Seakem Gold agarose gel (BioWhittaker,
Walkersville, MD) in 1X TAE buffer. Various CHEF running
conditions were used (D. Cassipy-HANLEY, unpublished re-
sults) depending on preliminary estimates of the size of MAC
chromosomes, most often obtained from gels using the follow-
ing pulsed-field conditions: 30 hr, 120°, 6 V/cm, 1 X TAE, and
14°. The DNA in the gel was acid depurinated, neutralized,
and transferred to a positively charged nylon membrane by
downward alkaline transfer (CHEF-DR III Instruction Manual
and Applications Guide, Bio-Rad, Hercules, CA) using a
Schleicher & Schuell (Keene, NH) TurboBlotter apparatus.
After blotting, the DNA was crosslinked to the membrane
using a BIOS (New Haven, CT) UV transilluminator.

Probe preparation: Biotinylated probes were prepared using
the KPL Random Primer biotinylation kit following the manu-
facturer’s directions. In some instances, the cloned Cbs region
was amplified by PCR prior to biotinylation. Briefly, 30 ng of
linearized plasmid, 0.625 unit Fermentas Taq polymerase, 2.5

wl Fermentas 10X buffer (100 mm Tris-HCI, pH 8.8 at 25°,
500 mm KCl, 0.8% Nonidet P40), 2 pl of 25 mm MgCl,, and
10 wM each of the M13 reverse and M13 forward primers were
combined in a 25-ul reaction mix and amplified as follows:
95° for 1 min—1 cycle; 95° for 30 sec, 55° for 30 sec, 72° for
2 min—40 cycles; 95° for 30 sec, 55° for 30 sec, 72° for 5
min—1 cycle. Ten microliters of each PCR reaction mix was
biotinylated according to the Ambion (Austin, TX) BrightStar
Psoralen-Biotin nonisotopic labeling kit protocol.

Hybridization and detection: Membranes were prehybridized
for 5 min in Sigma (St. Louis) Perfecthyb Plus hybridization
buffer and 100 wg/ml sheared, single-stranded herring sperm
DNA. Approximately 600 ng of labeled probe was denatured
for 5 min at 95° in 9 ul of TE (pH 8.0), chilled on ice for
5 min, and combined with 7 ml of Sigma Perfecthyb Plus
hybridization buffer and 100 pwg/ml sheared, single-stranded
herring sperm DNA, preheated to 65°. Hybridization was car-
ried out at 65° overnight in heatsealable bags with gentle
agitation. Following hybridization, membranes were washed
once for 5 min in 2X SSC/0.1% SDS at room temperature,
and twice for 20 min in 0.5X SSC/0.1X SDS at 65°. Detection
was done using the Ambion BrightStar BioDetect nonisotopic
detection kit according to the manufacturer’s instructions.
Exposures of 5 min-2 hr were taken 2-24 hr after CDP-Star
treatment using Kodak BioMax ML film.

RESULTS
Characterizing inserts with functional Cbs elements

Cbs-flanking sequence: Sequences for 30 inserts that
contain a functional Cbs are now available, as reported
in the accompanying article by HAMILTON et al. (2005,
this issue). Nucleotide sequences of the Cbs elements



and adjacent DNA segments are shown in Figure 1. The
results allow the following conclusions:

1. The sequences bracketing the Cbs elements are
unique and very A + T rich, confirming and ex-
tending the findings of YA0 ¢t al. (1987). Alignments
of the junctions in all pairwise combinations revealed
statistically significant sequence similarity between
only two pairs of Cbs junctions: Cbs 1R-6 and Cbs
1R-2 (match E = 2 X 107%; Figure 2) and Cbs 314
and Cbs 4L-3 (match E = 3 X 107'°; not shown).
Allowing for the high (88%) A + T bias and for
statistical sampling error, it seems likely that any of
the four possible base pairs can occupy any position
within 25 bp (an arbitrarily chosen number) on ei-
ther side of the Cbs element (Figure 1).

Functionally, these observations are consistent with the
experimental demonstration that the Cbs elementalone
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A
Cbs  Upstream 25 nucleotides TaaaccaaccrcTTr Downstream 25 nucleotides
1...5...10...15...20...25 1...5...10...15...20...25
1L-1la c cg cge cec cc c c g
1L-1b g g cc cc e c c g
1L-1c c g g cc cc c g c g
1L-2 gggg c cc cc c g
1L-3 cec cc c gc
1L-4 cg cec cc c c c
1L-5 g gc g cc cc c c gc ¢
1L-6 c A ce cc ¢ g g
1R-1 c c cec cc ¢ c gg g
1R-2 c gc cc cc ¢ c . .
1R-3 g c cc ccc A g c Ficure 1.—DNA sequences immedi-
i;'; c ¢ c ce ccc gc c ately flanking functional chromosome
- c g cec cc c gg g g .
1R=6 e e ce oo o c breakage elem@nts. (A’) Ahgnm,en.t of G
1R-7 c cc cc e c c and C nucleotides. A’s and T’s in the
1R-8 c c c c cc cc e ge cec flanking sequence (88.1% of the nucleo-
gi:i . < 22 2: 2 ¢ e € ggc : tides) have been replaced with spaces.
31-2 e e g ce ce e . e Underlined capital A’s indicate substitu-
3L-3 g ge g g cc cc e g g gc c tions in the Cbs element sequence. Note
:;': g ce cec e e that just the locations of C and G nucleo-
- c c ce cc c c gc gg . .
an-1 - s g ce oo o c e g g tides are sufﬁc1e'nt to demonst'rate t'hat
4L-2 e e cee ¢ cc cc e c ¢ gg no two of the 33 junctions have identical
4L-3 c e ce ccc cgc g occ g sequence. (B) Nucleotide distributions
5-1 o . .
Sin g e ge gece 9 g c at each of the 25 positions on either side
- g (=] cc cc ¢C g g .
5-2 g gc c e cc ecce ge g of the Cbs element (C-rich strand, as
5-3 c g cc ccc g g gg shown at the top of A). These tabulations
:'; g c9 ¢ gec9g "A ee cec A ceg g failed to show any statistically significant
- g g cg cc cc c g cc .. .
5-6 e gg A cc ceec o dewaFlon from the null hypothesis that
5-7 g gc cc cc e c g any given nucleotide has the same prob-
1...5...10...15...20...25 1...5...10...15...20...25 ability of occurrence (0.440 for A and T
B and 0.060 for G and C) at any position
within 25 bp adjacent to the edges of
Positions Upstream of the Cbs element on the C-rich strand
Nuc 25 24 23 22 21 20 19 18 17 16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 Tot the Cbs element (see text).
A 17 11 14 13 16 14 14 17 21 13 11 16 16 17 20 15 7 10 16 13 13 14 14 19 17 368
c 1 2 4 2 2 1 2 1 1 3 5 5 4 1 1 2 2 3 1 2 2 2 2 3 2 56
G 2 4 5 2 1 0 10 0 3 2 2 1 0 0 2 2 3 3 1 2 2 3 0 0 41
T 13 16 10 16 14 18 16 15 11 14 15 10 12 15 12 14 22 17 13 17 16 15 14 11 14 360
c+¢ 3 6 9 4 3 1 3 1 1 6 7 7 5 1 1 4 4 6 4 3 4 4 5 3 2 97
Positions Downstream of the Cbs element on the C-rich strand
Nuc 1 2 3 4 5 6 7 8 910 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 Tot
A 14 14 15 18 18 14 10 14 11 20 23 12 13 9 18 20 13 12 9 16 15 9 15 14 12 358
c 4 0 1 1 2 4 4 1 1 3 0 2 4 3 0 1 3 2 3 0 1 4 2 3 1 50
G 4 10 1 2 3 3 1 1 0 1 3 2 2 2 2 4 1 1 2 5 2 3 1 3 50
T 11 18 17 13 11 12 16 17 20 10 9 16 14 19 13 10 13 18 20 15 12 18 13 15 17 367
c+G 8 1 1 2 4 7 7 2 2 3 1 5 6 5 2 3 7 3 4 2 6 6 5 4 4 100

is sufficient for chromosome fragmentation (YAO et al.
1990).

Flanking chromosome sizes: If an insert carries a func-
tional Cbs, then the two DNA segments flanking the
Cbs should hybridize to different MAC chromosomes.
To test this prediction, every Cbs insert was PCR ampli-
fied using its specific primers, the PCR product was
labeled, and a CHEF Southern blot of total DNA was
probed. As expected, for most of the inserts identified
as functional in HAMILTON et al. (2005, this issue), two
bands were detected by hybridization (see Figure 3).
Using size markers, the size of each flanking MAC chro-
mosome was estimated (summarized in Table 3).

In addition, each DNA segment flanking a functional
Cbs insert should hybridize to the terminal restriction
fragment of a MAC chromosome. Terminal fragments
can be recognized after agarose gel electrophoresis be-
cause the band containing the telomere is dispersed
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F1GURE 2.—Sequence similarity between Cbs
junctions 1R-2 and 1R-6. The two sequences

1R-2 1 tttatatatttactttatattttatttaaaaataaataaataatttatgaaatttgttta 60 were algﬁ1ed ushlg the unfiltered Blastn pro-
PErer rererererer e rrrerrrrrererrerr veerrrrrreerrrrrer . ‘s
1R-6 1 tttatttatttactttttatcatatttaaaaataaataactaatttatgaaatttgttaa 60 gram at the NCBI site. No. 1 positions corre-
spond to the first matching base pair. The ex-
pected value associated with the match is 4 X
R G ettt e e e agnateraastant e 11910, The percentage scquence identiy is 55%
1R-6 61 aattaaaggaattattttaaaattaatttcttaataaagtagagttta---atttttaaa 117 (172/206 ahgned p(EIUOnS% which is mgnlﬁ'
cantly higher (probability chi-square <0.001)
than the 43% expected by chance alone, given
1R-2 120 atataatcttaatgcataaaccaacctctttttttaaaataatttaatattactttataa 179 e . .
R the 92% A-+-T composition in the matching
1R-6 118 atataaacctaaaacataaaccaacctcttttttttcaataatttaatattaatttatga 177 region. (Since the Cbs element has presumably

1R-2 180 aaataaatttttaaatcaatttattt 205

Pee e e e e el
1R-6 178 aaaaaaaatatttaattaatatattt 203

(fuzzy), owing to the natural variability in the site of
the telomere addition (~30-bp range; see HAMILTON et
al. 2005, this issue) and in telomere length from mole-
cule to molecule (an ~200-bp range). To test this pre-
diction, Southern blots of whole-cell DNA digested with
Sau3Al were prepared. The blots were probed with la-
beled PCR product from Cbs inserts as above. The two
predicted fuzzy bands were observed (data not shown)
in all but one case tested, where only one, strongly
hybridizing, fuzzy band was observed. In this case, the
insert sequence revealed two Sau3A 1 sites equidistant
from the Cbs element, thus yielding two coincident re-
striction fragments. This test was discontinued after the
first 15 Cbs junctions, once the reliability of the PCR-
based tests for functionality (described in HAMILTON et
al. 2005, this issue) was established.

Junctions for which two flanking MAC chromosomes
were not detected: For seven of the Cbs junctions (1L-6,
1R-2,1R-3, 1R-6, 1R-7, 314, and 5-6), only one hybridiza-
tion band was seen with CHEF Southern blots, and for
Cbs 41.-3 none was seen (Table 3). For Cbs 1R-3, 1R-6,
and 1R-7 <60 bp of MAC-destined DNA was available
on one side of the junction, so insufficient sensitivity of
the probe is a likely explanation for the detection of
a single hybridization band for these junctions. The
remaining four cases (1L-6, 1R-2, 31-4, and 5-6), which
have >60 bp but <300 bp of MAC-destined flanking
sequence on one side of the junction, are potentially
explainable by coincidence in the size of the two flank-
ing MAC chromosomes or by marginal sensitivity of
detection of the hybridization signal.

Size coincidence or insufficient sensitivity could not
provide a satisfactory explanation for the absence of any
hybridization signal with Cbs 4L-3, where 520 bp are
available for hybridization from the G side. (Only 170
bp are available on the T side, which likely explains the
failure to detect a hybridization band corresponding to
that MAC chromosome.) However, all of these PCR
experiments had used DNA from young (<30 fissions
old) cells, while the DNA used in the CHEF gels was

been under selection pressure, its sequence was
excluded from the chi-square analysis, although
its inclusion makes a negligible probability dif-
ference.) Note that the sequence similarity oc-
curs on both sides of the (underlined) Cbs ele-
ment.

obtained from a mature cell line, CU428.2. This led to
an investigation into the possibility that at least the end
of one MAC chromosome flanking the 4L-3 junction
is incapable of long-term maintenance. Tel/SP-primed
PCR amplification was attempted using DNA from 36
cell lines maintained for >500 fissions after conjugation
(panel of terminal assortants). For three junctions that
had one hybridization band (1L-6, 1R-2, and 5-6), PCR
products of the correct size were observed for both sides
(data not shown). Thus the failure to maintain flanking
MAC chromosomes is an unlikely explanation for seeing
only one hybridization band for these junctions. On the
other hand, for Cbs 3L-4 and 4L-3, the Tel/SP-primed
products with the predicted sizes were observed in older
cell lines for only one side. For the other sides (the “C”
side of 314 and the “G” side of 41-3), the predicted
PCR products were observed only with the “young” B

Cbs1L-3 Cbs4L-2 Cbsb5-7
720 '
625 & -
560 =
400 =
200 & W 250 .=

F1GURE 3.—Two MAC chromosomes hybridize to labeled
DNA probe from cloned inserts with functional Cbs junctions.
Southern blots of three CHEF gels (pulsed-field conditions:
30 hr, 120°, 6 V/cm, 1 X TAE, and 14°) of whole-cell DNA of
inbred strains B (left lanes) and C3 (right lanes) were sepa-
rately probed with labeled DNA from Cbs inserts 11-3, 41-2,
and 5-7. MAC chromosome sizes are given in kilobases. No
B-C3 size polymorphisms have been detected in any of the
MAC chromosomes identified in this article, although one
such polymorphism is known (WONG et al. 2000).
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TABLE 3

Macronuclear chromosome sizes

Cbs Flanking MAC chromosome size (kb)
1L-1 21 NA
1L-2 21 600"
1L-3 560 780
114 440 450
1L-5 85 640
1L-6 280 MS
1R-1 50 100
1R-2 1020 MS
1R-3 285 NS
1R4 690 1180
1R-5 65 980
1R-6 280 NS
1R-7 610 NS
1R-8 315 1125
2R-1 285 1100
3L-1 230 670
312 230 320
31-3 145 >1600
314 350 NM
3R-1 595 625
41-1 NA NA
412 200 625
413 MS NM
5-1 375 475
5-2 325 545
5-3 65 340
5-4 900 950
5-5 850 1600
5-6 680 MS
5-7 330 440

NA, not attempted—junctions reported by YAo et al. (1985,
1987) with too little flanking sequence; NS, no band de-
tected—insufficient sensitivity (<60 bp of probe); MS, no
band dectected—marginal sensitivity (<300 bp probe), re-
spectively, on one side of the Cbs; NM, telomere-adjacent
sequence not maintained.

“ALTSCHULER and YAo (1985).

DNA controls; no amplification products were obtained
with any of the 36 older cell lines (data not shown). For
Cbs 4L-3, these findings were independently confirmed
by using specific primers at two different locations on
the “G” side, 197 and 325 bp away from the edge of the
Cbs element, and by testing additional sets of young
and old cells. A representative sample of the Cbs 4L-3
data is shown in Figure 4. Thus the most likely explana-
tion for one missing hybridization band for Cbs 31-4
and 4L-3 is that each of the Cbs generates one MAC
chromosome end that is lost within 100 vegetative fis-
sions.

Genetically mapping Cbs-associated DNA
polymorphisms

Mapping CBSPs to MIC linkage groups: To map
CBSPs to MIC linkage groups, DNA preparations from

<30 >100 >500 <30
fissions fiss. fiss. fiss.

12 3 4 5 6 7 8 910

+ + + + - - - -+ +

F1GURE 4.—Age-related loss of the end of Cbs 4L-3G MAC
chromosome. PCR amplification was primed with the Tel
primer and a Cbs 4L-3G specific primer whose 5"-end is located
220 bp from the edge of the Cbs element. Template DNA,
lanes 1 and 9: inbred strain B, <30 fissions old; lanes 2 and
10: inbred strain C3, <30 fissions old; lanes 3 and 4: SB2379P
and SB2393P (meiotic segregant panel), <30 fissions old;
lanes 5 and 6: CU378 and CU385 (nullisomic panel), >150
fissions old; lanes 7 and 8: SB1819 and SB1820 (terminal
assortant panel) >500 fissions old. The expected band is indi-
cated with an arrow; its presence or absence is indicated by
+ or — under each lane. Slightly reduced primer annealing
stringency was used to be sure that the absence of the band
was not the result of a failed PCR reaction.

standard panels of meiotic segregants of a B/C3 hetero-
zygote (see MATERIALS AND METHODS) were tested using
the appropriate specific PCR primers. Segregation to
the B or C3 allele of the polymorphism was scored for
each panel member. The segregation pattern for the
entire panel was compared to those of ~400 mapped
polymorphisms, and linkage and map location were de-
termined using MAPMAKER (LANDER el al. 1987). The
results are summarized in Table 2 and are shown in
more detail in supplementary Table S3 at http:/www.
genetics.org/supplemental/. For every polymorphic
Cbs, the linkage group assignments were entirely consis-
tent with the results of nullisomic mapping to chromo-
some arms and provide a much more precise map loca-
tion for the Cbs junctions.

Mapping CBSPs to MAC coassortment groups: As in-
dicated in the Introduction, DNA or other genetic poly-
morphisms in Tetrahymena can be independently as-
signed to MAC coassortment groups. This mapping is
based on the cosegregation of markers on the same
MAC chromosome in the face of random distribution
of MAC chromosome copies at MAC division. To this
end, DNAs from a panel of terminal assortants were
tested by PCR amplification, using as primers Tel and
the specific primer from the polymorphic side of the
Cbs. The allele (B or C3) for which each panel member
had assorted to purity was determined (see Figure 4 of
the accompanying article by HAMILTON et al. 2005, this
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issue). Most of the CBSPs were tested directly for co-
assortment because either (a) the magnitude of the
genetically determined B-C3 band-size difference was
large enough relative to the developmental size varia-
tion caused by microheterogeneity of the telomere addi-
tion site (described in HAMILTON et al. 2005, this issue)
or (b) the C3 DNA failed to template a band, presum-
ably because of a DNA difference at the binding site of
the specific primer. For polymorphisms with a B-C3
size difference too small relative to the developmental
microheterogeneity, the problem was circumvented in
one of two ways: (1) The PCR products were digested
with a restriction enzyme thatisolates the polymorphism
from the telomere-associated fragment (e.g., Cbs 5-3G,
Table 2) and (2) instead of the Tel primer, an inwardly
directed specific primer that binds far enough away
from the Cbs element (>40 bp) to be internal to all
the various telomere addition sites was used (e.g., Cbs
1R-1G, Table 2). Using MAPMAKER, the assortment
pattern of the polymorphic junctions was compared
with those of 120 previously identified coassortment
groups to determine whether the CBSP was coassorting
with a previously mapped marker or was assorting inde-
pendently. Coassortment group assignments for nine
CBSPs are shown in Table 2. The complete set of coas-
sortment data is shown in Figure 5. Three points are
worth noting: (1) In all four cases of coassortment with
a previously mapped genetic marker, the coassortment
group was known to belong to the linkage group to
which the CBSP had been independently mapped by
meiotic segregation, providing additional confirmation
of the genetic mapping; (2) the nearly complete coas-
sortment with previously mapped markers rules out the
existence of a general mechanism that increases the
frequency of crossing over in the MAC subtelomeric
region, which would have randomized the association
of the CBSP with other loci on the same MAC chromo-
some; and (3) many of the CBSPs assort independently
of all previously mapped loci, thus yielding additional
genetically, physically, and sequence-tagged MAC chro-

mosomes.

DISCUSSION

Telomere-adjacent MAC chromosome sequence is
unique: This work confirms and greatly extends previous
observations (YAo et al. 1987) that unique sequences
flank Cbs elements (Figure 1 and sequence data depos-
ited in GenBank). This is a useful property of Cbs ele-
ments because it should allow the unique sequence tag-
ging of every subtelomeric segment in the MAC
genome. This is in contrast to Tetrahymena MIC telo-
meres, where telomere-adjacent regions include a con-
served sequence segment (KIRk and BLACKBURN 1995).

The methods developed here should allow the identi-
fication and characterization of the vast majority, if not
all, of the Cbs elements in the genome. Every character-

Loci Terminal assortants
1111 1111 1111 12111 1111 1111 1111 1111 1111
8888 8888 8888 8888 8888 8888 8888 8888 8888
0000 0111 1111 1112 2222 2222 2333 3333 3334
5678 9012 3456 7890 1234 5678 9012 3456 7890

caglL-JB1lOR
Cbs 1L-5C BCBC BBBC BCCC BCBC CBBB CBCC BBCC CBBB BBCB
JB10R BCBC BBBC BCCC BCBC CBBB CBCC BBCC CCBC BBCB

caglL-RK5tR
Cbs 1L-6G BCCC BCBB CCBC BBBC BBCC BBCB BCBB BCCB BCBB
RK5tR BCCC BCBB CCBC BBBC BBCC BBCB BCBB BCCB BCBB

caglR-Cbs 1R-1G
Cbs 1R-1G CBCB BCBC CBCB CBBC CBBC BCCB BBBB BCCB CBEB

caglR-J0O14

Cbs 1R-2C CBBB CBBB BBBB CCCB CCBB BCBB BBCB BCBC CBCB
JB8 CBBB CBBB BBBB CCCB CCBB BCBB BBCB BCBC CBCB
JB22 CBBB CBBB BBBB CCCB CCBB BCBB BBCB BCBC CBCB
Jo14 CBBB CBBB BBBB CCCB CCBB BCBB BBCB BCBC CBCB
KN2 CBBB CBBB BBBB CCCB CCBB BCBB BBCB BCBC CBCB
LC3 CBBB CBBB BBBB CCCB CCBB BCBB BBCB BCBC CBCB
LS7 CBBB CBBB BBBB CCCB CCBB BCBB BBCB BCBC CCCB

caglR-SP18R
Cbs 1R-4G BBCC CBBB CCCB BBBB BCCB CCBC BBCC CBBC CBCB

JP18 BBCC CBBB CCCC BBBB BCCB CCBC BBCC CCBC CCCB
JP18a BBCC CBBB CCCC BBBB BCCB CCBC BBCC CCBC CCCB
JP18R BBCC CBBB CCCC BBBB BCCB CCBC BBCC CCBC CCCB
LS17 BBCC CBCB CCCC BBBB BCCB CCBC BBCC CCBC CCCB
SP18R BBCC CBBB BCCC BBBB BCCB CCBC BBCC CCBC CCCB
XS3 BBCC CBBB CCCC BBBB BCCB CCBC BBCC CCBC CCCB

caglR-Cbs 1R-5G
Cbs1R-5G BCCB BBCC CCBC BCCC CCCB BBBB BCCB BCCC BBBC

cag3L-Cbs 3L-1
Cbs 3L-1G BBBC CCBC BBCC CCCB BBBB BCBB CBCB BCCC BCCB

cag3L-Cbs 3L-4G
Cbs 3L-4G BBBB CCBC BBCB CBBB BBBB BBBB CBCB BBCC BBBB

cag5-Cbs 5-3G
Cbs 5-3G BBCB BBBC CCCB CCCC CBBC BBCB CCCC CCCC CCBB

FIGURE 5.—Assortment patterns of CBSPs. Terminal as-
sortants are written vertically and omit the “SB” prefix. The
name of each coassortment group is prefixed by “cag.” Assort-
ment data for CBSPs are shown in boldface type. B and C
represent the allele (B and C3, respectively) to which each
genetic locus has assorted in each terminal assortant. CBSPs
that assorted independently of all previously mapped loci were
assigned to a new coassortment group of their own. Under-
lined letters call attention to putative MAC recombinational
events (see WICKERT et al. 2000).

ized Cbs junction constitutes a set of sequence-tagged
sites (STSs), useful for physical mapping of both the
MIC and the MAC genome. A Cbs junction comprises
a MIC STS, detected by PCR amplification with the
two specific Cbs flanking primers. Each junction also
comprises two separate MAC chromosome STSs, de-
tected by PCR amplification with the Tel primer and
either specific primer. As STSs, the Cbs junctions will
provide unique sequence from the natural endpoints
of the MAC chromosomes, which will be useful for long-
range assembly of MIC genome sequence.

Evidence for Cbs junction duplication: Two pairs of
Cbs junctions showed significant within-pair sequence
similarity (Cbs 1R-2 with Cbs 1R-6 and Cbs 314 with
Cbs 41-3; see Figure 2). The latter are in different MIC
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chromosomes. In this case, a MIC duplication of at least
a few hundred base pairs that included a Cbs element
may have increased the number of MAC chromosomes
during the coevolution of the MIC and MAC genomes
in T. thermophila. Since only ~10% of the junctions are
currently characterized, these findings raise the possibil-
ities that other examples of junction sequence conserva-
tion will be found and that perhaps all Cbs junctions
arose by a similar mechanism. If so, sequence similarity
may reflect the age of the duplication event, i.e., the
time when the two junctions branched off from one
another and started evolving independently. These con-
siderations suggest that Cbs 1R-2/1R-6 and 3L-4/4L-3
are the most recent duplications in this sample; the rest
of the junctions would have resulted from duplications
too old to have retained sequence similarity.

MAC chromosome sizes: The average size of the MAC
chromosomes so far identified by this Cbs work (Table
3) is ~540 kb. This number would imply the existence
of ~190 MAC chromosomes, assuming a 104-Mb MAC
genome and no chromosome size bias introduced by
this approach. This estimate of the number of MAC
chromosomes is in the range of the crude estimates
currently available (ALTSCHULER and YAao 1985; Con-
OVER and BrRUNK 1986).

As summarized in Table 3, the two MAC chromo-
somes generated by a given Cbs element generally differ
in size (see also Figure 3) and do not appear to be size
clustered in particular MIC chromosomes. The observa-
tion of a single hybridization band for eight junctions
can be generally attributed to insufficient sensitivity on
one side of the junction for detection of the hybridiza-
tion signal. A second possibility is the generation of two
flanking chromosomes of so nearly the same size that
their hybridization signals are not resolved in the CHEF
Southern blot. From Table 3 the average probability
that the sizes of two randomly selected chromosomes
fall within at most 5% of one another can be calculated
as ~1/25. Thus, one or at most a few junctions in this
sample of 26 could generate flanking chromosomes of
similar size. Additional work is required to rigorously
determine the correct explanation for each of these
cases.

Macronuclear chromosome ends incapable of long-
term maintenance: Potentially more interesting are the
results obtained with Cbs 31.-4 and 41.-3. In particular,
the lack of a hybridization band for Cbs 4L-3 cannot
be fully explained by chromosome size coincidence or
insufficient sensitivity on both sides of the junction. The
key observation (Figure 4) was the production of Tel/
SP-primed PCR amplification products of the predicted
size from “young” (<30 fissions old) and not from older
(>150 fissions old) cell DNA. Taken in conjunction
with the missing hybridization signal, the simplest expla-
nation is that each of these junctions generated two
MAC chromosomes, but in each case the end (at least)

of one chromosome is lost before 150 vegetative fissions;
i.e., it is incapable of long-term maintenance.

The systematic, age-related loss of at least one end,
and possibly of an entire MAC chromosome, could be
explained by a chromosome-specific impairment of
mechanisms that normally play a vital role in main-
taining the integrity of the Tetrahymena expressed ge-
nome. These include replication control, copy-number
control, and telomere maintenance. Regardless of the
explanation, the loss implies the existence of a mecha-
nism(s) in Tetrahymena capable of causing a vegeta-
tively inherited developmental remodeling of the MAC
genome with a novel feature, namely a delayed onset
of occurrence. This mechanism(s) thus creates the op-
portunity for a novel type of developmental regulation
of gene expression. The development of sexual maturity
in Tetrahymena (NANNEY 1974) and possibly the age-
dependent reduction of the MAC chromosome average
copy number from ~66 to ~45 (DOERDER ¢t al. 1977)
are vegetatively inherited MAC differentiations with a
delayed onset of expression, so far described only at the
phenotypic level. Much additional work, combining the
power of conventional genetics with the germline and
somatic DNA replacement technology available in Tet-
rahymena (TUurRkewITZ et al. 2002), will be required to
reach a better understanding of these developmental
phenomena.

Usefulness of Cbs junctions and associated DNA poly-
morphisms for relating genomic maps: A valuable prod-
uct of this work was the discovery of CBSPs because
they can be genetically mapped with greater precision.
CBSPs were readily and efficiently mapped to linkage
and coassortment groups (Table 2 and Figure 5) using
the very same B-C3 segregant panels previously used to
map >400 markers on the MIC and MAC genetic maps.

Mapped CBSPs will have useful genomic applications:

1. Since roughly a third of the Cbs junctions character-
ized so far have associated polymorphisms, the com-
pleted genome-wide Cbs characterization should add
~100 new markers to the genetic maps and thus
provide as many additional links between the genetic,
physical, and sequence maps.

2. The majority of the junctions have subtle associated
polymorphisms (e.g., small insertion/deletions or
SNPs), which can also be genetically mapped. Coas-
sortment of polymorphisms on both ends of a MAC
chromosome may facilitate the scaffolding of MAC
chromosome sequence interrupted by physical gaps.

3. By increasing the number of genetically and physi-
cally tagged MAC chromosomes, CBSPs may help in
the physical mapping of mutant genes by genetic
coassortment and thus in their positional cloning.

The richness of genetic analysis enabled by nuclear
dimorphism adds novel methodologies for the assembly
of the sequence of the valuable Tetrahymena genome
and for its productive use.
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